Ann, Bull, RILP, No, 12, 113-125(1978)

SOUNDSPECTROGRAPHIC ANALYSIS OF NARON CLICKS
- A PRELIMINARY REPORT -

Ryohei Kagaya

1. Introduction

Click sounds characterized by the ingressive velaric airstream 1)
are found in the Khoisan (the Hottentot and Bushman) languages, in some of
the southern Bantu languages (e. g,, Zule, Xhosa, etc.) and in the Sandawe
and Hadza languages in Tanzania.

The articulation of a click sound may be generally sketched as
follows 2) : Firstly, two closures are made in the vocal tract, the one by
the contact between the blade of the tongue and the dental-alveolar or alveo-
prepalatal region of the upper articulator (see below), and the other by the
contact between the back of the tongue and the posterior part of the palate,
The former closure is called the primary closure and the latter the secon-
dary closure, In the southern dialects of the San (Bushman) languages, the
primary closure is also made by the lips. Secondly, the center of the
tongue which does not touch any parts of the palate is lowered and the air
enclosed in the chamber formed by the two closures and the side-edges of
the middle of the tongue is rarefied. When the place of the primary closure
is released, the click noise is generated at the place of the primary closure
by the air rushing into the chamber. Immediately after the release, the
secondary closure is released and velar-frication, aspiration, ejective
noise or glottalization may follow it.

In this study, the place where the first release takes place is called
the place of primary release. In the case of the lateral affricate click (see
below), the primary release is made at the side-edge(s) of the tongue.

Beach (1938) divides the phonetic characteristics of a click sound into
the "influx' and the "efflux" from the view-point of the mechanisms of the
airstream, He states as follows: ', ..the essential feature of a click is the
"influx" of air into the mouth from without, in other words, the implosion.
Clicks may therefore be classified in the first place according to the exact
place of this influx 'and the exact manner in whic¢h it is made, But there is
a second method of classification which must also be made, according to
the "efflux" of air from the lungs, InHottentot, the implosive part of the
click is made by releasing the rim (of the back chamber) at some pre-velar
point, while the back of the tongue remains against the velum. ,,,Other
effects which may be produced by the "efflux'' of air from the lungs are
nasalization, voicing, and other modifications produced at the glottis. ' (The
words in parentheses are those of the author's. ) That is, the influx means
the click noise caused by the ingressive velaric airstream at the place of
the primary release and the efflux signified the other phonetic character-
istics involving the pulmonic egressive airstream and articulatory mechan-
nism which are not required for the click noise production. In this study,
the "influx'" is called the "elick (noise)' and the "efflux'' is termed "'click
accompaniment according to Lanham's (1964) or Traill's terminology
(1973),
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Clicks have usually divided into five types according to both the place
of primary closure and the manner of the release by many researchers.
As to the place of primary closure of a few types, there may be dialectal
or idiosyncratic differences among researchers' descriptions, but they are
minor differences and may be neglected /., Here, the places may be
divided into three regions along the upper articulator, i.e., the labial,
the dental-alveolar and the alveo-prepalatal. The manners of primary
release have also divided into two types by the duration of the click follow-
ing the release. That is, one is character%sed by a relatively long duration
and the other by much less or none at all */, Symbols for the click are
shown in Table 1,

Place of Primary Closure labial dental- alveo-
Manner of Primary Release alveolar prepalatal
Short duration a !

Long duration © / !/

Table 1. Symbols for five types of click noises,
The place of the primary release is the same
as that of the primary closure, except for //
in which it is the side-edge(s) of the middle of
the tongue,

2. Method of analysis

Frequency characteristics and duration of four types of click of
Naron, i.e., /, #, // and !, are studied by a soundspectrograph. On the
soundspectrogram, a click can be characterized by the wide frequency
range (almost 0 to 8 kHz) and the strong intensity, compared with other
fricatives caused by the eggressive airstream. Along the frequency scale,
the click is observationally divided into two parts, i.e., the strong inten-
sity part and the weak one. In one case, the strong intensity part consists
of two or more different frequency bands. Some soundspectrograms of
clicks are examplified in Figure 1, where the horizontal line shows the
duration and the vertical line(s) the strong intensity band(s). The frequency
region(s) of the strong intensity band(s) of each click was measured in the
soundspectrogram analyzed by a wide-band filter in the accuracy of 250 Hz
(see Figure 2), where the strong intensity band changes temporally in
frequency, the total frequency range is indicated in the figure. The dura-
tion is also measured in the accuracy of 5 msec (see Table 2),

Click Noise Type / # /1 !
Duration of Click Noise 30 10 30 10
(in msec) (20 - 40) | (5 - 20) (20 - 40) | (5 - 20)

Table 2, The average value of the duration of clicks.
Each number in parentheses is the range,
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All utterence samples are meaningful words and they are uttered in
isolation by a male native speaker of the Naron (see below), In them, each
click sound occurs word-initially, In many click sounds, the accompani-
ments are voiceless (plain) types. 6) In other cases, it may be any of six
distinctive accompaniment types (Kagaya, 1978). Tones of click sounds are
high-level or mid-level.

The speaker is Mr, Guek'ai /eni, aged 35, who was born and raised
on a farm near Ghanzi, Botswana. He:has never moved out of Ghanzi and
speaks no other languages except for the Naron and Setswana, the latter of
which is one of the southern Bantu languages,

3. Results of Soundspectrographic analysis
3-1. Dominant frequency region of Click noise

In the case of the / type, the number of samples is 38, and there is
a clear tendency for the strong intensity part to appear above 3 kHz,

In the case of the // type, the number of samples is 34.. In 19 of
them, the strong intensity part consists of two bands, the lower band of
which appears in the frequency region between 0.5 kHz and 3.5 kHz, and the
upper one in the region above 3,5 kHz, In the six samples in which the
strong intensity part consists of more than two bands, the bands of each
sample can be distributed into the two frequency regions mentioned above,
In the nine samples, the strong intensity part consists of one band'in the
lower frequency region except in one, Even in the exceptional sample, the
band does not exceed 4 kHz and the slightly strong band shown as a dotted
line in the figure is observed below 3 kHz. Thus, it may be said sound-
spectrographically that the strong intensity part of // consists basically of
two strong intensity bands and the main band is in the lower frequency
region,

Fig, 1.
Examples of
soundspectro-
grams of
[//33] (left:
teeth) and
[fe] (right:
ear), In the
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strong inten-
sity part of
//(left) con-
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Figure 2a.

Fig.2.a. The strong intensity part of each click noise type.
The ordinate is the frequency scale in kHz, and samples
are arranged on the abscissa. In each figure, the
solid line shows the strong intensity part, and the
dotted line the slightly strong intensity part. The
weak intensity part is not shown in the figure.
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Figure 2b,

Fig.2.b., The strong intensity part of each click noise type.
The ordinate is the frequency scale in kHz, and samples
are arranged on the abscissa. In each figure, the
solid line shows the strong intensity part, and the
dotted line the slightly strong intensity part, The
weak intensity part is not shown in the figure.
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In the case of the ! type, the number of samples is 29. In 28 of them,
the strong intensity part consists of one band located in the frequency
region between 0 and about 2.5 kHz. In one sample where the strong inten-
sity part consists of two bands, the upper band is located above 3 kHz, but
the lower one, the frequency width of which is wider than that of the upper
one, is located in the region below 2,4 kHz,

In the case of the # type, the number of samples is 29. The strong
intensity part of 13 samples consists of one band located above approxi-
mately 2 kHz. In ten samples in which the strong intensity part consists
of two bands, both are located above 2 kHz, except in one sample, where
the main band with the wider frequency range is still in the same frequency
region,

In the case of the 6 samples where the strong intensity part consists
of three bands, the lowest band is below 2 Khz, but the two upper bands
are in the frequency region above 2 kHz. Thus, it can be said that the
dominant frequency of # is located above 2 kHz.

From comparisons among the frequency characteristics of the four
types of clicks, it can be said that (1) in a click type, the tendency of the
frequency distribution of the strong intensity part is not influenced by
either the click accompaniment or the tone; (2) the click noise intensities of
both the / and # types are dominant in the relatively high frequency region,
while those of both the // and ! types in the low frequency region; and
(3) the strong intensities of both the # and // types are distributed in a
wide frequency range compared with those of the / and ! types.

3-2, Duration of Click

The duration of each click type was measured on the soundspectro-
gram in the accuracy of 5 msec as shown in Table 2.

It is noted that (1) the influences on the duration by either the tone or
the accompaniment of the click sound are not found, (2) The duration of the
7 type and the ! type is 10 msec on the average and that of the / type and
the // type 30 msec, respectively. (3) The range of the durational varia-
tion within the same type is very small, that is, there is little overlapping
in the duration between the types with shorter noise (7 and !) and those with
longer noise (/ and //).

3-3. Other acoustic characteristics

In cases of both # and ! , the temporal change of the frequency(- ies)
of the strong intensity band(s) of the click noise cannot be observed on the
soundspectrogram, since the duration is very short, but in many cases of
both / and //, on the other hand, it is clearly observed that there is a
downward frequency shift of the strong intensity band(s) with time,

4, Discussion

4.1. Characteristics of Resonant frequencies

In order to study the characteristics resonant frequencies of click
noise, the shape of vocal tract during the click generation must be esti-
mated. It may be plausible that the vocal tract configuration is roughly
divided into three parts, i.e., the front cavity, the constriction and the
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back cavity, Furthermore, these lengths of the three parts during the
click generation may be assumed to be the same as the length of the front
cavity, that the the primary closure and that of the closed back chamber at
the time immediately before the primary release, respectively.

In the following, these lengths shall be estimated based on both the
static palatograms by Beach (1938) and some summarized data of the X-ray
film by Traill (1976, personal talk), the latter of which were taken from
the lateral direction, the frame rate being 50 frames/sec. The subject
of the palatogram was of the Nama of Khoi (Hottentot) and that of the X-ray
film of the !x3 of the southern group of the San (Bushman). Although these
languages are different from the Naron analyzed here acoustically, it is
assumed that there is no (or little) difference in both the articulation and
the acoustic characteristics of the corresponding click type (click repre-
sented by the same symbol) among the three languages. The Nama has
four types of clicks, i.e., /, #, //and'! (Beach, 1938), as in the Naron
(Bleek, 1928). The ! x0 has a bilabial type besides the above four types
(Traill, 1973.).

Neither Beach's static palatograms nor Traill's summarized data of
X-ray film can show directly the shape of the vocal tract-immediately
before the primary release for the following reasons. In the case of the
static palatograms, the contact pattern represents the total area where the.
tongue contact takes place throughout the time course of articulation,
where the contact pattern varies from time to time., In fact, it is observed
on the X-ray film that the contact area (of the lateral view) of the primary
closure immediately before the release decreases considerably compared
with the maximum contact area during the click articulation, with the
volume expansion of the back chamber formed by both the primary closure
and the secondary (velar) closure. Therefore, it is difficult to regard the
contact pattern of the static palatogram as that immediately before the
primary release, In the case of the summarized data of X-ray film, the
temporal change in the size of the back chamber is clearly shown until the
time immediately before the primary release, but the front point of the
primary closure is not given on the summarized data. -

The front point of the primary closure immediately before the release
wag estimated from the static palatogram under the assumption that the
movement of the front point of the primary closure is little during the time
course of articulation, Then, the length of the front cavity is estimated as
the distance between the lip-and the front point of the primary closure. The
length of the back cavity is directly observed on the data immediately
before the primary release of X-ray film, The length of the constriction
is estimated as a distance between the back point of the front cavity and the
front point of the back cavity.

In the case of the // type, the length of the front cavity may be longer
than the distance between the lip and the back point of the primary closure,
the latter of which is observed on the data of X-ray, since the place of the
primary release is the side-edge(s) of the middle of the tongue. The
length of the constriction may be shorter than that observed in the static
palatogram, since the back cavity may be expanded before the primary
release as in the cases of the other click types, Similarly, the length of
the back cavity may be longer than the transverse length of the back cavity
observed on the static palatogram., '
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According to these estimations, the length of each of the three parts,

examined is summarized as follows (see also Table 3).

Click noise type / # // !

Length of front cavity short- ‘short long middle
Length of constriction short long short short
Length of back cavity very long| middle middle middle

Table 3 : Length of each cavity estimated from both Beach's static
palatograms (1938) and Traill's X-ray films (1976,

personal talk).

(1) The length of the front cavity for both the / and # type is short
compared with that for both the // and ! types. (2) The length of the pri-
mary closure (i.e., the constriction) is considerably greater compared
with that in the other types. (3) The length of the back cavity for the / type
is longer compared with those of the other types.

Fant (1960) calculated transfer functions of various vocal tract
shapes of stop consonant at the time immediately after the release, i.e.,

10 to 20 msec later than the release, and his results were in good agree-
ment with the acoustic measurements of frequency characteristics of the
consonant. These shapes are different from those of clicks in many points,
e. g., in the absolute length or cross-sectional area of each cavity and in
the exact location of the noise source, etc. But, at the time immediately
after the release, the vocal tract shape of a stop consonant consists of
three cavities, i.e,, the front cavity, the constriction and the back cavity,
as in the case of clicks,

From the data of Fant, it may be said that (1) the shorter the length
of the front cavity, the higher the resonant frequencies, under the condition
that the lengths of both the constriction and the whole vocal tract are c¢on-
stant, Thus, the resonant frequencies of the / type tend to be higher com-
pared with those of both the // and the ! types.

Furthermore, it may be said from Fant's data that (2) the longer the
length of the constriction, the higher the resonant frequencies, under the
condition that the lengths of both the front cavity and the whole vocal tract
are constnat, Thus, it may be said that the resonant frequencies of the #
type are higher compared with those of the / type., From the above, it may
be qualitatively explained that the dominant frequency of click is higher for
either / or # compared with that of the corresponding click type in duration,
i.e., // or !, respectively.

4-2., Frequency characteristics of the noise source

Besides the X-ray film, Traill measured the minimum pressure in
the back cavity during the similtaneous period of both the primary and the
secondary closures (1976, personal talk). Results were: -75 cmagq. for /,
-65 cmagq, for 7 and -70 cmagq. for //. The ! was not measured.

In his X-ray films taken during the above period, the capacity of the
back cavxty is gradually expanded from its minimum, and it reaches the
maximum on the frame immediately before the primary release, Thus the
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minimum pressure value in the chamber must be reached immediately be-
fore the primary release, and the value is considered to be the pressure
difference between the front and back cavity at the primary release. Under
the assumption that the pressure value in the back cavity at its minimum
volume is the same for each type of click, the minimum pressure value is
in proportion to the degree of rarefaction, i.e,, the ratio of the minimum
volume to the maximum one. Furthermore, under the assumption that the
cavity volume varies in proportion tothe cavity area on the lateral X-ray
film frame, the minimum pressure value in the back cavity may be esti-

mated as about -50 to -60 cmagqg.for the ! type. The values are shown in
Table 4.

“—— Click Noise Type / # 1/ !
\ .

Area of Back Chamber

Minimum area 23 20 58 54

Maximum area 300 98 399 160

Ratio of minimum to 7 20 15 34
maximum (%)

Minimum pressure in - 75 - 65 - 70 -50~~60
back cavity (cm aq.)

Table 4 : The minimum pressure value in back chamber
immediately before the primary release (after Traill,
1976, personal talk), The value of ! is estimated
from the ratio of the minimum area of the cavity to
the maximum one (see the text), Each capacity value
of the area is relative to each other, and calculated
from Traill's X-ray films,

Flanagan (1971) theoretically studied the production of turbulent
noise, based on the experimental results by Heller and Windnall (1970) and
by Gordon (1968, 1969), As to the frequency characteristics of the noise,
he shows that the central frequency of the noise generated at the constric-
tion is in proportion to V/D, where D means the ''characteristic dimension"
of the constriction and V the flow velocity through the constriction.

Under the assumption that the cross-sectional area of the constriction
tion is the same for a 1l types of click, the central frequency is in propor-
tion to the pressure difference between the front and back cavity, since V
is in proportion to the volume velocity U and U is in proportion to the pres-
sure difference in certain regions of the pressure difference. Then, from
measurements of the pressure value mentioned above, it may be considered
that the central frequency of the click noise for the / or // type is higher
compared with that of the 7 or ! type, respectively.

4.3, Manner of primary release

On the basis of Beach's descriptions (1938), Chomsky and Halle
(1968) tried to explain about the difference in'duration of each click by their
phonetic feature, ''delayed primary release', which is defined acoustically.

Articulations causing these different acoustic effects were partly
observed by Shibata (1968), He studied dynamicpalatographically the
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difference in articulation among Japanese [t], [ts] and [s] (uttered by a
Japanese native speaker), and stated as follows: 'In the initial phase of the
articulatory movement (of [ts]), the manner of contact (between the tongue
and the palate ) is similar to that for[t]. The temporal pattern of release
...seems similar to that of [s]..." (Words in parentheses are the author's).
That is, it is clearly observed that after the release, the period for both
sides of the middle of the tongue contacting the palate is kept quite long for
both [s] and [ts] compared with that for [t]. This seems to indicate that the
height of the tongue tip mainly depends on that of the middle of the tongue
for a short period of time after the release, and the release is an indepen-
dent movement of the tongue tip. That is, in the cases of both [s] and [ts],
the constriction after thr release exists longer, since the middle of the
tongue is still kept in the high position, while in the case of [t], the con-
striction hardly exists because of the earlier downward movement of the
middle of the tongue, The difference in manner of release mentioned above
may apply to click types, though the difference in duration between the long
click noise type (i.e., both / and //) and the short click noise type (i/e.,
both # and ! ) is generally smaller than that between the affricates and the
stops.

After the primary release, the ingressive airstream through the
constriction may increase the air pressure in the back cavity, or in other
words, it may decrease the pressure difference between the front and back
cavities, If the decrease of the pressure difference exceeds some thres-
hold value, the click moise may be ceased. Therefore, a bigger back
cavity capacity may be required for the long click noise type than for the
short click noise type. In fact, Traill's X-ray frame immediately before
the primary release shows that the back cavity volume capacity of the /
type is almost three times that of the 7 type and that of the // almost two
and a half times that of the ! (cf, Table 4).

During the period of the click, each strong intensity band (s) of both
/ and // type shifts down in frequency, though it is not observed in the case
of either # or! , as mentioned earlier. This may be explained by a gradual
increase in the cross-sectional area of the constriction and/or a dedrease
of the pressure difference between the front and back cavities,

Traill (1973) also measured the "length of release'’ of each type of
clicks in the ! x38 which belongs to the southern group of the San languages,
"based on the recorded period of negative airlfow provided by Electro-
kymographic tracing and those taken during two airflow studies 6), " And he
states as follows: ''While these labels (concerning the two manners of
primary release) many bear an intuitively obvious content and have been
used regularly for non-click segments (e. g. [t] vs [ts]), instrumental inves-
tigation shows that terms which suggest difference in timing for the two
kinds of release are quite inaccurate ...' (Words in the first parentheses
are of the authro's.) In fact, the order of these lengths is not consistent
in his measurements, but it can be seen that the length for / is longer
compared with that for 7 in both the electro-kymographic and airflow
studies, and that for // is longer compared with that for ! in the electro-
kymographic study. (In the airflow study, the length of ! is lacking.)
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5. Concluding remarks

By the soundspectrographic analysis of clicks, it was found that
the four types of clicks in Naron are acoustically distinguishable by both
frequency characteristics and duration. The former may roughly distin-
guish both the / and # types from the // and ! types, and the latter may
distinguish the / and // types from both the # and ! types.

The frequency characteristics may be roughly explained by the
frequency characteristics of the noise-source and the vocal tract shape
estimated from Beach's palatograms and Traill's X-ray films, The dura-
tion may depend on the manner of the primary release as mentioned earliexr
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Notes

(1) Ladefoged (1971) states that four principal airstream mechanisms are
found in speech; the pulmonic egressive type, the glottalic egressive
type, the glottalic ingressive type, and the velaric ingressive type, and
that of the clicks is characterised as sounds caused by the velaric
ingressive airstream mechanism.

(2) Beach (1938) details the articulation of each of four types of click noises
(i.e., the /, #, // and ! types; cf. Table 1) of the Khoi (Hottentot),

(3) Some examples of the difference in the place of primary closure are
shown in the following (except the bilabial type):

Researcher language / # 1/ !
Beach (1938) Hottentot dental dental alveoalr alveolar
Traill (1973) 10 (S.S.) dental dental alveolar alveo
- palatal
Maingard (1958) !k3: (S.S.) dental- .alveolar plato
i ~ alveolar
Doke (1936) #khomani (S.S.) dental alveolar (palato ?)palato
alveolar alveoalr
Tanaka (1978) G//na & G/wi dental alveo~ palatal palatal
(c.s.) palatal
Bleek (1928) Naron (C.S.) dental alveolar front
- or alveolar palate
Snyman (1970) !xu (N.S.) dental alveolar palatal palatal
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In the above, S.S. means that the language belongs to the southern
group of the San languages, C.S. to the central group and N. S. to the
northern group. It can be seen in the above that these places of pri-
mary closure are roughly divided into two groups, i.e., one consisting
of both / and ¥ and the other of both // and !

(4) The difference in manner of primary release is expressed as follows:
e.g., affricate vs implosive (Beach, 1938), fricative vs occlusive
{Trubetzkoy, 1969), delayed release vs spontaneous.release (Chomsky
and Halle, 1968), or with friction vs without friction (Traill, 1973).

(5) In Naron, Bleek (1928) found eleven phonetic accompaniments for each
type of click, But, these may be grouped into six distinctive accompani-
ments, i.e., voiced, voiceless (plain), aspirated, glottalized, ejected,
and nasalized accompaniments (Kayga, 1978).

(6) In his studies, the number of samples is about 13 for each type of click,
Unfortunately, characteristics of his instrumental system are not
detailed there.
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