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Summary

In active human echolocation, it is common for visually impaired persons to produce tongue click signals for
extracting information from the physical environment around them. The purpose of this paper is to provide a
comprehensive dataset of original detailed experimental data on human tongue clicks. The methods used for
analysis are described in order to encourage further work to complement the data, which is available online and
open for contributions. Series of six different click signals have been recorded from blind persons in an anechoic
room. The different click signals all resemble damped oscillations and have in common that the dominant fre-
quency content is located between 1,000 Hz and 8,000 Hz. The standard deviation in click series of the broadband
click sound level is between 2.2 and 4.3 dB. The total duration of the clicks, which is mainly determined by the
drop-time, ranges between 2.0 ms and 10.0 ms, for a 20 dB decay range. Average standard deviations of 57%
in rise-time and 32% in drop-time have been found. The horizontal and vertical directivity of the tongue clicks
show a close agreement with literature data from speech signals, but click signals are generally more directive.
The minimum and maximum deviations in the 1/3 octave bands from 1,250 Hz to 4,000 Hz are less than 6 dB, for

0 to 120 deg. azimuth, and for —27 to 127 deg. elevation.

PACS no. 43.20.Ye, 43.58.-¢, 43.60.-c, 43.60.Cg

1. Introduction

Visually impaired individuals have various complemen-
tary means to spatially perceive the physical environment
around them, the most important being haptic perception,
the white cane, and human echolocation. By using infor-
mation of the direct produced sound and the acoustic re-
sponse from the physical environment, i.e. active human
echolocation, objects can be perceived. Discrimination can
be made between close and distant echolocation. A close
object falls within the echo threshold, where the direct
sound and echo are not heard separately [1]. Close objects
can be detected minutely, i.e. with a spatial resolution of 5
to 10cm [2, 3], and an angular resolution down to 1.5 de-
grees [4]. Distant objects as buildings at the opposite side
of a street can be detected with a lower spatial resolution.
As the source of sound for echolocation, the tongue click
was found to be best among several investigated organic
excitation signals [5, 6], and its use was also promoted by
e.g. Kish and Griffin [7, 8]. For distant echolocation, be-
cause of their higher possible amplitude, hand and finger
produced pulses and hand-held clickers are considered to
be more efficient than oral sounds [6].
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1.1. Earlier work on tongue clicks in phonetics

Tongue clicks are part of the South African Khoisan lan-
guage Taa (also known as !X60), in which 70 percent of
the words start with an oral click sound. Ladefoged and
Maddieson [9] provide a detailed description of the se-
quence of events in the production of tongue clicks based
on x-ray tracings of a (native) !X60 speaker. In short, a
body of air is enclosed in the mouth by placing the tip and
back of the tongue on the palate. A vacuum is created by
a downward movement of the center of the tongue, keep-
ing the tip and back in the same place. Then the tip and
sides of the tongue are quickly moved downwards. This
results in air rushing into the mouth in order to equalize
the air pressure, and a sharp transient sound is produced by
this action. Finally, the back of the tongue ends the contact
with the soft palate.

It is not obvious how to best categorize oral clicks. In
phonetics, oral clicks are categorized based on their lin-
guistic meaning. According to Ladefoged and Maddieson
[9], five click types are recognized in language: bilabial,
dental, alveolar, palatal and lateral. The articulatory posi-
tions and shape of the tongue at the onset, and just be-
fore release, determine the (acoustic) characteristics of the
click. Kish’s Sonic Echolocation review [1] pointed out
that many blind individuals use various types of tongue
clicks for echolocation. From these, it is acknowledged
that the alveolar and palatal clicks are the most common
click types. As reported by Ladefoged and Maddieson [9],
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the waveform of the alveolar click shows damped oscil-
lations with a dominant frequency around 1,200 Hz. The
palatal click has less clearly visible oscillations with a
dominant spectrum around 3,000 Hz. Fulop et al. [10] in-
vestigated different tongue clicks types, with different lin-
guistic meaning, on their phonetical and acoustical prop-
erties. They found the articulation of the palatal click to be
less stable compared to the alveolar click: a palatal click
was more often misclassified over other click types (e.g.
dental click) and also varies in acoustical and phonetical
descriptors. The alveolar click was hardly ever misclassi-
fied and also much easier to reproduce. Also, the alveolar
click was far more consistent between different speakers.

1.2. Motivation of this paper

In his Sonic Echolocation Review, Kish states [1]: “The-
oretical considerations would implicate the click with the
sharpest rise-time, shortest duration, greatest intensity, and
highest mean frequency as having the greatest utility for
echolocation.” However, literature on physical properties
of tongue clicks (i.e. tongue clicks specifically used for
human echolocation) is scarce. In past work, the analy-
sis of physical properties of tongue clicks has not been
a primary objective, except in [6]. Often peak frequen-
cies (or ranges), waveforms, duration, and spectral char-
acteristics are reported [3, 6, 11, 12, 13, 14, 15, 16], but
the extent of these analyses varies considerably. Rice [3]
has reported on some physical properties of tongue clicks
(spectrogram and duration), but no information is included
about the conditions of the measurements. Rojas et al. has
presented two examples of tongue clicks used for echolo-
cation, which were recorded in a fitted room [6]. Phys-
ical properties. i.e. waveform, spectrum, reproducibility,
duration, but also a qualitative judgment (i.e. usability and
adaptiveness), is reported [6]. However, the methods for
analysis are not fully elaborated, and only limited objec-
tive data is provided to support the reported properties.
Thaler et al. have presented typical waveforms and spec-
trograms of two individuals, which were recorded with in-
ear microphones in an anechoic room [11], but no further
acoustic properties are addressed. Schornich et al. have
recorded tongue clicks for five subjects, and also report
about acoustic properties in [12]. In the acoustic analy-
sis, spectrograms and average values for duration, sound
pressure level, peak frequencies and bandwidth are re-
ported. About 3,000 to 8,000 tongue clicks per subject
and per experiment were recorded, but no insight is pro-
vided on the repeatability of the reported acoustic prop-
erties. Also, it is not explained in detail how some of the
acoustic properties are determined (i.e. duration and sound
pressure level), which makes comparison with literature
and repetition of the measurements difficult. Wallmeier
and Wiegrebe also have reported physical properties of
recorded tongue clicks from sighted and blind individu-
als: peak frequency range, cut-off frequencies, duration,
and sound pressure levels [13, 14]. Multiple clicks were
recorded using a headset microphone in an anechoic cham-
ber, but no information concerning repeatability is pro-
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vided. Thaler and Castillo-Serrano [15] have measured
tongue clicks from two experienced blind tongue click
based echolocators and 14 sighted subjects with no prior
experience with tongue click based echolocation. Two fit-
ted exponential functions to describe the click envelope
were used, i.e. a rise-function of the click onset to the
click maximum, and a decay-function of the click maxi-
mum to the click offset, where the onset and offset ampli-
tude are 95% below the click maximum. The tongue clicks
were analyzed on duration, relative RMS intensity, and
peak intensity, peak frequency and repeatability. It is not
mentioned at what position the clicks were recorded, how
many click were analyzed, and no frequency spectra are
provided. Thus, although several studies include acoustic
properties of tongue clicks used for human echolocation
purposes, the analyses are all limited to some extent.

Defining acoustic properties of click signals is impor-
tant in order to identify the signal properties that favour hu-
man echolocation, and can be related to the relevant acous-
tic cues. For example, the relation between the spectral
content of signals and their duration at one hand, and the
performance of the human echolocation at the other hand
is subject of a companion research paper [16]. The purpose
of this paper is to provide a comprehensive dataset of orig-
inal detailed experimental data on human tongue clicks
and its properties. The clicks as produced in an anechoic
room are analyzed regarding waveform, duration, spectral
content, directivity, and repeatability. The methods for ac-
quiring the desired data are extensively described in Sec-
tion 2. In Section 3 the click properties as derived from the
measurements are discussed. We encourage further work
to complement the data in the present paper, which can be
found online (see reference in Section 4).

2. Method

2.1. Measurement setup

For every subject, individual multichannel sound mea-
surements have been performed in the semi-anechoic
chamber of the Institute of Technical Acoustics (ITA) in
Aachen. The measurement setup consisted of a spherical
microphone array, with a chair on a computer controlled
turntable in its center. The floor of the chamber was cov-
ered with a layer of 250 mm PU-foam wedges. The subject
was seated such that its head was in the center of the mi-
crophone array, which was at 1.8 m above the ground floor.
The subject’s head was kept secured using a neck support
on the chair. The microphone array was arranged accord-
ing to the geometry of a pentakis dodecahedron with 32
vertices that were equally spaced throughout the array’s
surface at a distance of 2.08 m from the center. In each
vertex a microphone was positioned, which was partially
embedded in sound absorbing foam. The microphones,
Sennheiser type KE 4-211-2, are omnidirectional and have
a flat frequency response in the frequency range of inter-
est. Only the bottom vertex was omitted in order to pro-
vide space for the chair. Figure 1 shows a photo of the mi-
crophone array. The microphones were connected to four
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Figure 1. Measurement setup with chair for the subject in the
semi-anechoic chamber, ITA Aachen.

synchronized RME-Octamic-D AD-converters, that were
connected to an RME Digiface audio device and a PC with
multichannel recording software REAPER. Measurements
were performed with a sampling frequency of 44,100 Hz,
with 24 bits per sample. The measurement setup allowed
synchronous audio measurements with 31 microphones.

The geometrical distribution of microphones in the ar-
ray resulted in 5 microphones per elevational angle, with
an angular resolution of 72 deg. azimuth, see Figure 1. The
azimuthal resolution of the data was refined by performing
separate measurements for 6 different azimuthal angles of
the chair. Initially, the chair was oriented such that the sub-
ject’s direction of view was aligned with 0 deg. azimuth.
After the measurement, the chair was rotated with one step
of 12 deg. azimuth. This was repeated for 6 measurements
in total.

2.2. Subjects’ procedure

Four blind subjects participated in the measurements. The
subject was introduced to the measurement setup in the
semi-anechoic chamber and the procedure was explained.
Prior to the measurements, the subject was asked to pro-
duce the click types (s)he preferred in most daily situ-
ations. The subject was informed when each measure-
ment started and ended. For a measurement the subject
was asked to produce one tongue click type at a steady
rate of about 1 click (cycle) per second, and keeping its
characteristics as constant as possible. Note that in prac-
tice tongue clicks are constantly adapted to the needs of
the listener, often depending on the acoustic environment.
For every click type, measurements of approximately 30
seconds were performed (for 6 different rotations of the
chair). Between measurements the subjects were given the
opportunity to relax and drink water, ask questions, and
practice their tongue clicks.

2.3. Analysis of tongue clicks

Figure 2 shows the spherical coordinates system that is
used to express the measurement results. For the horizon-
tal plane the azimuthal angle ¢ ranges from O to 180
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Figure 2. Spherical coordinates system with the origin at the cen-
ter of the head, (phi) ¢ in deg. azimuth and (theta) 6 in deg. ele-
vation. Both range from 0 to (—)180 degrees, with ¢; 6 = 0;0 deg.
as the frontal/viewing direction.

degrees. Because we assume a symmetrical source direc-
tivity in the horizontal plane, the directivity data are dis-
played from O to 180 deg. azimuth. In the vertical plane
the elevation angle ranges from 0 to £180 degrees.

All individual tongue clicks were extracted using a
MATLAB script. The upper microphone in the array was
used for click detection because of its consistent location
(right above the subject, § = 90 deg. elevation) after each
rotation of the chair. The signal of the detection micro-
phone was high-pass filtered (cut-off frequency at 400 Hz).
The filtered signal was then condensed, by summation of
the energy in blocks of 1000 time samples (23 ms). A
tongue click location was assigned in the condensed signal
whenever the energy exceeded a +13 dB threshold com-
pared to the minimum energy in the background noise
level. For every identified tongue click location, a rectan-
gular time window of 4,000 samples (90 ms) was extracted
from the measurement signal from 1,500 samples (34 ms)
before to 2,499 (57 ms) after the location marker. For anal-
ysis of background noise a rectangular time window of
equal size of 4,000 samples was extracted from the mea-
surement signal, 500 samples (11 ms) after the ‘click time
window’, for every detected click. A Fourier transform
was applied to every extracted click. The frequency spec-
trum of each click was determined for 1/3 octave bands.
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In this paper, the measured tongue click types are de-
scribed by:
i. Waveform and normalized spectrogram in frontal di-
rection (¢ = 0 deg. azimuth, = —11 deg. elevation);
ii. Normalized 1/3 octave frequency spectrum in frontal
direction;
iii. Duration, expressed in rise-time, drop-time and total
duration in milliseconds;
iv. Relative directivity in the horizontal plane (azimuth)
for 1/3 octave levels and total A-weighted level;
v. Relative directivity in the vertical plane (elevation) for
1/3 octave levels and total A-weighted level.

The standard deviations of the results shed light on the
repeatability of the click properties. The click spectra for
ii) and were normalized to the total sound pressure level
of the reference microphone, which was positioned at
—11 deg. elevation and 0 deg. azimuth, because no micro-
phone was positioned at 0 deg. elevation in the spherical
microphone array. The energetic averaged spectrum and
arithmetic standard deviation were calculated per receiver
position as well. This was repeated for every rotational
position of the chair. In order to compare data from
different rotational positions of the chair for the directivity
analysis, all 1/3 octave levels were first normalized to the
detection microphone position, because of its consistent
location for different rotations.

For the horizontal relative directivities of iv), only mi-
crophone positions at —11 deg. elevation are used. Sound
levels are related to the level of the reference microphone
(0 deg. azimuth, —11 deg. elevation) at the same frequency
band and elevational angle. For the vertical relative direc-
tivities of v), sound levels are also related to the reference
microphone.

For the frontal direction, the normalized 1/3 octave band
level Lyt ; in dB, and the total level and A-weighted
level, Lyt and La ref.x, for tongue click type x are com-
puted using

1 .
Lyt = 10logy, (; z loLret.x,/.m/10> (1a)
1
— 101 - 10chr,x,/,m/10 )
0g10 (n Z zm

Jj

101og,, <Z loLrefx,//l()> ’ (1b)

J

Larers = 10logg (Z 10t/ 10) . (o)

J

Lref X

where L . jm is the sound pressure level at the reference
microphone, j are 1/3 octave bands indices for bands rang-
ing from 400 Hz to 20,000 Hz, m is the click number in the
measurement, # is the total amount of clicks in the mea-
surement, W, = A-weighting for 1/3 octave band j. The
standard deviation of Ly ; is calculated arithmetically.
The different tongue click types are given in Table L.

For computing the relative directivities of iv) and v),
the average relative (normalized) level, L, ; in dB, and the
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A-weighted level, L, 5 in dB, for tongue click type x is
computed using

1
nyj((p’ 0) = IOIOglO <; Z IOme((oﬂ)/I() ) (2a)

L(9,0) = 10log,, <Z 1O[Lx,j((ﬂﬁ)—Lde[.x,,/—Lref,x,j]/“) , (2b)

J

Lea(9.0) = 10log;, <Z 10t @01l 10) )

J

where p, ;. is the sound pressure at 6 deg. elevation and
@ deg. azimuth, L, ; is the average sound pressure level
indB in 1/3 octave band j in direction (¢, 6), Lge x j is the
average sound pressure level in dB in 1/3 octave band j at
the detection microphone (6 = 90 deg. elevation, i.e. above
the participant). The average relative level Zx_ (@, 8) over
all six click types are computed arithmetically as

_ 1S

Lej(@.0) = 2 X Laj(@.0). (3a)
x=1

_ 18

Lea9.6) = ¢ ) Lea(9.6). (3b)
x=1

To quantify the duration of the measured signals, an enve-
lope of the signals is computed utilizing the Hilbert trans-
form [17]. The real part of the obtained signal H (py.,(?))
is equal to p, ,,(?) and it moreover contains an imaginary
part such that the envelope of the signal can be computed
from its absolute value. The envelope is smooth when the
signal p, ,,(¢) has a narrow band frequency content. To pro-
mote the dominant narrow-band frequency range of the
click signals, first a second order Butterworth band-pass
filter is applied to a measured signal p, ,,(¢). The cut-off
frequencies are determined for every click type, see Ta-
ble III. The envelope of the signal is now computed as

Penvoean(®) = | H (Pritxem(@)) | 4)

with pgie () @ band-pass filtered click signal. The rise-
time ¢, pr and drop-time ¢4 pr for a decay range of DR dB
are computed as

tr,DR,x,m = (tmax - tDR,a)xym, (53.)

td DRxm = (TDR,b - tmax)x‘m- (5b)

With .« the time at which pepy x.m(f) has its maximum
value, # pr , the first time sample of peyy . (?) and tpg  the
last time sample for which the following equation holds

penv,x,m(t) ) (6)
Penv,x.m(Fmax)
For the decay range DR, values of —20dB and —10dB
have been explored in this paper. The total duration of
the click signal is calculated by adding the rise-time and
drop-time. The process of computing the duration of a sig-
nal is made visible in Figure 3, where the filtered signal
Diite.x.m(2) 18 plotted from click A4, see Table I, the envelope
Denv.x.m(?) of this signal is plotted as well as the computed
time instances f_,4, fmax and z_sg 5.

DR > 20log,, <
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Table I. General information about subjects and their tongue clicks.

de Vos, Hornikx: Human echolocation

Subject Gender Age Usage of active echolocation? ...with tongue click?  Click type  Self-reported effort
R1 M 68  Hardly ever, mostly passive echol. ~ Hardly ever Al Normal
A2-1 Normal
R2 M 30  Very often Mostly A2-2 Increased
A3-1 Normal
R3 M 52 Very often Mostly A3 Decreased
R4 M 42 Regularly, mostly passive echol. Hardly ever A4 Normal

norm. amplitude (-)

time (ms)

Figure 3. Depiction of the rise-time ¢, _»y and drop-time 74— of
a single A4 click (solid thin). Filtered signal pg (solid thick), en-
velope peny Of paie computed from the Hilbert transform (dashed),
from left to right: #_50 4, fmax and 7_n9,5.

3. Results and discussion

Four (visually impaired) subjects participated in the mea-
surements. In our measurements, no echolocation task was
given. The measured data therefore are an example of spe-
cific click types, and provide information on how well
the same click type can be reproduced by an experienced
echolocator. Table I gives an overview of the different
clicks per subject, as well as some general information
about the subjects. Two subjects (R2 and R3) regularly
use active echolocation and reported to use two different
click types, which both have been documented here. Click
types with normal intensity (or effort) would be appropri-
ate in most daily short distance situations. Click A2-2 is
reported to be used only when reflecting surfaces would
be very far away, or in particular noisy situations. Click
A3-2 is reported to be used in quiet situations. Subjects
R1 and R4 often prefer to use passive echolocation skills,
but also benefit from the active echolocation technique as
with self-produced sounds like talking, walking sounds,
tapping the white cane and rattling a keychain.

The waveforms and normalized spectrograms of all
measured click types are given in Figure 4. Note that these
are all single analyzed clicks, as measured with the refer-
ence microphone. In Figure 5, the average normalized 1/3
octave band spectra of the different click types are given.
The average background noise levels during the measure-
ment sessions are plotted in this figure as well.
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The waveforms and spectrograms in Figure 4 show all
clicks have a quick rise in amplitude, followed by multiple
oscillations that gradually decrease in amplitude. Based on
the waveforms alone one can observe different character-
istics of the various click types. Especially A4 and A2-
2 show clear periodic oscillations, which indicate a spe-
cific dominant frequency component. For the other clicks
more complex oscillations can be seen, indicating a richer
spectrum. Also, different durations of tongue clicks can be
observed. From the spectrograms of Al and A4 it seems
that high frequency energy has a shorter duration than the
dominant frequency range, but this is not so clear for A2-2,
A3-1 and A3-2.

In Figure 5, all click types show dominant peaks be-
tween 1,000Hz up to 8,000Hz. The acoustic energy of
the clicks quickly decreases below 1,000 Hz. The domi-
nant energy is concentrated in a relatively small part of the
spectrum. Especially, clicks A2-1, A2-2, and A4 show a
narrow-band frequency content, while A1, A3-1 and A3-2
show broader spectra.

In terms of repeatability in the frequency domain, all
tongue clicks show standard deviations up to 3dB in the
most dominant 1/3 octave band, see Figure 5. At the re-
maining frequency bands the standard deviation is some-
what larger, about 5dB for all click types. This can be
explained by the fact that the deviation is computed us-
ing arithmetic comparison of all normalized click spectra,
with the 1/3 octave band levels per click normalized to its
total level. For clicks that have an outspoken narrow-band
spectrum, the total click energy is mainly determined by
the most prominent 1/3 octave band, which will result in
low deviations due to the normalization. Table II shows the
deviations with respect to the total relative sound level of
the different tongue clicks. The standard deviation of total
click levels is between 2.2 and 4.3 dB. The maximal devia-
tion compared to the total normalized average sound level
reaches up to 12 dB.

It seems not straightforward to classify the different
click types into palatal or alveolar, based on their domi-
nant frequency ranges alone. We think that for the alveolar
click, i.e. where the tongue tip is placed further away from
the teeth before its release, more clear periodic oscillations
occur due to a resonance effect in the mouth cavity (like
in A2-2 and A4). For a palatal click this would be less the
case as the mouth cavity is much smaller, and maybe less
defined, resulting in a broader dominant frequency range



de Vos, Hornikx: Human echolocation

ACTA ACUSTICA UNITED WITH ACUSTICA
Vol. 103 (2017)

_ a) A1
< 1
(5]
°
2
o W————
o
E
2
5 10 15
_ c) A2-1
<1
(]
©
2
= "
0 J
g WW
£
2 1
5 10 15
. e) A2-2
ol |
o
i)
2
2o
@
£
2 -1 ;
5 10 15
- g) A31
o | v y
(5}
°
2
E 0 ‘»’NM{WW'
©
£
21
5 10 15
_ i) A3-2
1
o
©
=
E‘ 0 s
©
1S
21
5 10 15
_ k) A4
<1
()
he
2
E 0 \'W\/\/\/\/\/\/\/\WM
©
3
2 -1
5 10 15
Time (ms)

0

-20

Frequency (kHz)
(dB)

-40

-20

Frequency (kHz)
(dB)

-40

-
.
.
.
.
.

Frequency (kHz)
(dB)

0

(dB)

-20

Frequency (kHz)

-40

0

(dB)

-20

Frequency (kHz)

-40

0

-20

(dB)

Frequency (kHz)

-40

5 10 15
Time (ms)

Figure 4. (Colour online) Waveforms (left subfigures) and normalized spectrograms (right subfigures) of measured tongue clicks (one
click per click type). All spectrograms are normalized to the maximum value per click type.

(like for A3-1 and A3-2). It seems also very reasonable
that mixtures of the two phonetical labeled click types oc-
cur within our measured click types.

In Table III the time-domain characteristics of the six
different click types are summarized. For two different de-
cay ranges (10 dB and 20 dB) the rise-time, drop-time, and
total duration in milliseconds are given, following Equa-
tions (4) to (6). The standard deviations, expressed both
inms and as in the percentage of the average, are given in
brackets. The relevance of the choice of the decay range
in dB depends on its contribution to the envisaged echolo-
cation task and its related echolocation cue. This should be
subject of further studies. As the total (A-weighted) sound
level of a click signal particularly is determined by the
dominant narrow-banded frequency range, and the signal-
to-noise ratio reaches 20 dB for all clicks (see again Fig-
ure 5), we have been able to determine both decay ranges.
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Table II. Deviations of Ly ,. Minimum / Maximum: Deviation
compared to normalized average.

Click type Std. dev.  Minimum  Maximum

(dB) (dB) (dB)
Al (n=43) 4.1 -12.0 6.0
A2-1 (n=58) 2.8 -6.2 52
A2-2  (n=49) 4.3 -11.9 6.5
A3-1 (n=22) 22 -4.8 52
A3-2 (n=15) 2.6 -4.0 5.0
A4 (n=28) 3.8 -9.6 5.7

In Table III, the clicks show total durations between 2.0 ms
and 10.0 ms, for the 20 dB decay range. These results are
in line with other data in literature [1, 9, 12, 13, 14, 15, 16].
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Figure 5. Normalized 1/3 octave frequency spectra of 6 different click types. Solid lines represent average normalized spectra (L x
according to Equation 1). The dashed lines represent average background noise spectra. The error bars represent the arithmetic standard
deviation per frequency band.

Table III. Duration of tongue click types. For every click type the amount of clicks (n) and the dominant 1/3 octave band(s) are given.
For the two decay ranges, 10 dB and 20 dB, the table gives the rise-time, drop-time, standard deviation and relative standard deviation
in parenthesis, and the total click duration. f.,: Band-pass filter cut-off frequencies (Hz); #,/4 x.—10/-20: 10 dB/20dB decay range (ms);
7: Total duration (ms).

Cth t}’pe fco tr,x,—l() Id,x,—l() T tr,x,—20 td,x,—20 T
Al 0=43)  1250-4000 09 (1.0=117%) 2.1(1.8=87%) 29 1.0(1.2=119%) 42(1.9=45%) 53
A2-1 (n=58) 2000 - 5000 0.4 (0.2 = 65%) 0.7 (0.4 = 57%) 1.1 0.5 (0.3 = 52%) 1.5 (0.5 =35%) 2.0
A2-2 (n=49) 1250 - 3150 0.7 (0.3 =41%) 14(0.5=33%) 2.1 0.8 (0.3 =36%) 2.5 (0.7 =27%) 34
A3-1 (0=22) 2500-6300 1.8(1.3=70%) 1.6(09=58%) 35 26(12=47%) 2.6(0.8=32%) 52
A3-2 (n=15) 2000 - 6300 1.1 (0.6 = 54%) 1.7(1.0=57%) 2.8 1.7 (0.7 = 41%) 2.9 (0.9 =30%) 4.6
A4 (n=28) 800 - 2000 1.3 (0.4 = 34%) 39(09=23%) 53 1.7 (0.9 = 49%) 8.3 (1.8 =22%) 10.0
Average 63% 52% 57% 32%

However, in this paper a different way of computing click
duration is chosen. A relation between total duration and
dominant 1/3 octave band can be expected. Click A4 has
clearly the lowest dominant 1/3 octave band of all tongue
click types in this paper and also the longest total dura-
tion. A larger database of tongue clicks is needed to carry
out a proper analysis of the relation between click duration
and dominant 1/3 octave band. Most rise-times are shorter
than the drop-times. The rise-time indicates how quick the
release of the tongue is performed. The drop-time relates
to the amount of damping in the resonant system present
in the mouth upon releasing the tongue. Clear differences
can be found between the results with the 10dB decay
range, compared to the 20dB decay range. Click types
A2-1, Al, and A4 differ in total duration by a factor of
about two, which is mainly due to outspoken differences
in the drop-times. Click A3-1 clearly shows a longer rise-
time compared to the other clicks. This indicates a sig-
nificantly slower release of the tongue, compared to other
click types.
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As the regards the repeatability among all click types,
the rise-times have a larger relative variability than the
drop-times for both the 10 dB and 20 dB decay range. The
largest deviation is found for subject R1 (click A1) and the
smallest in subject R4 (click A4), who are both less regular
users of tongue click based echolocation. Clicks from sub-
ject R2 and R3, who frequently use their active echoloca-
tion skills with the tongue click, surprisingly show a larger
deviation in their preferred click type (i.e. A2-1 for R2 and
A3-1 for R3) over their secondary click type, A2-1 and
A3-1 respectively. Click A4 has the lowest relative devia-
tions, this agrees with the conclusions in [10]. On average,
standard deviations 63% in rise-time and 52% in drop-time
can be found for the 10 dB decay range, and these numbers
are 57% in rise-time and 32% in drop-time for the 20 dB
decay range. Again, we point out the collected data rep-
resent tongue clicks that are intended to deviate as less as
possible. Therefore, the results we give might not be rep-
resentative for tongue clicks that are used by echolocators
in daily situations.
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Figure 6. Relative directivity of tongue clicks in the horizontal plane (8 = —11). The solid lines represent average relative directivities

L, ., in dB, as calculated according to Equations (2) and (3), the arithmetic minimum and maximum deviations (for all click types A1,

A2-1, A2-2, A3-1, A3-2 and A4) are expressed with error bars. Dashed lines represent average relative directivity of human speech, by
Chu and Warnock [18].

In Figure 6 the relative directivity of tongue clicks as
calculated according to Equation (2) is given for the hori-
zontal plane. As the horizontal directivity is considered to from human speech as reported by Chu and Warnock [18]
be approximately symmetrical, the data from O to 180 deg. are plotted in the same figure for comparison. Because our
azimuth are averaged per angle and plotted. Because of the measurement setup did not include a microphone at 0 deg.
small sample size, i.e. the number of click types, the error but at —11 deg. elevation, the speech directivity at eleva-

bars in the figure represent the minima and maxima of the
six measured click types. Furthermore, the directivity data
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Figure 7. As Figure 6 but for the vertical plane (¢ = 0).

tion —13 deg. from [18] is used for this comparison. In
Figure 7 the relative directivity for the vertical plane is
plotted. In both Figures 6 and 7 it can be observed that the
directivity increases with frequency. Levels are strongest
towards the frontal direction. Tongue click directivity is
very similar to human speech, but more directive in gen-
eral. At larger angles in the horizontal plane (Figure 6),
the tongue click levels are lower than the speech levels. In
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the vertical plane (Figure 7) it can be clearly seen that the
click levels are more focused toward the lower angles.
Figure 7 makes clear that for high frequencies, the lev-
els at low elevation angles, and also angles behind the
participant, are strongly shadowed. There is good agree-
ment between the directivity of tongue clicks and human
speech. However, on average tongue clicks are more di-
rective, as the solid lines mostly lie below the speech aver-
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age (dashed) in both Figures 6 and 7. Regarding the total
A-weighted levels, tongue clicks are more directive than
speech, because the frequency content of tongue clicks is
dominated by higher frequencies than that of speech (see
also Figure 9 from [18]). As can be seen from the error
bars the tongue click directivity varies among different
click types. The deviations in the 1/3 octave bands from
1,250 Hz to 4,000 Hz are less than 6 dB from 0 to 120 deg.
azimuth, and from —27 to 127 deg. elevation. Other fac-
tors that may contribute to variation in directivity are the
physical position and alignment of the subject in the mi-
crophone sphere and body physique of the subject (length,
shape, etc.).

4. Conclusions

This paper presents the acoustic properties of tongue click
signals produced by blind individuals for human echolo-
cation purposes. The purpose of this paper is to provide
a comprehensive dataset of original detailed experimen-
tal data on human tongue clicks, which are analyzed re-
garding waveform, duration, spectral content, directivity,
and repeatability. The methods used for analysis are ex-
tensively described in order to encourage further work, and
allowing to complement the data from the present paper.

Six different tongue click types have been recorded
from four blind echolocators. These signals all resemble
damped oscillations and have in common that the spec-
tral content is dominated by frequencies between 1,000
and 8,000 Hz. Some signals are dominated by energy in
one single 1/3 octave band, whereas other clicks have a
somewhat more broadband nature. All click types show a
standard deviation up to 3 dB for the dominant 1/3 octave
band, and within 5 dB for all studied 1/3 octave bands. The
standard deviation of total click sound level is between
2.2 and 4.3 dB. As part of click duration, the envelope of
tongue clicks is analyzed on rise-time and drop-time, de-
termined with a 10dB and 20 dB decay range relative to
the maximum click level. For this purpose, a Hilbert trans-
form is applied to the measured signals. The sum of rise-
time and drop-time gives the total duration of the clicks,
which ranges between 1.1 and 5.3 ms for the 10 dB decay
range and between 2.0 and 10.0 ms for the 20dB decay
range. For the 20 dB decay range, average standard devia-
tions of 57% in rise-time and 32% in drop-time have been
found.

The directivity of the tongue clicks increases for higher
frequencies, with most energy emitted in the frontal direc-
tion. The averaged directivity of tongue click signals show
close agreement with literature data from speech signals,
but tongue clicks are more directive than human speech
when the total A-weighted relative sound levels are con-
sidered. Among the six studied click types, the minimum
and maximum deviations in the 1/3 octave bands from
1,250 Hz to 4,000 Hz are less than 6 dB from 0 to 120 deg.
azimuth, and from —27 to 127 deg. elevation.
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The dataset presented in this paper is available online at
https://dx.doi.org/10.6084/m9.figshare.c.3543852.
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