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A STUDY ON FORMANT SYNTHESIS BY RULE WITH VARIABLE SPEAKING RATE

Satoshi Imaizumi and Shigeru Kiritani
Abstract

This paper proposes a synthesis model of formant trajecto-
ries at various speaking rates, and reports on the intelligibili-
ty of VCV synthetic speech samples. The model describes the
formant trajectories as the summation of temporal functions: a
second order delay function which represents vowel-to-vowel
transitions, and two first-order delay functions which represent
consonant-to-vowel or vowel-to-consonant transitions. The func-
tions are determined from utterances spoken clearly and slowly.
Using these functions, the VCV speech samples were synthesized at
slow and fast speaking rates, and the intelligibility was tested.
The formant model slightly improved the intelligibility of vowels
at both speaking rates and of consonants at the slow rate over
speech syntheslized using formants obtained by analysis. For the
consonants at the fast rate, the fTormant model decreased the
intelligibility by about 6%. The model fitted best for vowels
and the consonant /b/, and worst for the consonant /g/.

1. Introduction

In order to improve the quality of speech generated by
formant synthesizer, several models describing formant trajecto-

ries have been proposed. or instance, some studies have used
smoothed step functionsl' ). where the step inputs represent
putative targets of vowe152"4) or even of consonantsv’, Some

studies propose a linear summation model of the target formant
frequencies of vowels and teﬂyoral functions representing the
effects of adjacent consonants '6). Although these models seem
able to describe some phenomena in formant trajectories, for
Instance the undershoot at fast speaking rates, there have been
very few assessment results showing the ability of .these models
to synthesize high quality speech with variable speaking rates.

On the other hand, as a basic issue in speech research,
there are still numerous differences ayoqg the conclusions o
studies on the effects of speaking rate -2 ). Some studies®:
indicate that increased rates of speech result in systematic
deviations in obtained formant values from tgﬁir putative tar-
gets, that is, "vowel reduction". Othersi®-1 claim that such
"vowel reduction" does not always occur at fast speaking rates.
Still other studies claim that adjustments in speakin§ fate are
achieved by strategies which differ %%%ng speakersl3' 4 and in
the carefulness of their %gticulation . According to electro-
myographic investigations1 A7) control of the speaking rate is
achieved via a reorganization of motor commands.

One approach to this issue is to construct a model, by which
we can test 1f undershoot or reorganization is necessary in
generating high quality speech at various speakling rates.



In this paper, we proposed a functional model which de-
scribed formant transitions as the summation of two kinds of
temporal functions: one represented vowel-to-vowel transitions,
and the other represented consonant-to-vowel or vowel-to-conso-
nant transitions. The model was assessed via an intelligibility
test.

2. Method
2.1 Model of formant transition

The trajectory of the nth formant, Fn (t), in a vowel segment
is expressed as
Fn (t)=U (t)—Cnf(t)—Cnp(t) (1).
Here,
Un(t) is the step response of a second order delay func-
tion which represents a vowel-to-vowel transition:
Cnp(t) is the a first order delay function which represents
the effect of a preceding consonant:
Cnf(t) ‘is the first order delay function which represents
the effect of a following consonant.

To generate U, (t), the putative target frequency Ry

each vowel in the sequence vlc VZCfV3 (i=1,2,3., j=1,2, 3} is
assumed to be set at t; as a step input. The suffix i represents
vowel number, j indicates formant number. For the back vowels
/a,u,o0/, jJ represents jth lower-formant frequency. For the front
vowels /1,e/, Ry is the lowest, Ry 5 the third and Ry 3 the
second. This nuébering is adopted . to take into account the
continuity in formant trajectories<: ),

Let W:(t) represent the step response of a second order
delay function expressed as

W:(t)= R +ay (t)(R (2)
J 11dsp

AL(E)- e eksl ol thuce-cp)
1(6)= (t-t, )9
ult-ty)=1 t>ti =0 t<t

gj : tlme consonant representing transition speed

For transitions from a back vowel to a front vowel, or vice
versa, Wo (t) and Wq (t) intersect with each other. Such intersec-
tions never ocecur in actual speech due to the coupling between
two resonance frequencies. Therefore, the resonance frequencies
WJ(t) are modlfigd ?ccounting for the coupling between Wz(t) and
w3(t) as follows

U= W

U2- C%W W

Ug= (szg?/c
c= ¢ (3)

d= (WoW Wq) /WoW
e= d—%dg ?1 kk)?/%(l—kk)
k= 0.2

Two functions representing the effect of a preceding conso-



nant C p.i(t) and the effect of a following consonant C,¢.1i(t)
upon tEe formant trajectories in the segment V; are assumed as
follows.

c (t)=c¢ exp{-(t-t )/g5} (4)
npi n%éi< t >t ip,i P
Cne,1(t)= Cpr g eXP{"fﬁf,i't)/gf} (5)

<t > tf
tyyis initial’ time of vowé{ \Z1

teyg: final time of vowel V

gp,gf:time consonant representing the speed of decay

2.2 Estimation of model parameters

The details of the recordings and the analyses of the speech
mate£§a1 used for the modeling have been reported in other pa-
pers -20)

For the estimation of the model parameters, we assumed that
the following are valid for vowels spoken clearly and slowly.
1) The effects of surrounding consonants upon the vowel formants
decrease at vowel midpoint, so we can set C, ,i(t)= Cnf’-(t)= 0.
2) I1f the vowel segment is long. the formant frequencies fn(t)
obtained by analysis are close to the putative targets, or Ri,j'

According to Assumption 2), Ri s+ is set to the formant
frequencies f ;(t) obtained by analysis at the midpoint t; of
vowel Vy. Un(t) is calculated using equations (2) and (3). then,
the temporal function Xn(t)= Un(t)-fn(t) can be calculated.

As shown in Fig.1,. Xn(t) is large at the initial point of
vowel Vj and decreases rapidly to zero. After the midpoint, it
increases to its maximum at the endpoint of V;. Thus, X,(t) can
be approximated by two first-order functions Cn iQt) and
Che, i(t). Cnp,i(t) is large at the beginning of J?’and then
decreases exponentially, while Cnf,i(t) is small at the midpoint
and increases exponentially to its maximum at the end of \p

To determine C, (t) and Cpyp i(t)' tp i-the initial point
of V; is set at the point where the’ intraoral pressure starts to
drop rapidly, or the release point of the consonant, and te 4
the final point of R is set where the intraoral pressure starts
to rise due to the vocal tract closure for the stop consonant.
Ch i’ &p is adjusted so as to minimize the square error between
Xn?t} and Cn, j(t) for the initial half of the segment V;. and
Chr.i+ &f 1s ééjusted so as to minimize the square error %etween
ant} and Chp ; for the final half of the segment Vj.

Fig.1l (a) shows an example of the model functions estimated
for /abiba/ spoken slowly and clearly. The uppermost curve is
the original speech waveform, the se%ond curve is the intraoral
pressure measured simultaneouslyls'zo . Xn(t) is shown by three
kinds of dotted lines according to formant number. 1In the bottom
section, the formant frequencies fn(t) obtained by analysis
(000). and the model formant frequencies (0o0o) are shown together



with U.(t) (....). During the vocal tract closure, Fn(tf _1)
and F EP‘i) are linearly interpolated. Fig.1 (a) shows 'that
fits

Fn(t) well with fn(t).
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Fig. 1(a). Model formant tra- Fig. 1(b). Same as Fig. 1(a),
Jectories Fp(t). and those ob- but for a fast utterance of

tained by analysis f,(t) for a /abiba/.
slow utterance of /agiba/. See
text for details.

2.3 Speech synthesis by rule at variable speaking rate

For the synthesis of speech at various speaking rates, rules
for generating t;, tp iv ey should be constructed. We do not
discuss here suc rules. Instead, we discuss how well such a
model predicts the formant trajectories observed in actual fast
speech. For the assessment of the model proposed here, we com-
pared speech samples actually uttered at a fast rate (FO). which
was twice as faster as the slow rate examined, with synthetic
speech generated based on a model where ty. t i t i Wwere
adapted to a fast speech FO. The other parameters were set to
the same values obtained from the slow utterances (S0) from which
the model parameters were estimated.

Fig. 1(b) shows one example of a fast /abiba/ uttered by the
same speaker as in Fig.1(a). Here, tjy, tp,i’ tf,i are adapted to
the actual utterance of /abiba/. Ry for the vowel Vy (initial
/a/ in this case) are set to the actﬁgl average values of fl. fq
and f3 obtained by the analysis, because the vowel reduction for
Vl can not fully be estimated without the preceding phonemes.
Fig.1(b) shows that the model formant trajectories F (t) for fast
/abiba/ predict some gross characteristics in the 14 and the f,



transitions well, but fail to represent a large downward shift in
f
3-

2.4 Intelligibility test

To assess how well the model could generate formant trajec-
tories, an intelligibility test was carried out for two kinds of
synthetic speech (G and M), and also for original speech samples
(0) from which model parameters were extracted. These speech
samples were synthesized or recorded at two speaking rates,.
slow(S) and fast (F). The speech samples tested consisted of the
following six groups.

SO0: Original speech samples uttered slowly and clearly, from
which the model parameters were extracted.

FO: Original speech samples uttered fast, from which the tempo-
ral parameters for the synthetic Tast speech (FM, FG) were
extracted.

SG: Synthetic slow speech, generated using the formant frequen-
cies fp (t) obtained from SO by analysis and the glottal
source obtalned from the polynomial glottal source modelze)

FG: Synthetic fast speech generated in the same way as 5G.

SM: Synthetic slow speech generated using the model formant
trajectories Fn(t) and the model glottal source.

FM: Synthetic fast speech generated in the same way as SM.

Each group of consisted of 48 V;CV, samples, where Vi V2
were one of /a, i, u./, Vi=Vy, and C was /b, d, g, r/. For SO
and FO, VlchZ and V2Cf were extracted from the original utter-
ances /Korewa V C fg desu/. For the synthetic speech SG;
FG, SM and FM, RI %f %’ was synthesized to simulate the ef-
fects of artlculatory un ershoot and then the segments of VlchZ
and VZCfV3 were extracted.

The subjects for the listening test were five adults with
normal hearing who were not familiar with the purpose of this
study, two phoneticians, one speech pathologist, one speech
scientist and one graduate student majoring in speech science.
The listening test was carried out only once to avoid possible
adaptation to the synthetic speech. Each subject was instructed
to transcribe each speech sample in phonetic symbols or in the
Roman alphabet.

2.5 Four factors accounting for intelligibility

The following four factors were used to interpret the intel-

ligibility of the six groups of speech as shown in Fig. 2.

al: the decrement in percent due to the shortening of segmental
duration in fast speech

a2: the decrement due to the omission of reorganization when
the model is applied to fast speech

(-a2:the increment due to reorganization in fast speech)

a3: the decrement due to the lack of plosive source for the stop
consonants for the slow speech

a3d': same as a3, but for fast speech

a4: the decrement due to the formant model mismatch



The factor al accounts for the decrement between the intel-
ligibility of SO and that of FO. Because the speech samples with
FO have shorter duration, smaller formant transitions and also a
larger undershoot or vowel reduction than those with SO, the
intelligibility of FO may decrease largely compared to that of
SO. However, if the speaker reorganize the articulation for
fast speech to increase intelligibility against the disadvantages
mentioned above, such a factor (reorganization:-a2) might raise
the intelligibility. As a result, the difference between FO
from SO should be al-aZ2.

Table 1. Four factors esti-
160 mated from the medians of the
'sLow T T intelligibility. V:3 vowels,
el 2 ] C:for 4 consonants.
N a)—az
: ol o Factor V¥ C M/ /i fef [/
s FAST ] :14_ T al §.2 20.8 16.6 8.3 50.0 16.6
g ol & a2 -2.1 8.3 8.2 -8.3 -8.2 8.3
‘% adtas ) a3. 0.0 10.4 25.0 16.7 0.0 0.0
8l 1 | 2% 10 10.4 0.0 33.4 0.0 8.4
W a4 0.0 -2.0-16.6 8.3 16.6 8.4
58 1 1 !
0 G M al-a2 7.3 12.5 8.4 0.0 42.8 8.3
a4+a2 -2.1 6.0 -8.4 0.0 8.4 16.7

Fig. 2. Four factors account-
ing for the Iintelligibility.

For SG, the intelligibility may be a3 lower than that of SO,
because SG is synthesized without a plosive source. And, for the
same reason, the intelligibility of FG may be a3’ lower than that
of FO. a3’ may be different from a3 because the original fast
speech may have only weak plosion or even no plosion.

The intelligibility of SM may be a4 lower than that of SG
due to a mismatch of the formant model. The intelligibility of
FM is assumed to be a4+a2 lower than FG, where a4 represents the
effect of the failure of the model to adapt for slow speech, and
a2 represents the effect of the failure of the model to predict
the formant trajectories in fast speech since it was devised
based on slow speech. In other words, the factor a2 represents
the fact that the model does not take into account possible
changes in articulation between two speaking rates, that is,
reorganization.

3. Results and discussion
3.1 The intelligibility of vowels and consonants on average

Fig. 3(a) shows the average intelligibility of the three
vowels /a,i,u/ for each subjects in the si1x speech groups. The

box-whisper graph in this figure shows the minimum, 25%-tile,
median, 75%-tile and the maximum of the intelligibility scores



averaged for three vowels in reference to each of the five sub-
jects. Fig. 3(b) shows the average intelligibility of the four
consonants /b,d,g,r/ for the six speech groups. Table 1 shows
the four factors estimated from the results shown in Fig. 3 based
on the relationships shown in Fig. 2.

As shown iIin Fig. 3(a), the medians of the intelligibility
for the six speech groups are S50:100.0%, SG:100.0%, SM:100.0%,
F0:92.7%, FG:91.7% and FM:93.8%. The intelligibility of FM is
93.8%, which is better than those of FO and FG.

This result indicates that the use of a formant model with a
model voicing source does not decrease intelligibility (a4, a3,
a3'=0.0, as shown in Table 1). The disregard of reorganization
in the formant model slightly increases the intelligibility
(a2=-2.1). Concerning the vowels, ‘it can be suggested that the
formant model maintains or even slightly improves the intelligi-
bility compared to the original speech at the slow and fast
speaking rates.

On the other hand, as shown in Fig. 3(b), the medians for
the consonants are S0:91.7%, SG:81.3%, SM:83.3%, FO0:79.2%,
FG:68.8% and FM:62.5%. The four Tfactors accounting for the
intelligibility are al=20.8, a2=8.3, a3=10.4, a3'=10.4 and
a4=-2.@, as shown in Table 1.

For the consonants, the use of a model voicing source with-
out plosion decreases the intelligibility by about 10%. The use
of the formant model slightly increases the intelligibility by
about 2% (a4=-2.0). The disregard of reorganization may reduce
the intelligibility by about 8%. Also, al is estimated at 20.8,
which means that the decrement in the intelligibility due to
speed or shortening in the fast speech is large. For the conso-
nants in the slow speech, the formant model works well on average
and even slightly improves the intelligibility compared to SG.
However, for the fast speech the formant trajectories predicted
by the model decrease the intelligibility by about 6%.

3.2 The intelligibility of the individual consonants

In Figs. 4 (a) to (d) the average intelligibility is shown
for the individual consonants in the same way as in Fig. 3.
Table 1 shows the four factors accounting for the intelligibili-
ty. Since these factors are estimated from medians, the average
of each factor for the four consonants is not the same as the
value listed in column C.

As shown in Fig. 4(a), there 1is a 25% difference in the
intelligibility of /b/ between SO and SG, while there is no
difference between FO and FG. The intelligibilites of SM and FM
are higher than those of SG and FG, respectively, which indicates
that the model formant trajectories give higher intelligibility
than those obtained by the analysis. Because the plosion for /b/
becomes unclear in the fast original speech, the disregard of the
plosive source does not decrease the intelligibility. The for-
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mant model may improve the intelligibility, because it does not
make the formant trajectories unclear around the /b/ closure,
which are sometimes unclear in fast speech in the same positions.

For /d/ shown in Fig. 4(b), the use of a model voicing
source without plosion largely decreases the intelligibility, to
16.7% for the slow speech (S0-SG), and to 33.4% for the fast
speech (FO-FG). Also the formant model decreases the intelligi-
bility, to 8.3% for the slow speech. This indicates that the
plosive source is important for /d/., especially in fast speech.
Thus., the formant model should also be modified at least for /d/.
which is not easy to produce or to perceive in Japanese because
of phonological constraints. These syllables are used only in
words of foreign origin and are usually pronounced as /dzi/ or
/dzu/, respectively. This constraint may affect our results.

For /g/ in the fast original speech (FO), as shown in Fig. 4
(c¢), the intelligibility is 41.7%, which is quite low compared
with that of the other consonants. For this consonant, the use
of a model voicing source without plosion does not decrease the
intelligibility, but the formant model decreases it to about
16.6%, as represented by the differences between SM and SO or SG.
For /g/, the decrement in the intelligibility seems to be ac-
counted for mainly by the shortening of the segments due to the
speaking rate. Since the formant transition of /g/ is slower
than that of the other stops, the rate change may greatly affect
the intelligibility of /g/.

For the /r/ shown in Fig. 4 (d), the use of the formant
model decreases the intelligibility to about 8.4%, and the use
of a model voicing source without plosion decreases the intelli-
gibllity to 8.4% only for the fast rate. The largest decrement
is due to the effect of speed, or the shortening in segmental
duration in fast speech, as indicated by al, which is 16.6%. The
effect of reorganization is estimated as 8.3%, which means that
the discrepancy between the model formant trajectories and the
those obtained by the analysis is not negligible for .fast speech.

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 that model. The intelligi-
bility of vowels on average was 100% at a slow speaking rate and
was about 93% at a fast rate, which was about twice as fast as
the slow rate. The intelligibility of the consonant, was 83% for
the slow rate and about 63% for the fast rate. It was found that
the formant model slightly improves the intelligibility of vowels
at both speaking rates and that of consonants at the slow rate
compared with the speech synthesized using formant trajectories
obtained by analysis. However, for the consonants in the fast
speech, the formant model decreases the intelligibility by about
6%. The use of a model voicing source without plosion decreases
the.intelligibility by about 10%. and the disregard of reorgani-
zation was estimated to reduce the intelligibility by about 8%



for the consonants. It was also found that the model fitted best
for vowels and the consonant /b/ and worst for the consonant /g/.
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