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Palatalized articulation (PA) is frequently observed in speech uttered by postoperative cleft

palate patients.

Provided the acoustical and perceptual cues of PA can be found, speech

therapists will be able to use these cues to diagnose PA non-invasively and objectively. We
tested human perception of certain synthetic sounds to verify the cues of the PA of /s/ in

Japanese.

To synthesize the fricatives, we modified the center frequency and the bandwidth

of a complex-conjugate pole pair of an all-pole filter obtained from the linear predictive
analysis of the PA of /s/. First, we shifted the center frequency from 1,000 to 3,000 Hz,
while the relative bandwidth, or Q factor, was fixed at 10. Subsequently, we shifted the Q

factor from | to 10, while the center frequency was fixed at 1,800 Hz.

The results of a

perceptual experiment involving nine speech therapists were conclusive that fricatives having
a peak between 1,600 and 2,400 Hz tend to be identified as the PA of /s/, and fricatives
having a peak at 1,800 Hz with the Q factor > 5, tend to be identified as the PA of /s/. The
two-tube model also showed that a peak around 2 kHz characterizes the PA of /s/.
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1. INTRODUCTION

After cleft palate surgery many cleft palate
patients obtain good velopharyngeal function;
however, some misarticulations may remain, for
example, palatalized articulation (PA), nasopharyn-
geal articulation and lateral articulation.!~¥

PA is an abnormal articulation seen in dental and
alveolar sounds, such as /t/ or /s/ in Japanese.?
Japanese /t/ and /s/ are normally produced by the
tongue-tip and teeth (/t/) or the tongue-tip and

Cleft palate speech, Palatalized articulation, Acoustic analysis, Synthetic
speech, Linear predictive coding

alveolar ridge (/s/). Okazaki reported that these
sounds uttered by cleft palate patients are produced
by the elevated tongue dorsum and palate. They
observed the articulatory tongue movements of PA
using a dynamic palatograph and cineradiograph.?.
Okazaki also found tongue-palate contact in the
posterior portion of the palate.”

Speech therapists usually diagnose PA by audi-
tory analysis and visual observations of the tongue
movement in clinical examinations. Other possible
methods of diagnosis include observing tongue con-
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tact with a dynamic palatograph and acoustic analy-
sis by sound spectrographs or computers. These
methods will be discussed individually in the fol-
lowing paragraphs.

Auditory analysis is a fairly simple process which
can be done during a clinical examination. How-
ever, auditory analysis can be unreliable because of
the subjectiveness of the judgments. One can com-
pensate for the subjectiveness by having many peo-
ple conduct the diagnosis.

PA is difficult to diagnose by observation of the
tongue movement during clinical examinations
because the movement of the tongue is not always
visible through the mouth opening.

Another method of diagnosing PA is observing
palatal tongue contact with a dynamic palatograph.
Observation of the tongue in this way is objective
and well suited for identifying cases of the PA of
/s/. However, one must make an artificial palate

for each patient. This is time consuming and cost-

ly.

Another alternative is acoustic analysis using
sound spectrographs. Acoustic analyzers using
computers are also becoming available today.
Acoustic analysis is objective and non-invasive. In
order to make this method useful, it is imperative
that we find acoustical and perceptual cues that
characterize PA. Provided these cues can be found,
speech therapists will be able to use the cues to
diagnose PA non-invasively and objectively.

In the literature, there are some acoustic analyses
for the vowels of cleft palate speech using formant
analysis.®*”There are fewer analyses of consonants,
and a subset of those target the PA of /s/.8-1

Wakumoto® has reported that the PA of /s/ and
the normal articulation of /s/ was distinguishable
by the differences between high sub-band level (5.0-
7.5 kHz) and low sub-band level (1.5-4.0 kHz) on
the consonant spectrum envelope.

Okazaki et al.” have reported on spectrum char-
acteristics of the PA of /s/ using a sound spectro-
graph for the acoustic analysis. They found that
the highest peak of energy for /s/ is at 2-3 kHz in
most cases of the PA group, but over 5 kHz in the
normal articulation group. They also report that
the range of frequencies at which substantial acous-
lic powers for /s/ is below 4 kHz in the PA group,
but over 4kHz in the normal articulation group.
The PA of /s/ in Okazaki’s experiment also shows
different power spectra from /§/ in the normal
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. articulation group.

In our previous study, we determined to specify
perceptual cues of the PA of /s/ by sounds synthe-
sized by the all-pole filter with a single complex-
conjugate pole pair.!? We shifted the center fre-
quency of the pole pair to see how the location of
the spectral peak affects perception of the sounds by
speech therapists. The center frequency was shifted
at intervals of 500 Hz from 2,000 to 6,000 Hz, while
the bandwidth was fixed at 100 Hz. The results of
the study show that fricatives having a sharp spectral
peak at 2,000 Hz tend to be identified as the PA of
/sl

The results of this study brought forth new ques-
tions : What will happen when the center frequency
is shifted more finely ? When the center frequency
is shifted from lower frequency ? When the band-
width is shifted ?

To answer these questions, further experiments
and analyses were conducted. - In the present study,
we analyzed and synthesized the PA of /s/ in
Japanese with linear predictive coding (LPC). To
synthesize the fricatives, we modified the center fre-
quency and the relative bandwidth of a local peak
around 2 kHz. Then perceptual experiments were
conducted using the synthesized sounds. We also
investigated the relation between the zero-pole loca-
tion and the vocal-tract configuration using a highly
idealized two-tube model.

2. METHOD

2.1 Analysis by LPC

We began with speech identified as the PA of /s/
which was uttered by three different postoperative
cleft palate children. The children A, B and C are
5, 5, and 10 years old, respectively. The original
speech sounds were recorded on an analog tape.
We digitized the sounds with 16 kHz sampling rate
and 16 bit quantization.

We then performed an eighth-order LPC analysis.
This order was chosen to capture major spectral
components of the PA of /s/.'» Figure | shows the
LPC spectra for each child’s speech. The LPC
coeflicients were calculated by taking the Hamming
window with a length of 16 ms.

2.2 Synthesis by LPC

An eighth-order all-pole model was used to syn-
thesize the fricatives for the experiments. The pole
locations in the z-plane are shown in Fig. 2. The
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Fig. 1 Spectra of the palatalized articulation
of /s/ uttered by three children A, B and C.

z-plane

Fig.2 Pole locations of the filter for the synthe-
sis of fricatives. The poles at 1,800 Hz were
shifted along the arrows.

frequency and the bandwidth of each pole are listed
in Table 1. These poles were originally calculated
from a typical PA of /s/ by LPC analysis. The
real poles performed to adjust the tilt of the spec-
trum. The center frequency, F,, and the band-
width, Bp, of the complex-conjugate pole pair P
were variables.

The synthesized fricatives were followed by the
vowel /a/. The vowel was synthesized by a fourth
order all-pole model from the first and second for-
mants shown in Table 2.

To implement the filter, PARCOR coefficients
were used. The filter was excited by white noise to
synthesize the fricative sounds and by a sequence of
impulses to synthesize the vowel sounds. The dura-
tion of the fricatives and vowels were 120 ms and

Table 1 Poles for the synthesis of fricatives.

Frequency Bandwidth

Pole [Hz) (Hz)
Real pole | 0 400
Real pole 2 0 1,400
Complex-conjugate pole pair | 5,200 800

Complex-conjugate pole pair 2 6,400 800
Complex<conjugate pole pair P Fa B,

Table 2 The first and second formants
for the synthesis of /a/.

Center frequency  Bandwidth
[Hz] [Hz]
F, 1,100 150
£ 1,800 200

Table 3 Conditions for the synthesis.

Sampling 16 kHz
Quantization 16 bit
Duration of the fricative 120 ms
Duration of the vowel 240 ms
Fundamental frequency of the vowel 320Hz

240 ms, respectively.

Because our synthesis was intended to mimic
children’s speech, we used a fundamental frequency
of 320 Hz for the vowels. We adjusted jitter and
shimmer for the sequence of voice source impulses to
avoid unnatural quality of the synthetic speech.
The standard deviation of the pitch periods and the
amplitude of impulses were both 2% of the mean
value of each parameter. Formant transition was
considered at the first 40 ms of each vowel.

The ratio of the energy of vowels to that of frica-
tives was adjusted +16dB. The syllables were
synthesized on a workstation with 16 kHz sampling
and 16 bit quantization as shown in Table 3. The
synthesized sounds were then recorded on audio
tapes.

2.3 Stimulus Conditions

The frequency range of interest for the main exper-
iment was determined during the preliminary experi-
ment. In the preliminary experiment we studied
three speech therapists’ perception of the synthesized
syllable /sa/, having shifted only F.. We shifted
Fe at intervals of 100 Hz from 1,000 to 3,000 Hz,
while By was fixed at 100 Hz. We found that the
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fricatives having a peak around 1,800 Hz tended to
be identified as the PA of /s/.

In the main experiment, the center frequency and
the relative bandwidth were shifted independently.
Since the human auditory system is often discussed
in terms of critical band, it is useful to use the
relative bandwidth, or the Q factor'® instead of B,.
The Q factor of the pole P is defined in the follow-
ing ratio :

Qp= FP/BP

First, we shifted F. at intervals of 100 Hz from
1,000 to 3,000 Hz, while @, was fixed at 10.
Twenty-one different speech samples were synthe-
sized to investigate the effects of the center frequency.

Second, we shifted Qp. Since the center fre-
quency of 1,800 Hz was mostly identified as the PA
of /s/ in the preliminary experiment, F, was fixed to
1,800 Hz. We shifted (; at intervals of | from | to
10. Ten speech samples were prepared to investi-
gate the Q-factor effects.

The center frequencies and the bandwidths of the
rest of the poles were fixed as in Table 1. A com-
plete set of 30 speech samples (21 emphasizing the
center frequency, 10 emphasizing the Q factor, and
one sample in common to both groups) was present-
ed to subjects during the sessions.

2.4 Procedure

We used the method of constant stimuli with
stimuli presented in random order. Each stimulus
was repeated three times.

After hearing a speech sample, the speech thera-
pists were prompted to select an option from Table

Table 4 The options and their scores for
the perceptual experiment.

Options Scores
the PA of /s/ 3
highly close to the PA of /s/ 2
slightly close to the PA of /s/ 1
not the PA of /s/ 0

CAVITIES
POSTERIOR TO
CONSTRICTION

J. Acoust. Soc. Jpn. (E) 18, 6 (1997)

4 based on what they heard. The options are “the
PA of /s/,” “highly close to the PA of /s/,” “slight-
ly close to the PA of /s/,” or “not the PA of /s/.”
Each option was associated with a score as listed in
Table 4.

Each subject participated in two sessions. The
same set of speech samples were used in the second
session, but in a different order.

2.5 Subjects

A total of nine speech therapists participated in
the study. The subjects were all female, with a
range of 4-29 years experience (the average was 13
years).

2.6 Acoustic-tube Model

To determine whether the abnormal place of
articulation generates the cue of the PA of /s/, we
modeled the PA of /s/ based on an acoustical the-
ory. According to an acoustical theory of speech
production, the spectra of fricatives can be character-
ized. by zeros and poles. The location of those
zeros and poles are dependent on the shape of the
vocal tract and on the location of the sound source.
We estimated the location of zeros and poles using a
highly idealized two-tube model of the vocal tract as
shown in Fig. 3. This simplified model gives us a
reasonable estimation of the zero-pole location for
voiceless fricatives.!¥

Figure 4 shows the equivalent circuit of this two-
tube model, where P, is the sound pressure generated

h I

Fig. 3 A two-tube model for the production of
the fricatives. We assume that the constric-
tion is narrow enough, so the cavities poste-
rior to the constriction (dashed line) are ne-
glected in the simulation. -

RADIATION
IMPEDANCE

Fig. 4 An equivalent circuit of the two-tube model.
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by turbulent flow and U, is the mouth volume
current. In Fig. 4 the first and the second cavities
are represented as T-sections, where the first cavity is
the constriction and the second cavity is the cavity
anterior to the sound source. A; and /; are the
cross-sectional area and the length of the i-th cavity
(i=12).

3. EXPERIMENTAL RESULTS

3.1 Effect of the Center Frequency

Figure 5 shows the mean scores for the main
experiment involving the nine speech therapists’
perception of the synthesized syllable /sa/. The
horizontal axis in this figure is F,, which we shifted
at intervals of 100 Hz from 1,000 to 3,000 Hz. The
doted line at 1.5 is the mid value within the range of
scores.
. In Fig. 5 we divided the results into two groups, 4
and A. Group 4 is the subset of the results having
mean scores of 1.5 or greater, and Group A contains
mean scores less than 1.5. The Wilcoxon test
revealed that the mean score of Group 4 was
significantly larger than that of Group A at the 5%
level. This shows that fricatives having a peak in
the range of 1,600-2,400 Hz tend to be identified as
the PA of /s/.

Mean Score

101112131435 1817 18 192021 2223 24 25 26 27 28 29 30

Center Frequehcy [kHz]

Fig. 5 Results of the perceptual experiment for
the center frequency.

3

Mean Score

1‘2345678910
Q factor

Fig. 6 Results of the perceptual experiment for
the Q factor.

3.2 Effect of the Q Factor

Figure 6 shows the averaged scores when Q, was
shifted from 1 to 10. The doted line indicates a
score of 1.5. As shown in Fig. 6, the mean score
was greater than 1.5 when the fricatives have a peak
at 1,800 Hz with Q> 5.

We divided the results in Fig. 6 into two groups,
B and B. Group B is the subset of the results
having mean scores greater than 1.5; Group B
contains mean scores of 1.5 or less. The Wilcoxon
test revealed that the mean score of Group B was
significantly larger than that of Group 8 at the 1%
level. This shows that fricatives having a peak at
1,800 Hz with Q> 5 tend to be identified as the PA

of /s/.

3.3 Estimation of the Zero-pole Location
We estimated the zero-pole location with an

acoustic-tube model. If the constriction is narrow

enough, the output spectrum is virtually unchanged

when the cavities posterior to the constriction are

neglected.’ If the radiation impedance is assumed

to be zero, the driving point admittance'® is
Un Za2/|Zs2 (1)
P ZoZa+ Zar+ Zaa /]2 + Za2[|Zs2)

where // indicates the parallel connection of two

impedances. And therefore,

Un _ k
P sinh 7zlz(tanh N ld—%;—tanh 7112)

(2)

where k is a constant and y; is the propagation
constant'® at the i-th cavity.

The place of articulation of the PA of /s/ is
further back compared to the normal articulation
of /s/.? In the case of (A) in Table 5, the constric-
tion in Fig. 3 is located just behind the mouth
opening, and it approximates the normal articula-
tion of /s/. These dimensions are based on Heinz
(1961).'9 In the case of (B) in Table 5, the constric-
tion is located further back and approximates the
PA of /s/. These dimensions are based on Oka-
zaki (1980)» and Heinz (1961).19

Table 5 Dimensions of the cavities for
the two-tube model.

Area [cm?] Length [cm]

A, 4, 4 b
(A) 0.2 6.0 28 0.8
(B) 0.2 8.0 2.8 4.3
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Table 6 Location of zeros and poles of the
two-tube model.

Zeros [Hz] Poles [Hz]
(A) 3,040 0 5,990
(B) 3,040 0 2,000 5,750 6,250

When we use the dimensions of the cavities in
Table S, the location of zeros and poles up to 8 kHz
are listed in Table 6. The values in Table 6 are
calculated under the assumption that the acoustic
tube is lossless and the velocity of the sound is 340
m/s.

4. DISCUSSION

The spectra of the PA of /s/ in Fig. | suggest that
a local peak around 2 kHz is a crucial cue. They
are consistent with the previous study.® The results
of the perceptual experiment (Figs. 5 and 6) show
that the sharp peak (Qr>5) around 2 kHz character-
izes the PA of /s/. The results confirm our previ-
ous claims'? but also give us more information.

In both results of our previous and present
studies, the highest score is located at 2kHz. The
present result, however, shows that the scores are
gradually decreasing towards lower or higher fre-
quency.

According to a measurement of the critical band-
width of human auditory system,'® the Q factor in
the frequency range of 1-3 kHz is approximately 6.
When we shifted F, at intervals of 100 Hz from
1,000 to 3,000 Hz, Q, was fixed at 10. Therefore,
By was always less than the critical band.  Since the
mean score in Fig. 6 is saturated when Qp.>5, we
can say that fricatives tend to be identified as the PA
of /s/ when the peak is within the critical band.

In both cases {(A) and (B) in Table 5 and 6 there
is a common pole at 0 Hz and a common zero
around 3kHz. The pole at 0 Hz contributes to
adjust the tilt of the spectrum. The zero around 3
kHz is located far enough from any of the poles, so
that the poles are not affected by the zero. There-
fore, an all-pole model may yield a reasonable filter
to synthesize the PA of /s/. This zero around 3
kHz can be seen as a dip in spectra of the PA of /s/,
and it will be seen as a gap on the spectrogram
between 2 and 5 kHz.

There is a single pole in (A) around 6 kHz, while
there are two poles around 6 kHz in (B). Those
poles in (B) are close to each other, and in both cases
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(A) and (B), the poles around 6 kHz are similarly
emphasizing a high frequency region.

The crucial difference between (A) and (B) is the
existence of a pole around 2kHz. This pole exists
in (B) but not in (A), and it seems like this pole
characterizes the PA of /s/.

The location of the peak around 2 kHz is sensitive
to the parameter 4. If the place of constriction
moves towards the lips and /, becomes | cm shorter,
the center frequency of the peak moves to about
2,600 Hz. On the other hand, if the place of con-
striction moves towards the glottis and /, becomes 1
cm longer, the center frequency becomes about 1,600
Hz. This variation suggests that the range of the
center frequency could be more than several hun-
dreds hertz.

This simulation using the two-tube model
confirmed that there is no pole around 2 kHz when
/s/ is articulated normally, and there is an addi-
tional peak around 2 kHz when the place of con-
striction moves toward the back of the oral cavity.
The result of this simulation supports our results of
the perceptual experiments.

With the discovery of this cue for PA, speech
therapists will be able to diagnose PA more objec-
tively, provided they have the proper tools to analy-
sis speech acoustically.

The identification of this cue will also help speech
therapists to chart the progress of their patients.
When patients attend training sessions to help them
articulate normally, the speech therapists will be
able to measure the degree of palatalization across
speech training sessions objectively by measuring
the Q factor of the peak around 2 kHz.

5. CONCLUSION

To verify the characteristics of the PA of /s/ in
Japanese, we analyzed the sounds with LPC analy-
sis and tested human perception of certain syllables
synthesized by an all-pole model. The results of
the perceptual experiment showed that fricatives
having a peak in the range of 1,600-2,400 Hz tend to
be identified as the PA of /s/, and that fricatives
having a peak at 1,800 Hz with the Q factor >5
tend to be identified as the PA of /s/.

The simulation using a highly idealized acoustic
tube model showed that there are no poles around 2
kHz when /s/ is articulated normally, whereas an
additional pole appears around 2 kHz when the
place of the constriction moves back in the oral
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cavity. There is also a zero between 2 and 5 kHz,
and it can be seen as a dip in the spectrum.

The identification of this cue will aid in the
objective diagnosis of the PA of /s/.
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