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A B S T R A C T

The active sensing and perception of the environment by auditory means is typically known as echolocation and
it can be acquired by humans, who can profit from it in the absence of vision. We investigated the ability of
twenty-one untrained sighted participants to use echolocation with self-generated oral clicks for aligning
themselves within the horizontal plane towards a virtual wall, emulated with an acoustic virtual reality system,
at distances between 1 and 32m, in the absence of background noise and reverberation. Participants were able
to detect the virtual wall on 61% of the trials, although with large differences across individuals and distances.
The use of louder and shorter clicks led to an increased performance, whereas the use of clicks with lower
frequency content allowed for the use of interaural time differences to improve the accuracy of reflection lo-
calization at very long distances. The distance of 2m was the most difficult to detect and localize, whereas the
furthest distances of 16 and 32m were the easiest ones. Thus, echolocation may be used effectively to identify
large distant environmental landmarks such as buildings.

1. Introduction

The sense of hearing provides relevant information for spatial per-
ception [1]. Audition is particularly important for blind people [2], who
lack visual stimuli to build spatial representations of their surroundings.
Some blind people have learnt to echolocate [3], i.e. to detect and lo-
calize obstacles and environmental features based on the reflections
they produce in response to self-generated sounds (active echoloca-
tion), typically oral clicks [4], or even to ambient noise [5] (passive
echolocation). Echolocation, initially called facial vision because it was
believed that sensation arose from pressure sensors on the skin [6], is in
fact a purely auditory phenomenon [7]. Sound reflections, or echoes (if
perceived as a separate event from the direct sound), arrive at an
echolocator with variable attenuation, delay, interaural level and time
differences and spectral cues which they exploit [8,9] to infer in-
formation about the distance [10,11], angular location [12], size [13],
shape [14] and texture [13] of the boundary at which they were gen-
erated. At short distances, it is possible to use coloration cues (i.e. a
change in the tonal character), arising from the interaction of direct and
reflected sounds [15] to detect the latter. However, it is highly unlikely

to use coloration cues to detect reflections with delays longer than
10ms (or arising from obstacles at distances further than 2m) [16,17].
Localization of reflections is particularly precise due to a partial in-
hibition of the precedence effect—a collection of phenomena that
makes it possible to localize an original sound source in a room despite
all reflections [18]—during echolocation [19,20]. This technique re-
presents an active perception mode [21], meaning that the perception
of auditory space integrates the auditory sensation at different positions
and orientations with the vestibular and proprioceptive feedback [22],
and thus head movements are crucial [23] for effective mobility and
related tasks like shape perception [14]. In this way, echolocation
contributes to enhance the auditory spatial localization of blind people
[24].

In addition, echolocation has benefits on the independence of
functional echolocators (i.e. people who use echolocation in daily life),
namely better mobility in unfamiliar places and access to better salaried
jobs [25]. Thus, echolocation is highly relevant for the rehabilitation of
persons who have lost sight. Despite its benefits, echolocation is not yet
a widespread technique and much research is devoted to understanding
the degree to which early and late blind people can profit from echoic
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information [26]. In the present study, we focus on sighted persons
without prior experience in echolocation, and as such their perfor-
mance can be considered similar to that of potential candidates in re-
habilitation programs of orientation and mobility.

Acoustic Virtual Reality (AVR) systems that account for head or-
ientation are regarded useful for the acquisition of auditory space maps
[27], for evoking sensations arising in echolocation [10,22] and for the
conduction of psychoacoustic tests [20]. When using an AVR system for
the conduction of psychoacoustic or active echolocation tests, non-au-
ditory cues such as wind, temperature, or other tactile cues are de-
coupled from the auditory stimulation. In addition, ambient noise,
which could lead to effective passive echolocation in reality, can be
minimized or studied separately from active echolocation. In real life,
these cues are an integral part of the environment perception and
contribute to the detection of obstacles. Furthermore, arbitrarily large
surfaces can be simulated with the AVR system at any position. Because
large surfaces reflect sound more efficiently than small obstacles, and
because the background noise in an AVR is negligible when used in a
silent anechoic room, the range of distances where obstacles can be
detected with echolocation is expected to be much larger using an AVR
system than in other real life experiments.

Sighted participants have been able to learn basic echolocation tasks
using an AVR system [11,20]. Therefore, this kind of systems shows a
potential to explore effective learning strategies in echolocation, gain
further knowledge about its psychophysical mechanisms, and study the
relationship between performance and the self-generated oral signals
[11,17]. When using an AVR system, the simulated acoustic condition is
defined by the Oral-Binaural Room Impulse Response (OBRIR) [28],
which contains information on the propagation of sound, including all
relevant reflections between a reference point close to the mouth and
the entrance of the closed left and right ear canals.

In a previous study [17], we used a static AVR system to determine
the detection thresholds for a single reflection up to distances of 16m,
by artificially varying the strength of the reflection in relation to the
strength of the direct sound. This relation between strengths was
quantified by means of the reflected-to-direct level difference (RDLD)
[29].1 The results closely followed the signs of forward masking—a
characteristic of the human auditory system for which one sound can
render inaudible another fainter sound closely delayed. When using
oral clicks, thresholds improved with increasing distance due to the
increased temporal separation between direct and reflected sound,
which caused less forward masking. Louder signals resulted in lower
(i.e. better) detection thresholds due to the non-linear behavior of
masking [17]. These results suggest that it might be possible to use
echolocation in a range of distances longer than reported in several
previous studies of echolocation with sighted participants in real set-
tings (e.g. 55–65 cm [30], 62–130 cm [31] or less than 1.8m [7,32]) or
in laboratory settings with sighted and blind participants (up to 2m
[9,33]), when using larger obstacles in an otherwise reflection-free
environment with low background noise. This was already explored by
Schrnich et al. [11] by measuring distance discrimination thresholds in
echolocation up to 6.8m using an AVR. In the present study, we explore
echolocation for detection and localization of large obstacles in a range
of distances broader than in previous studies, from 1m to 32m.

In [17], the task was to discriminate one out of three intervals which
was different from the other two. A question that arises is whether
untrained sighted individuals would also be able to use echolocation in
a more realistic task than the one in [17]. In the present study, we
develop and use an AVR system that accounts for head rotations in the

horizontal plane. We use this system to simulate a simple outdoor
echolocation exercise in which a person has to orient herself towards a
simulated large wall (or building) at different distances on a reflecting
floor, without competing reflections from other surfaces nor back-
ground noise. Thus, participants in the present experiments had firstly
and implicitly to detect the reflecting object, and only then, to identify
the direction of arrival of the reflection.

Beyond knowing whether untrained sighted individuals can echo-
locate, we aim at determining the most difficult distance conditions to
detect and localize a large obstacle (e.g. a wall) and how performance
relates to features of the emitted signals. This knowledge can serve as
an inspiration for determining good clicking strategies based on para-
meters such as intensity, duration, bandwidth and frequency content,
and in addition, to point out the most difficult distance conditions in the
training of echolocation. We hypothesize that, in absence of back-
ground noise and reverberance, the most difficult conditions are those
in which the reflection level of the wall is near the audibility thresholds
for a reflection determined in [17]. Easier conditions may be those
where the reflection is well above threshold. Moreover, in the distance
conditions where the reflection level is near the audibility thresholds, it
is expected that localization accuracy decrease [34].

2. Method

2.1. Participants

The 21 participants in the experiments, labeled S1 to S21 hereafter,
were 7 female and 14 male sighted persons, between 22 and 48 years
old, with normal hearing (HL<20 dB from 250 Hz to 8 kHz following
audiometric screening) and without previous experience in echoloca-
tion. They participated on a voluntary basis and did not receive any
compensation for the participation. Informed consent was given by all
participants and ethics approval was granted for this research by the
Medical Ethics Committee at UZ KU Leuven (number B322201317883).

2.2. Stimuli

Stimuli were designed to replicate a simple outdoor echolocation
exercise in which participants had to identify the direction of a large
wall (e.g. a building) and turn towards it. Virtual flat concrete walls (of
dimensions 10m×10m) at distances d of 1, 2, 4, 8, 16 and 32m on a
concrete floor (see Fig. 1) of 100m×100m were simulated through
streaming convolution of the OBRIRs characterizing these scenarios
with the oral clicks produced by the participants themselves. The fol-
lowing sections give more insight on the computation of the OBRIRs
and on the actual stimuli generation via streaming convolution.

2.2.1. OBRIR calculation
The reflections of the wall and the floor were simulated with the

room acoustics simulation software CATT-AcousticTMv9.0c. A binaural
receiver was placed at the middle point in between the ears, and a
source simulating the mouth with the average frequency-dependent
directivity pattern of the human voice [35] was placed 0.1m in front of
the receiver and pointed away from it. Such a pattern, on a frequency-
band basis, is similar to the one produced by echolocation clicks [36].
The receiver was always pointing towards the source. Both source and
receiver were placed at a height of 1.5m from the floor. In separate
calculations, the wall was placed at each of the six different distance
conditions (d=1, 2, 4, 8, 16 and 32m) from the receiver. These dis-
tances were chosen to represent a large range of distances, as in a
previous study [17], and were logarithmically spaced because the re-
flected level decays approximately 6 dB per doubling of distance. At
each distance d, simulations were performed for 24 reference orienta-
tions θ0 of source/receiver, always rotating the source position around
the fixed receiver, at intervals θΔ of 15°.

The wall and the floor had an absorption coefficient of 0.01 at

1 Note that the RDLD is unambiguously defined for a single reflection. In the case of
multiple reflections, there could be an ambiguous interpretation. On the one hand, the
RDLD could be referred to a single reflection of interest by filtering out all other com-
peting reflections. On the other hand, the RDLD could take into account all existing re-
flections to calculate the strength of the total reflected sound. In this study, we use the
latter interpretation.
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