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Several studies have shown that blind humans can gather spatial information
through echolocation. However, when localizing sound sources, the precedence
effect suppresses spatial information of echoes, and thereby conflicts with effec-
tive echolocation. This study investigates the interaction of echolocation and
echo suppression in terms of discrimination suppression in virtual acoustic
space. In the ‘Listening’ experiment, sighted subjects discriminated between
positions of a single sound source, the leading or the lagging of two sources,
respectively. In the “Echolocation” experiment, the sources were replaced by
reflectors. Here, the same subjects evaluated echoes generated in real time
from self-produced vocalizations and thereby discriminated between positions
of a single reflector, the leading or the lagging of two reflectors, respectively.
Two key results were observed. First, sighted subjects can learn to discriminate
positions of reflective surfaces echo-acoustically with accuracy comparable to
sound source discrimination. Second, in the Listening experiment, the presence
of the leading source affected discrimination of lagging sources much more than
vice versa. In the Echolocation experiment, however, the presence of both the
lead and the lag strongly affected discrimination. These data show that the clas-
sically described asymmetry in the perception of leading and lagging sounds is
strongly diminished in an echolocation task. Additional control experiments
showed that the effect is owing to both the direct sound of the vocalization
that precedes the echoes and owing to the fact that the subjects actively
vocalize in the echolocation task.

1. Introduction

Echolocation is usually attributed to bats and toothed whales, which analyse
the echoes of self-generated sounds to navigate and hunt. But blind humans
also produce sounds to evaluate their environments; some individuals even
have perfected this skill for orientation: by clicking their tongue, objects are
ensonified and the reflections can be analysed to create acoustic snapshots of
the environment [1].

Reports of blind people using a special sense to orient and to locate
obstacles in front of them go back to the eighteenth century [2]. However, it
took until the 1940s to show that they actually do not feel remote obstacles
with their facial skin but unconsciously evaluate echoes to gain information
about their spatial surroundings [3,4]. Since then, several studies have demon-
strated that human auditory processing is precise enough for echo-acoustic
localization of sound-reflecting surfaces [5—8]. Recent reports of blind human
echolocation experts even raise the possibility that traditionally visual functions
like scene recognition or navigation might be available based on echo-acoustic
cues, with spatial resolution as high as in the peripheral visual field [9]. Yet, the
auditory processes that are crucial for such outstanding performance remain
unclear—however important this information would be for rehabilitation and
mobility training in blind people.

There are hints that echolocation performance may be correlated with high
sensitivity to echo signals in general: Dufour et al. [10] found that blind people
were more accurate than sighted ones in localizing objects by echolocation, but
also that they were more disturbed by reflected sounds in auditory localization
tasks. For external sound sources, the issue of directing auditory attention in
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reverberant environments has been studied in terms of a
phenomenon called “precedence effect’ [11]: when two coher-
ent sound signals are presented from different locations with
a brief delay, the human auditory system gives precedence to
the first-arriving directional information and suppresses the
later-arriving one. However, certain situations can induce a
break-down or build-up of the precedence effect [12-14]. In
an echolocation context, one would expect echo suppression
to cause a loss of important information, and therefore the
precedence effect to interfere with echolocation, unless the
precedence effect is inhibited during echolocation. This has
been demonstrated successfully for echolocating bats, which
do not suppress spatial information of a second echo by
default [15]. Yet for humans, a formal quantification of the
influence of the precedence effect on echolocation is not avail-
able to date.

The first aim of this study was to quantify the ability of
sighted human subjects to discriminate positions of a single
reflective surface, the nearer (i.e. leading) and the farther (i.e.
lagging) of two reflective surfaces, respectively, by evaluating
echoes generated in real time from self-produced vocalizations.
The second aim was to quantify the precedence effect in an echo-
location context. To that end, the asymmetry between lead- and
lag-discrimination performances was assessed as a measure for
the influence of the precedence effect in the ‘Echolocation’
experiment. To benchmark results, all subjects performed
another, ‘Listening’, version of the experiment, which was iden-
tical to the Echolocation experiment except that the sound
reflectors were replaced by sound sources, as in past studies
on the precedence effect. To control the occurrence of perceptual
cues, all experiments were transferred into virtual echo-acoustic
space (VEAS) and conducted in an anechoic chamber.

2. Material and methods
(a) Apparatus and stimuli for the Listening experiment

In the Listening experiment, subjects were required to discrimi-
nate between the positions of sound sources. All sound sources
were presented in virtual acoustic space (VAS, see below) and
radiated the same signal, namely a periodic train of Dirac
impulses with a repetition rate of 2.5 Hz.

VAS was created by convolving the signal with individually
measured head-related impulse responses (HRIRs) which incor-
porate the azimuth-dependent binaural properties of a sound
radiated in anechoic space, both in terms of interaural level- and
time differences as a function of frequency.

To gather their HRIRs, the subjects sat on a chair in the middle
of an anechoic chamber with the dimensions 2.0 x 2.0 x 2.2 m. An
array of 19 loudspeakers (Canton Plus XS.2, Canton Elektronik
GmbH & Co. KG, Weilrod, Germany) was placed at 0° elevation
in a frontal hemicircle with a radius of 1 m, arranged in equidistant
steps of 10°. The loudspeakers were individually calibrated, in mag-
nitude and phase, to provide a flat frequency spectrum between 100
and 20000 Hz and a linear phase spectrum. The speakers succes-
sively presented white noise, which was recorded via binaural
in-ear microphones (type 4101, Briiel & Kjeer, Neerum, Denmark)
in the ear canals of the subjects. The HRIRs for all 19 loudspeaker
positions were calculated by cross correlation of the emitted and
the recorded signals. The HRIRs were interpolated (by linear
interpolation of the linear magnitude spectra and unwrapped
phase spectra) to increase the angular resolution from the original
angle step size of 10° to a resolution of 0.2°.

To simulate a sound source at a certain azimuth in VAS, the
periodic impulse train was convolved with the subject’s HRIR
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Figure 1. lllustration of the Echolocation experiment. In a 2AIFC paradigm,
subjects were asked to discriminate between azimuthal positions of a single
sound reflector (a), the leading of two reflectors (b), and the lagging of two
reflectors (c), respectively. The same paradigm with sound sources instead of
sound reflectors was used for the Listening experiment. The temporal delay
between leading and lagging sound was 2 ms at the subjects’ ears, which
corresponds to a simulated physical distance of Ad =34 cm in the
Echolocation experiment and Ad = 68 cm in the Listening experiment.

corresponding to that azimuth, and the resulting signal was pre-
sented via a professional audio interface (Fireface 400, RME,
Haimhausen, Germany) and earphones (ER-4S, Etymotic research,
Grove Village, USA). To add a lagging sound, a second HRIR, cor-
responding to the lag azimuth, was added to the leading HRIR
with a delay of 2 ms.

The actual experiments took place in an anechoic chamber
with the dimensions 1.2 x 1.2 x 2.4 m. The walls of the chamber
were lined with 10 cm acoustic wedges, which decrease the level
of echoes by at least 40 dB at frequencies higher than 500 Hz.
Stimulus generation and experimental control were implemented
using MatLas v. 7.5.0 (The Mathworks, Natick, MA, USA) and
SOUNDMEXPRO V. 1.4.3 (Hoertech, Oldenburg, Germany).

(b) Procedure of the Listening experiment

Using an adaptive two-alternative, two-interval, forced-choice
(2AIFC) paradigm with audio feedback, subjects were trained
to discriminate between azimuthal positions of a single sound
source, the leading of two sources or the lagging of two sources,
respectively. Whenever several sources were presented, the
sound coming from the lagging source reached the subject
with a time delay of 2ms relative to the sound coming from
the leading source. The positions of the target sound source,
which were to be discriminated, were always centred around
an azimuth of 40° to the right; the other sound source was
fixed at 40° to the left (cf. figure 1).

Each experimental trial started with a 50 ms, 1 kHz tone pip
to indicate the beginning of a 2 s exploration interval. During the
exploration interval, a stimulus was presented as described
above. The ending of the exploration interval was signalled by
a 2 kHz tone pip. After a 500 ms pause, the second exploration
interval was presented in the same way, but with a different
stimulus. Subsequently, the subjects had to respond whether
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the first or the second exploration interval had contained the
target sound source at the more rightward azimuthal position,
using a game pad. Subjects were given audio feedback by a
250 ms frequency chirp which was upward modulated for posi-
tive feedback and downward modulated for negative feedback.

Azimuthal separation of the target sound source positions
(which is illustrated in figure 1 as twice the angle ¢) was adapted
with a three-down-one-up procedure: it was decreased after three
correct responses in a row and increased after one incorrect
response, which yields threshold estimates at the 79.4% correct
level [16]. Until the third reversal of the adaptive track, ¢ was chan-
ged by 100% (i.e. it was halved or doubled), it was changed by 20%
for reversals four and five and by 10% from the sixth reversal on.
The experimental run was stopped at the 11th reversal and the
minimum audible angle (MAA) was calculated as the mean of
the azimuthal separation in degrees at the last six reversals of the
run. All subjects were trained until their performance in terms of
MAA stabilized over runs. The criterion for stable performance
was fulfilled when the standard deviation across the last three
runs was less than 25% of the mean across these runs. On average,
it took about 26 runs per condition for a subject to fulfil the stability
criterion (the standard deviation was 13 runs). The mean duration
per run was about 5 min with a standard deviation of 1.5 min.

The method of VAS presentation guarantees that there were
no visual cues to the experimental set-up. Moreover, the exper-
iments took place in complete darkness and subjects were
asked to close their eyes.

() Subjects

Six sighted adults (two females, four males) aged 2030 years par-
ticipated in the study. In each subject, both ears were individually
tested for hearing deficits by pure-tone audiometry for the fre-
quencies 0.5, 1, 2, 4, 6, 8 and 12 kHz. All subjects showed normal
hearing thresholds. Participation was paid at an hourly rate.

(d) Apparatus and stimuli for the Echolocation
experiment

In the Echolocation experiment, the subjects gained spatial
information about their environment by producing sounds
with their mouths and evaluating computer-generated echoes
of these sounds presented via headphones. Building on the
VAS technique of the Listening experiment, we conducted the
Echolocation experiment in VEAS.

To produce virtual echoes from the subjects’ vocalizations, sev-
eral stages of filtering are necessary that represent the different
stages a signal runs through on its way from the subjects” mouth
via one or several reflections to the subjects” eardrums. The first
stage is the emission of the signal out of the mouth into free field.
The human mouth is not a perfectly omnidirectional sound emitter,
especially for high frequencies. The vocal impulse response (VIR)
describes the individual sound emission characteristics of the
subject’s mouth as a function of frequency and azimuth.

To measure the individual VIRs, the subjects sat on a
chair in the middle of an anechoic chamber with the dimen-
sions 2.0 x 2.0x 22m (Industrial Acoustics Company GmbH,
Niederkrtichten, Germany) and were equipped with a headset
microphone (HS2-EW, Sennheiser, Wedemark, Germany). Subjects
had to produce a broadband hissing sound for at least 5 s. Using a
half inch measuring microphone (B&K 4189, Briiel & Kjeer,
Neerum, Denmark) at 0° azimuth and elevation and 1 m distance
in front of the subjects” mouths as reference, the headset microphone
was first calibrated in terms of power spectra. Afterwards, the voca-
lization recording was repeated with the headset microphone and 19
identical measuring microphones (SM420, BSWA Technology Co.,
Ltd., Peking, China) placed at 0° elevation in a hemicircle with a
radius of 1 m in front of the subjects, arranged in equidistant azimuth

steps of 10°. The difference between the spectrum recorded by the
calibrated headset microphone and the spectrum recorded by
the measuring microphones was taken as the magnitude of the
VIR for the respective azimuth. VIRs were interpolated to increase
the angular resolution from the original angle step size of 10° to a
resolution of 0.2°.

A virtual echo from a surface at a specific azimuth was gen-
erated in the following steps: first, the sound was picked up by
the headset microphone. Second, the spectrum of the sound
was compensated both for the calibration of the headset micro-
phone and the VIR for the specific azimuth. These steps create
the sound as it would impinge on a reflective surface at this azi-
muth. The distance of the surface is incorporated both in terms of
a time delay and geometric attenuation, i.e. an increase in distance
led to a decrease in sound level. A leading echo was generated at a
distance of 2 m (echo delay = 11.7 ms); a lagging echo was gener-
ated at a distance of 2.34 m (echo delay = 13.7 ms, cf. figure 1).
The digital delay applied to the sounds was shorter than these
delays because of the additional input—output delay of the real-
time convolution engine (see below), which was 4.95 ms. Finally,
the (binaural) echo was calculated by convolving this filtered and
delayed sound with the HRIR.

Apparatus for the actual experiments was the same as in the
Listening experiment, except that subjects were equipped with
the headset microphone. In the audio interface, the signal was
routed via a direct path and an indirect (echo) path. In the
direct path, the signal was sent directly from the microphone
input to the headphone amplifier via ‘Asio direct monitoring’
to simulate the part of the sound that reaches the ears directly
from the mouth without any reflections. In the following, this
part of the sound will be referred to as ‘direct sound” (DS). The
level of the direct path was experimentally adjusted such that
self-produced vocalizations in anechoic space sounded most
similar with and without ear phones. The input—-output delay
of this path was only 1.7 ms.

The indirect path contained a real-time convolution engine
(using a custom-made soundmexpro VST Plugin, Hoertech,
Oldenburg, Germany), which performed in real time the echo
calculations described above at a sampling rate of 48 kHz.

(e) Procedure of the Echolocation experiment
The same 2AIFC adaptive paradigm as in the Listening experiment
was used to train subjects to discriminate between azimuthal pos-
itions of a single sound reflector, the leading of two reflectors and
the lagging of two reflectors, respectively. But within each interval,
the subjects had to produce vocalizations and listen to real-time
generated echoes to evaluate the spatial layout of the different
reflectors in the VEAS. Performance and stability were measured
in the same way as in the Listening experiment.

Subjects were allowed to choose any kind of vocalization, as
long as they produced it with the mouth. In each experimental run
including echolocation, the subjects’ vocalizations were recorded.

(f) Analysis and statistics
Conditions were trained successively in ascending order of the
level of difficulty. According to Litovsky et al. [17] this means
that first, single object discrimination was trained until the stab-
ility criterion was fulfilled. Then lead discrimination was trained
and finally lag discrimination. The Listening and Echolocation
experiments were trained simultaneously. After the subjects
had fulfilled the stability criterion for all three conditions and
acquisition was completed, they were tested again on single
object discrimination to verify that the results really are asympto-
tic thresholds. The obtained MAAs were in accordance with the
previous performance, which confirms that our results are not
contaminated by long-term learning effects.

The non-parametric Wilcoxon rank-sum test was used to test
whether two datasets are independent samples from identical
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Figure 2. Results of the azimuth discrimination experiments for all six
reflector discrimination, and (c,f,i) MAAs for the control experiment without
discrimination, respectively.

continuous distributions with equal medians. Results are pre-
sented in terms of p-value and the rank-sum statistic Wyn,
where M and N denote the number of elements in the two datasets.
To compare lead- and lag-discrimination performance across the
Listening and the Echolocation experiments, the discrimination
deterioration factors (DDFs) were calculated according to Litovsky
[18] and Tollin & Henning [19]: DDFs are defined as ratio of lead/
single, lag/single and lag/lead thresholds.

(g) Control experiments
As the Listening and the Echolocation experiments differ with
respect to the acoustic properties of the stimuli, two control exper-
iments were conducted to disambiguate the effects of these
differences. As in the two original experiments, six sighted subjects
with normal hearing participated in the control experiments, four
of that (51-54) had also participated in the main experiments.
The first control experiment is identical to the Listening exper-
iment beside the fact that the stimuli were not derived from Dirac
impulses, but from pre-recorded vocalizations: for each trial and
interval, an individual vocalization was randomly picked from a
database containing all recorded vocalization of the respective
subject and the respective condition in the Echolocation exper-
iment. These were also available for the two new subjects that
had taken part in other Echolocation experiments. The level of
the stimuli was matched to the level of the echoes that were pre-
sented in the Echolocation experiment. The purpose of the first
control experiment was to determine whether any differences
between the Echolocation and Listening experiments could be
explained by differences in acoustic properties of the stimuli.

23

subject

45 6

123478
subject

12347

subjects. (a,d,g) MAAs for sound source discrimination, (b,e,h) MAAs for sound

and with DS. The rows represent the three conditions, single object, lead and lag

The second control experiment is also a Listening experiment
with pre-recorded vocalizations, but, unlike in the first control exper-
iment, stimuli are preceded with a third copy of the vocalization.
This third copy matches the auditory representation of the DS in
the Echolocation experiment. Hence, this second control experiment
matches most closely the auditory excitation in the Echolocation
experiment. As the only difference between the Echolocation
experiment and the second control experiment was the active voca-
lization, this control experiment enabled us to determine the role
played by the active generation of the click during echolocation.

3. Results

All six subjects were successfully trained to perform single
object-, lead- and lag-discrimination conditions in both the Lis-
tening and the Echolocation experiments. During training,
subjects improved both the precision of their auditory analysis
and, in the Echolocation experiment, optimized their vocaliza-
tions for the echo-acoustic task. Analysing changes of call
parameters over time revealed that after less than five training
sessions, all subjects ended up emitting short broadband clicks
and continued to do so during the whole data acquisition.

(a) The Listening experiment

In the single-source condition of the Listening experiment,
most subjects could detect a change in the azimuth of less
than 3.3° (cf. figure 2a). Subject S3 performed the best with
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an MAA of 2.3°. Only subject S2 had a markedly worse MAA
of 7.0°. This subject performed worse than average in all three
listening conditions. Averaging over the performance of all
six subjects yields a mean MAA of 3.4°. Without underper-
forming subject S2, the mean MAA would be 2.7°, and
therefore still around 3°.

Lead-discrimination performance was slightly worse than
the performance in the single-source discrimination task
(We,6 =26, p=10.041). The average MAA in this condition
was 5.4°, as shown in figure 2d. Most subjects had similar
MAAs, only subject S2 again performed much worse than
the average with an MAA of 11.9°.

In the lag-discrimination condition, performance deterio-
rated strongly compared with lead discrimination: the average
MAA was 27.5°, but the individual MAAs ranged from 17.5°
(S6) to 43.5° (S1), as shown in figure 2g. A Wilcoxon rank-sum
test was performed on the logarithmically transformed MAAs
to provide homoscedasticity and revealed with high signifi-
cance that values for lag discrimination are larger than those
for lead discrimination (Ws¢ =21, p = 0.0022). These results
show a strong asymmetry between lead- and lag-discrimination
performances, which means that the precedence effect had
considerable influence in the Listening experiment.

(b) The Echolocation experiment

In the single-reflector condition of the Echolocation exper-
iment, MAAs ranged from 4.8° (S6) to 9.2° (S1) with an
average of 6.7° (cf. figure 2b). There were no obvious outliers
among the subjects’ performances in this condition.

In contrast to the Listening experiment, performance wor-
sened markedly in the Echolocation experiment when the
lagging sound reflector was introduced (Wg ¢ = 21, p = 0.0022).
Here, subjects could detect changes of the lead azimuth of
29.7° on average, MAAs are shown in figure 2e. Individual
MAAs ranged from 24.1° for subject S6 to 37.4° for subject S5.

While introducing a lagging reflector significantly increased
difficulty in lead discrimination relative to single-reflector dis-
crimination, there was no significant additional decline in
performance when the roles of the leading and the lagging
reflectors were interchanged (cf. figure 2h): in the Echolocation
experiment, lag-discrimination performance was not significan-
tly worse than lead-discrimination performance (Wge =28,
p=0.093). The mean MAA was 39.5°. Therefore, in the
Echolocation experiment, there was no significant asymmetry
between lead- and lag-discrimination performances.

(c) Comparison of Listening and Echolocation results
As described in the material and methods, the DDF allows
comparison of the performances across the Listening and
Echolocation experiments. For the Listening experiment, the
average lead/single DDF was 1.60 (cf. figure 3a), which
means that lead-discrimination performance deteriorated only
by this relatively small factor compared with single-source
discrimination. In the Echolocation experiment, however, the
average lead/single DDF was 4.75 (cf. figure 2b), which is
significantly higher (W ¢ = 57, p = 0.0022).

While lead/single DDFs were significantly lower in the
Listening experiment than in the Echolocation experiment,
the situation for lag discrimination was the other way
around. As shown in figure 3d, lag/single DDFs for the Listen-
ing experiment amounted 8.58 on average. In the Echolocation

experiment, lag/single DDFs were significantly lower (Wy ¢ =
52, p = 0.041), with an average of 6.06 (cf. figure 3¢).

Calculating lag/lead DDFs allows for a direct quantifi-
cation of the asymmetry between the lag and the lead in
their efficiency to suppress spatial information of one
another. Figure 3¢ clearly shows that in the Listening
experiment this asymmetry was very strong (DDF = 5.53),
whereas in the Echolocation experiment, it was almost
absent (DDF = 1.35). This asymmetry difference is highly
significant (Wy ¢ = 21, p = 0.0022).

Lead/single and lag/single DDFs were tested for main
and interaction effects of conditions and experiments using
an analysis of variance (ANOVA) with two within-subject
variables. It revealed no significant main effect of the type
of experiment (F; 59 = 0.22, p = 0.65), which means that sub-
jects did not generally perform better in either of the
experiments. However, both the main effect of condition
(F1,20=237.52, p <0.001) and the interaction effect of con-
dition and experiment (F;,9= 17.56, p < 0.001) are highly
significant. Hence, the precedence effect did influence
performance in both experiments, but its strength was signifi-
cantly smaller in the Echolocation experiment than in the
Listening experiment.

A two-way ANOVA was performed on the 24 lag/lead
DDFs (including DDF comparisons across the Listening and
Echolocation experiments) with two factors, namely the ver-
sion of the lag-discrimination experiment (Listening versus
Echolocation) and the version of the lead-discrimination
experiment. The ANOVA revealed that a majority of 60% of
the variance in lag/lead DDFs between the Listening and the
Echolocation experiments can be explained by higher lead/
single DDFs in the Echolocation experiment (F;0=29.61,
p < 0.001), whereas the lower lag/single DDFs in the Echo-
location experiment are responsible for 20% of the variance
(F1,20=4.90, p = 0.039).

(d) Results from the control experiments

Results from the first control experiment showed no signifi-
cant difference to the original Listening experiment in any
condition (cf. figure 3). The asymmetry between lead- and
lag-discrimination performance in terms of lag/lead DDFs
was 4.69 on average, which is quite similar to the average
lag/lead DDF in the original Listening experiment (5.53).
As for the original Listening experiment, results were signifi-
cantly different from the Echolocation experiment in terms of
lead/single DDFs (Wy 6 =57, p = 0.0022), lag/single DDFs
(We,6 =24, p=0.015) and lag/lead DDFs (Wge=21, p=
0.0022). This shows that the acoustic properties of the stimuli
are not responsible for the differences between the Listening
and the Echolocation experiments.

In the second control experiment, the asymmetry between
lead- and lag-discrimination performances in terms of lag/
lead DDFs was significantly lower than for the Listening
experiment (Wye =57, p =0.0022), with a mean lag/lead
DDF of 2.02 (cf. figure 3). The difference in this asymmetry
between the second control experiment and the Echolocation
experiment is much less pronounced but still significant
(We,6 =24, p=0.015). This shows that the presence of the
DS is appropriate to explain most of the variance in lag/
lead DDF between the Listening and the Echolocation
experiments. The reduced asymmetry between lead and
lag discrimination in the Echolocation experiment when
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Figure 3. Normalized results in terms of DDFs. (a,b,c) Lead-discrimination performance was significantly better in the Listening experiment and in the control
experiment without DS than in the Echolocation experiment and the control experiment with DS, (de,f) while lag-discrimination performance was significantly
better in the Echolocation experiment than in all other experiments. (g,h,i) The asymmetry between lead and lag discriminations as the defining factor for
the precedence effect was significantly weaker in the Echolocation experiment than in all other experiments.

compared with the other experiments, and in particular when
compared with the second control experiment, also shows
that there is a significant effect of whether subjects are
actively vocalizing or not.

Specifically, lead discrimination was significantly impaired
both in the Echolocation experiment and in the second control
experiment. By contrast, lead discrimination was virtually
unaffected in the original Listening experiment and in the
first control experiment: the average lead/single DDF in
the second control experiment was 3.79, which is significantly
higher than that in the Listening experiment (Wee =21,
p =0.0022), but not significantly different from the original
Echolocation experiment (Wege=45, p=0.39). This shows
that the observed impairment in lead discrimination in the
Echolocation experiment is owing to the presence of the DS.

Lag discrimination, however, was significantly better in
the Echolocation experiment than in all other experiments:
lag/single DDFs for the Echolocation experiment were
significantly lower than that for the original Listening experiment
(W6 =52, p=0.041), the first control experiment (W, =24,
p=0.015) and the second control experiment (Wse= 26,
p=0.041). This shows that the observed improvement in
lag discrimination in the Echolocation experiment is not related

to the acoustic properties of the stimulation. Instead, it
must be owing to the fact that the subjects were actively
producing vocalizations.

4. Discussion
(a) Single-object discrimination

Previous studies on the spatial acuity of the human auditory
system have shown that performance in localization and
lateralization tasks strongly depends on the experimental
set-up. Using stimuli delivered via headphones, Klumpp &
Eady [20] found that the threshold interaural time difference
is 28 ps for single clicks of 1 ms duration, which corresponds
to an MAA of 2.4°. This threshold is quite similar to the cur-
rent MAA of 34° in the single-source condition of the
Listening experiment. Note that the 2.4° threshold is obtained
for a frontal position of the clicks. In this study, the single
sources were presented not in front but 40° to the right. Sev-
eral studies have shown that MAAs deteriorate when the
overall position of the sound sources is shifted towards one
hemisphere [21,22]. These findings are likely to explain the
residual differences between the current single-source
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MAAs and the data from Klumpp & Eady [20]. Thus, the
current single-source MAAs provide evidence for the validity
of our implementation of VAS.

Comparing the current single-source MAAs to the single-
reflector MA As in the Echolocation experiment demonstrates
that very high levels of spatial acuity can be reached by train-
ing echolocation: MAAs for a single reflector were around
6.7°, i.e. Echolocation performance was less than 4° worse
than Listening performance. Teng & Whitney [23] trained
11 sighted but blindfolded subjects to detect a lateral dis-
placement between two 20.3 cm circular discs vertically
mounted above each other. The two best-performing sighted
subjects could detect a lateral displacement of 4.1° and 6.7°,
respectively. Again, these data are well comparable to the
current single-reflector MA As with an average of 6.7°.

In this context, it must be pointed out that in the Echolo-
cation experiment with the single reflector, subjects always
had to evaluate the spatial information of the second sound
they received, namely the echo from the reflector; the first
sound was always the DS from the mouth to the ear. This
DS preceded the echo from the reflector by 10 ms. The low
single MAA data indicate that the subjects’” judgments were
not much impaired by the presence of the DS in the single-
reflector discrimination task, which suggests that the delay
between DS and echoes was beyond echo threshold. The
small but significant MAA increase from the single-source
to the single-reflector condition may result from residual
forward masking elicited by the DS onto the echo.

This finding is consistent with published echo thresholds
for similar sounds: Schubert & Wernick [24] reported an echo
threshold of 5.5ms for 20 ms high-pass noise bursts with
a cut-off frequency of 1kHz. These stimuli are roughly
comparable to the sounds produced by our subjects in the
Echolocation experiment.

However, it has been shown that processing of the second
click can be good when only two sounds are presented, but
adding a third click may impair the processing of the
second one [19,25,26]. Hence, the finding that performance
in the single-source condition was not much impaired by
the DS cannot be directly generalized to the lead- and the
lag-discrimination conditions, which is discussed below.

(b) Lead discrimination

In the lead-discrimination condition, a second sound source
or sound reflector was introduced at a fixed azimuth of 40°
to the left, which was delayed by 2 ms relative to the lead.
In such a situation, perceptual fusion between lead and lag
is known to be strong and the location of the lead dominates
the localization of the fused perception [19,27,28]. Therefore,
localizing the leading object should not be impaired much by
the lagging object. Indeed, Litovsky [18] reports a small but
significant lead/single DDF of 1.47. The current results
from the Listening experiment confirm these data with a
lead/single DDF of 1.60.

In contrast to the Listening experiment, we observed a pro-
nounced increase in MAAs for lead discrimination relative
to single-reflector discrimination in the Echolocation exper-
iment. Here, the performance worsened markedly for all
subjects when the lagging sound reflector was introduced.
This indicates that first, the lead was not as dominant as in the
Listening experiment, second, lag suppression was weaker
and third, localization was highly affected by both reflectors.

(c) Lag discrimination

In the lag-discrimination condition, subjects had to detect
changes in the lag, which was centred around 40° to the right
and delayed by 2 ms relative to the lead. This kind of configur-
ation is known to create a strong precedence effect such that
the lead dominates perception. Therefore, one would expect
that changes in the lag are extremely difficult to discriminate,
which is reflected in the finding that lag-discrimination MAAs
are higher than lead-discrimination MAAs [18,29-32]. Hence,
the precedence effect produces an asymmetry between lead-
and lag-discrimination performances. The strength of this asym-
metry in terms of lag/lead DDFs can be used as a quantitative
measure for the influence of the precedence effect [18,19].

This effect could be observed clearly in the current
Listening experiment: compared to the lead-discrimination
condition, the subjects’ performance deteriorated dramatically.
The observed strong asymmetry between lead- and lag-
discrimination performances reveals a considerable influence
of the precedence effect in the Listening experiment. However,
in the Echolocation experiment, the subjects” performance dete-
riorated only slightly. This indicates that here, the leading and
lagging reflection received almost equivalent perceptual
weights. The strong asymmetry between lead- and lag-discrimi-
nation performances as the defining factor of the precedence
effect was clearly observed in the Listening experiment, but
not in the Echolocation experiment.

Saberi & Perrott [33] observed a ‘substantial drop” in lag/
single DDFs after ‘sufficient practice on the lateralization
task’. They concluded that their data show a release from pre-
cedence owing to training. In our study, lag/single DDFs
were significantly lower in the Echolocation experiment
than that in the Listening experiment, i.e. our data also
show a ‘release from precedence’ in this sense.

(d) Do echolocators ‘untrain’ the precedence effect?
As there are contradictory reports as to whether the pre-
cedence effect can be unlearned [33] or not [34], it is
interesting to discuss why the perceptual imbalance between
lead and lag underlying the classical precedence effect was
much less pronounced in the Echolocation experiment than
in the Listening experiment.

The effect observed in our data essentially differs from
the release from precedence that was reported by Saberi &
Perrott [33]. In their study, the precedence effect was not
characterized by lag/lead DDFs, but by lag/single DDFs.
In our study, lag/single DDFs were significantly lower in
the Echolocation experiment than in the Listening exper-
iment, i.e. our data do show a ‘release from precedence’ in
this sense, too. However, our data also show a new pre-
cedence-like effect of lead-discrimination suppression in the
Echolocation experiment, which is absent in the Listening
experiment. In the Listening experiment, the presence of the
leading source affected discrimination of lagging sources
much more than vice versa. In the Echolocation experiment,
however, the presence of the lag affected discrimination of
leading reflectors almost as strongly as vice versa. Thus, the
lower lag/lead DDFs in the Echolocation experiment—
which we use as a quantitative measure for the strength of
the precedence effect in consistence with e.g. Litovsky
[18,19]—is mainly owing to the decline in lead-discrimination
performance and only to a much smaller extent owing to the
enhancement in lag-discrimination performance.
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Our Listening and Echolocation experiments differ with
respect to the acoustic properties of the stimuli: in the Listening
experiment, transformed Dirac impulses are presented via the
earphones, whereas in the Echolocation experiment, trans-
formed tongue clicks are presented. Moreover, in the
Listening experiment, two sounds were presented (lead and
lag), whereas in the Echolocation experiment, the subject per-
ceived three sounds, namely, the DS and the two reflections
from the leading and lagging reflectors. In the following,
these two aspects are discussed with respect to their poten-
tial to explain the observed performance differences in the
Listening and the Echolocation experiments.

(e) Dirac impulses versus tongue clicks

First, subjects could have produced vocalizations with a fre-
quency range that is minimally affected by the precedence
effect. It has been shown that localization dominance as one
of the main aspects of precedence depends on the spectral con-
tent of stimuli [35] and is most pronounced at low frequencies
around 750 Hz [26]. However, the sound analysis (which is
available in the electronic supplementary material) showed
that our subjects did not adjust the frequency content of their
calls in the double-reflector tasks: subjects S3 and S4 even pro-
duced calls with lower peak frequencies for lag-discrimination
than for single-reflector discrimination.

Second, subjects could have adjusted the number of their
vocalizations to exploit build-up and break-down effects of pre-
cedence. Not all aspects of the precedence effect seem to be ‘hard
wired’ phenomena, as described by Tollin [36] or Hartung & Tra-
hiotis [37], but they at least partly depend on high-level cognitive
processes: Clifton [13] showed that the precedence effect breaks
down temporarily when the acoustical conditions are changed,
and therefore contradicts the listeners’ expectations. Freyman
et al. [14] found that the precedence effect can take some time
to build up, i.e. it strengthens with acoustic experience about
the echo-encoded spatial information. Several studies provide
further evidence that echo suppression is enhanced when the
echoes match the listeners” expectations about the environment
based on previous experience [38—41]. Clearly, these cognitive
components are a likely candidate to tune auditory processing
for echolocation as opposed to echo suppression. Most of our
subjects produced five or more clicks per 2 s interval. This rela-
tively high number of repetitions would facilitate a build-up of
precedence, and hence impair the performance in the lag-
discrimination condition. It appears that nevertheless, most sub-
jects chose to produce this relatively high number of clicks both
for single-reflector discrimination and for lead- and lag-discrimi-
nation conditions. This provides circumstantial evidence that our
subjects did not suffer from a build-up of precedence.

In addition to the sound analysis, the first control experi-
ment provides conclusive evidence that none of the different
acoustic properties of Dirac impulses versus tongue clicks is
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