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Abstract 

It has been shown that echolocation in humans, while not as advanced as other species, is a viable 
method of navigation. Where guide dogs and canes are vital tools for many visually impaired 
individuals, as of yet there are very few tools developed to aid them navigate a space using auditory 
cues alone. Although possible, the learning process for echolocation can be difficult and dangerous if 
not done with adequate guidance, support, and supervision. This paper investigates the possibility of 
developing an accurate training simulator in a virtual audio environment to provide a safe environment 
for the visually impaired to develop this skill. This is achieved by investigating a number of audio 
source localization and distance cues in relation to echolocation, translating these cues into a virtual 
environment, and examining the best method of re-creating this environment for the user.  

 

1 Introduction 
The understanding that the visually impaired 

have been able to detect the presence of obstacles in 
their vicinity has been written about since 1749 when 
Diderot wrote of his experiences with a blind 
acquaintance [1]. He believed this ability was due to 
sensitivity to different air currents and atmospheric 
change. Since then it was discovered that this obstacle 
sense was the result of detecting reflected sound [2][3]. 
While there was some degree of disagreement on the 
nature of obstacle sense or facial vision, whether it was 
due to perceiving variations in the ambient sound field 
as you traverse through it [4], or the listening to specific 
reflected sounds [5], this paper specifically examines 
echolocation where environmental information is 
gathered by producing a sound stimulus and listening to 
the reflections generated rather than gathering 
environmental information based on ambient sound.  
This paper investigates the possibility of reproducing 
echolocation in a Virtual Audio Environment (VAE) for 
the purpose of developing a training simulator for the 
blind to learn echolocation in a safe environment.  
 

2 Sound Localization 
In order to entertain the concept of reproducing 

echolocation in a virtual audio environment, one must 
first examine the effects of sound perception and 

localization, both about the head and in distance 
perception, specifically how echolocation functions in 
humans. Along with adequate understanding of sound 
localization cues one must also examine the methods of 
generating these cues accurately in a virtual 
environment and the mediums of auralization to relay 
this information to a user. Although the mechanisms of 
directional sound localization have been well 
understood for many years and are widely accepted, in 
contrast, the mechanisms of depth perception are less 
understood. Although a number of cues have been 
suggested in varying levels of importance, it is still 
debated as to the role many of these cues play and their 
importance in perceiving depth in audio.  

Where in an open environment there is a 6 dB 
reduction in sound intensity with every doubling of 
distance according to the inverse distance law, the use 
of intensity change in distance perception would be 
limited to the threshold in detecting a change in 
loudness[6]. Brungart and Scott found that shouted 
speech is perceived to originate further than whispered 
speech, and is again perceived to be more distant when 
the intensity is reduced[7], this may be due to frequency 
changes in the audio signal rather than specific intensity 
levels as lower frequencies are given more weighting 
when the intensity level increases [6].  
The effect of frequency response on the perception of 
distance is backed up by Coleman’s experiments in 
1968 where he discovered that for otherwise identical 
sound sources, those low pass filtered at 7.68 kHz were 
judged to be more distant than those filtered from 10.56 
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kHz [8] further investigated by  [9] and [10]. 
Experiments by Gardner in 1969 [11] found that when 
only intensity is used as a cue for distances between 5 ft 
and 30 ft, source distance was consistently 
underestimated. More notably Gardner found that 
contrary to the 6 dB reduction in sound source for a 
doubling of distance according to the inverse distance 
law, a level change of approximately 20 to 30 dB was 
required for subjects to perceive a doubling of distance. 
It is possible that the frequency content or timbre of a 
sound source may not be a completely accurate cue in 
the localization and perception of distance of sound 
sources as Coleman [12], and McGregor et al. [13] 
found that localizing unfamiliar sound sources is much 
less accurate than localizing familiar sound sources.  

While both spectral content and intensity are 
important cues in detecting distance when used together, 
deemed to be one of the most important roles in source 
distance perception is the ratio of direct to reflected 
sound (DR ratio). Although Butler et al. state that 
sounds presented in an anechoic environment are 
deemed more distant than sounds those presented in an 
echoic environment, experiments show that sound 
presented in an anechoic environment are deemed less 
distant than those presented in an echoic environment 
[14] and [6]. However as a source moves further from 
the head the distance estimation varied, where closer 
sources are overestimated in distance, and further 
sources underestimated [6] [7][15]. 

While tilting and rotating the head is effective 
at locating the direction of ambiguous sounds, it has 
been shown that in relation to blind individuals and 
echolocation, full body movement towards and away 
from a source improves the accuracy of distance 
perception [16][17][18]. Ifukube et al. [16] conclude 
that certain timbral changes of the sound may be 
responsible for the improved perception of distance 
while walking towards a constant source, and highlight 
that a pitch change is present in this timbral change. 
They suggest that the Doppler Effect may provide 
certain cues to aid in judging distance with a constant 
source, however Rosenblum et al. [19] state that the 
Doppler Effect and pitch changes with impulsive sounds 
such as clicks may not be an effective cue for distance 
perception. When comparing the effects of intensity 
changes, Doppler shift, and ITD on the perception of 
location and distance of a moving sound source 
Rosenblum et al. concluded that intensity changes were 
the most accurate of the three cues examined as it is the 
only cue present for sustained and impulsive sounds 
used for both sound localization and distance 
perception. Although in another paper Rosenblum et al. 
suggest that the Doppler effect may enhance distance 
judgments of a moving source when present with other 
distance cues [17]. Experiments conducted by Bassett 
[20] directly investigate the effects of pitch change on 
approaching a flat reflective surface using echolocation 

techniques with both noise, and pitched stimulus. 
Results show that there is an apparent pitch change on 
the approach to a reflective surface and that a wideband 
noise source is the best stimulus to use, apparent pitch 
change information is most noticeable in the range of 
200 to 2000Hz, however a narrowband noise source 
containing a number of random frequencies may also 
work. 
 Where a number of studies report that blind 
individuals are more accurate at echolocation and 
detecting sound localization cues than sighted 
individuals [5][21], they also appear to be faster in 
recognizing important auditory cues [16]. Wallmeier et 
al. show that sighted individuals can be trained to 
achieve a high level of accuracy in discriminating 
reflective surfaces through echolocation [22], as do 
Ifukube et al. [16]. Wersényi however found that, in 
comparing blind and sighted individuals levels of 
localization accuracy in a virtual environment, blind 
individuals were more accurate in front and on the 
horizontal plane than sighted individuals, and sighted 
individuals were more accurate in localizing sources 
from above, below and behind [23]. These variations in 
accuracy levels between sighted and blind individuals 
may be due to a higher priority of frontal localization in 
blind individuals where they cannot rely on a visual 
stimulus where sighted individuals can rely on eyesight 
to give a visual in front allowing them to pay closer 
auditory attention to the surrounding environment that 
they cannot see. Thaler et al. tested the accuracy levels 
between a number of early blind (those who have lost 
the use of their eyes early in life) and late blind 
individuals (those who lost the use of their eyes later in 
life). They found that the early blind group were more 
accurate in localization and were able to detect the 
presence of an object in front of them to an accuracy 
level of 3° from the true location, where the late blind 
were at an accuracy of 9° [24]. Thaler et al. also address 
a query that blind individuals have a better hearing 
range than sighted individuals, however state that both 
early blind and late blind subjects test within the normal 
range on standard hearing tests [24] and that overall 
hearing ability does not appear to play a large part in 
localization accuracy; accurate localization appears to 
come down to a perception ability rather than an overall 
hearing ability, this can also be seen in the experiments 
of Butler and Humanski where they tested localization 
accuracy for low frequency and low-pass filtered sound 
sources [25]. Voss et al. [26] also found that early blind 
and late blind individuals outperformed the sighted in 
accurately judging the distance between two sequential 
sound bursts. 
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3 Auralization Methods 
As the intention of this research is to allow the 

visually impaired access to an effective training 
simulator when they require it, preferably in their own 
homes, loudspeaker systems are not ideal due to cost 
and setup requirements. The use of headphones to 
present this audio environment allows for an 
economically viable alternative to loudspeaker arrays. 

One method of representing accurate 
localization, and depth and distance via headphones is 
to incorporate Head Related Transfer Functions 
(HRTFs). Although these measurements do well to 
externalize presented sources, the technique is not 
perfect and without head tracking, movement causes the 
sounds to move with the motion of the head, breaking 
the illusion and also resulting in ambiguities in front and 
rear positioned sources. Where general consensus is that 
the inclusion of head tracking information for binaural 
systems is beneficial, both Sontacchi et al. [27] and 
Kearney et al. [28] highlight that incorporating head 
tracking information into a system can be 
computationally expensive and when moving sound 
sources are present, the switching between directional 
HRTF values can introduce artifacts in the signal due to 
“wave discontinuity of synthesized binaural signals” 
[29]. To overcome these issues it is possible to create a 
virtual loudspeaker array with HRTF values measured 
with the listener in the sweet spot. These resulting Head 
Related Impulse Responses (HRIRs) would then be 
convolved with the virtual loudspeaker feeds, allowing 
individual loudspeaker feeds to change in accordance to 
the head tracking data, rather than constantly changing 
between HRTF measurements. As with physical 
loudspeaker arrays VBAP and WFS methods are viable 
methods of presenting this virtual loudspeaker array 
information to the listener, however ambisonic methods 
prove popular as it “represents a practical and 
asymptotically holographic approach to spatialization” 
[30] and as the order of ambisonics is increased, do does 
the level of accuracy. 
In [28] Kearney et al. directly address the capability of 
ambisonic methods in perceiving distance in a virtual 
acoustic environment, investigating whether an 
increased directional accuracy of direct and early 
reflective audio signals improve the judgment and 
perception of distance. Comparing real sound sources to 
a First Order Ambisonic (FOA), and Higher Order 
Ambisonic (HOA) representations of the sound fields 
over headphones. They conclude that while enhancing 
the directional accuracy of sources increased 
environmental depth and the perceived distance of 
sources, FOA rendering accurately represents the real 
world sources and that an increase in ambisonic order 
does not increase the accuracy levels. While this is the 
case, they make it clear that this is only for ambisonic to 

binaural decoding and further experimentation is 
required for physical loudspeaker representations. 
 

4 Methodology 
Using the visual programming language 

Max/MSP [31] and implementing the spatialization 
software Spatialisateur (Spat~) [32], a virtual eight 
channel ambisonic cube loudspeaker array was 
generated and output to a two channel stereo mix for 
headphone listening using HRTF’s measured from the 
KEMAR acoustic mannequin. The aim was to convolve 
a b-format omnidirectional room impulse response 
generated in ODEON [33] with a selection of source 
signals (user impulse stimuli) to create a VAE for the 
user with enough accuracy to simulate the basics of 
echolocation while remaining at a computationally low 
enough level to run on a laptop computer. 

Sixteen participants were led into and sat in an 
anechoic chamber one at a time and fitted with an 
omnidirectional DPA d:fine headset microphone and 
BeyerDynamic open backed DT 990 PRO headphones 
retrofitted with an IPhone 5 using the app GyrOSC [34] 
to read head tracking data. On a table to their right the 
participants were presented with a circular grid 
depicting a clockwise 360° of directionality where 0° 
represented the participant looking directly in front 
across to the other side of the chamber. On this grid 
participants were also shown six different distance 
markers relating to the six impulse responses measured. 
The task given to each participant was to listen to the 
reflections generated by a selection of varying lengths 
of white noise stimuli (1, 100, and 1000 ms) and 
determine direction to, and distance to, the nearest wall 
in the echoic virtual environment they were placed in 
via the headphones. To give the user a visual guide of 
the distances presented during this test, a length of 
string was run along the length of the room with a 
number of coloured tape distance markers shown in 
Figure 4:1. These markers signified the users head 
position and then each subsequent distance that the wall 
would be presented at through the course of the test. 

The test was split into two sections, each 
divided into 4 sub sections. Section one investigated the 
accuracy level of participants before any training, 
looking at their innate ability at determining distance to 
the nearest wall using DR ratio without any scale to 
measure against. After participants completed section 
one, they were given a short break outside of the 
anechoic chamber to refresh their ears. After this break 
participants re-entered the chamber to complete section 
two, a complete redo of section one with the only 
difference that they are presented with each distance 
measurement IR before the testing began. Participants 
were allowed to listen to each IR as long as they wanted 
in order to learn the environment. This preview section 
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was conducted using a continuous stream of white noise 
to give participants a similar sound source to those used 
in the test without giving any advantage to any single 
source stimuli. 
 

 
Figure 4:1 User testing position showing distance 
markers. 

 
 Subsection one of each section consisted of 
eighteen questions in a random order using the white 
noise stimuli of lengths 1, 100, and 1000 ms, convolved 
with six different IR’s measured at distances 20, 60, 
100, 120, 160, and 200 cm from the nearest wall. Each 
stimulus was repeated over ten seconds. Subsection two 
asked the user which of the three stimuli they preferred 
in determining the location of the wall. Subsection three 
consisted of the six IR’s in a random order convolved 
with a vocal stimulus provided by the participant. 

Participants were allowed to make any sound they liked, 
but were made aware that those that use echolocation in 
day-to-day life prefer tongue clicks or short impulsive 
sounds and that short bursts of white noise from 50 to 
500 ms are seen to be more accurate on paper. 
Subsection four asks which of the four stimuli the 
participant preferred overall. 
 This test was generated to ask the following 
questions. How accurate does a user perceive their 
orientation in a VAE in relation to distance to the 
nearest boundary/reflective object using echolocation? 
How accurate does a user perceive their orientation in a 
VAE in relation to direction to the nearest 
boundary/reflective object using echolocation? Which 
length of white noise source is the preferred choice for 
echolocation in a VAE? Which length of white noise 
source is the most accurate for echolocation in a VAE? 
What is the level of accuracy using a vocal noise source 
over generated noise? After a user has received 
feedback, are there any signs of increased accuracy in 
perception of orientation for both distance and 
direction? 
 

5 Experimental Results 
Results show that there is an improvement in 

accuracy after the training sessions for both distance and 
directional accuracy. Distance perception accuracy 
increased from 14% to 22%, and directional perception 
increasing from 61% to 74% while both showing a 
decrease in non-answers. In perceiving distance, while 
both the 100 ms white noise and the vocal stimuli show 
the highest levels of accuracy after training, it is the 

Untrained 1000 ms Source
10%

81%

10%
Untrained 100 ms Source

15%

74%

11%
Untrained 1 ms Source

12%

82%

6%
Untrained Vocal Source

18%

76%

6%

Trained 1000 ms Source

21%

77%

1%
Trained 100 ms Source

25%

74%

1%
Trained 1 ms Source

18%

80%

2%
Trained Vocal Source

25%

70%

5%

Correct Incorrect No Answer

Figure 5:1 Distribution of distance perception accuracy before and after training separated by source stimuli. 
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vocal source that shows the highest level of accuracy 
overall with 18% correct before training and 25% 
correct after, as opposed to 15% and then 25% correct 
for the 100 ms source before and after training. In 
contrast to distance perception, directional perception 
shows the vocal source signal to be the least accurate in 
perceiving direction after training with only 71% of 
answers correct after training compared to 77% for the 
100 ms source, and 73% for the 1 ms source. The 100 
ms source however showing the least amount of correct 
answers pre-training with only 50% correct giving it a 
27% increase in accuracy with training, making it the 
largest improvement in directional accuracy. Most 
notably is that the preferred source for the majority of 
participants was the 1 ms stimulus when given a choice 
of the three, and the vocal when given a choice of the 
four. In contrast, the stimulus that maintained the 
highest level of accuracy throughout the experiment was 
the 100 ms white noise source. 
 

6 Discussion 
While this VAE Has shown that sighted 

individuals have some degree of echolocation ability, 
the test sample size was too small to draw a solid 
conclusion.  While there is an improvement in accuracy 
post training, as the participants were not given any 
scale on which to base their answers off in the untrained 
section, it was only until they had answered at least 
thirteen questions before they had been presented with 
all distance possible IR’s. When answering questions 
after training, participants had been exposed to all 
possible question variation; from this they were able to 

scale their answers from the beginning based on what 
they felt sounded closer or further, rather than what 
distance they believed it to be. Overall the distance 
perception accuracy shows that if the pre-training 
answers give a clearer idea on how participants gauged 
distance naturally, then a low accuracy level of 14% out 
of a total of 336 possible answers, excluding outliers, 
could either mean a) the VAE system design is not 
accurate, or b) the participants involved in this test are 
not accurate at judging distances through echolocation. 
It is believed that both statements are very likely. The 
system in its current state is not designed for a high 
level of accuracy due to a number of missing cues, and 
untrained sighted individuals do not have as an accurate 
perception of distance to a static source sound as they 
do in directional localization. A better measure of 
accuracy would be to test a number of blind individuals 
and compare their results and accuracy levels along side 
the sighted results to see if there is any correlation. If 
the blind test subjects were unable to score any better 
than the sighted then the fault may be that of the system 
design.  
 In terms of directional accuracy, even though 
using an omnidirectional source to generate the IR, the 
accuracy is quite good with over 60% perceiving the 
direction of the object in the front region between 315° 
and 45°. This accuracy should improve with further 
testing using directional IR’s. 

7 Further Research 
While the results are inconclusive, this experiment 

has provided with an effective proof of concept into 
designing a VAE capable of reproducing echolocation. 

Untrained 1000 ms Source

63%

23%

14%
Untrained 100 ms Source

50%

37%

13%
Untrained 1 ms Source

62%

25%

13%
Untrained Vocal Source

68%

20%

12%

Trained 1000 ms Source

76%

19%

5%
Trained 100 ms Source

77%

17%

6%
Trained 1 ms Source

73%

21%

6%
Trained Vocal Source

71%

24%

5%

Correct Incorrect No Answer

Figure 5:2 Distribution of directional perception accuracy before and after training separated by source stimuli. 
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In its current design it maintains only the minimal level 
of accuracy required for it to effectively replicate 
echolocation cues, as they exist in the physical world. 
There are a number of areas that still need to be 
investigated and then integrated into the system.   
 This experiment investigated the use of static 
IR’s and a static listening position, research has shown 
that the effect of movement plays a large role in the 
perception of distance to a source, suggesting this would 
also play a role in echolocation accuracy. Studies have 
shown that a change of pitch is apparent when using 
echolocation to detect an approaching object [20], is it 
unclear the reason for this change. Further research 
should investigate whether this apparent change is due 
to the Doppler effect or other means such as comb 
filtering. To improve the effect of movement through 
the VAE, further research should investigate an 
effective method of transitioning from one measured IR 
to another. This would also require investigation into 
reducing the total number of IR’s required for an 
accurate representation of the space; as this experiment, 
with a room measuring 10 m by 7 m, using a distance 
interval of 20 cm between IR’s, would require 
seventeen hundred and fifty individual IR’s to 
accurately map the space. This compounded with a 
minimum of four directional IR’s would give a total 
seven thousand IR’s required to accurately incorporate 
head movement and body movement through the space.  
 Further research should also investigate a 
method of generating accurate HRTF’s for 
measurements under 1 m. As approaching sound waves 
are planar at 1 m this makes it easy to estimate any 
distance beyond that. For distances less than 1 m, the 
shadowing by the head plays a much larger role in 
distance perception. To develop a simulator that is able 
to reproduce accurate acoustical cues within 20 cm to 1 
m of the listener’s head, different HRTF sets would be 
required for the required distance intervals.  
 In an attempt to reduce required computing 
power in handling the large number of IR’s and HRTF 
measurements required to reproduce echolocation in this 
manner, future work should investigate the minimum 
number of reflections required to generate echolocation 
cues. If it is found that only the first few reflections are 
required for a listener to detect the presence of an object 
and that the rest of the information is surplus to 
requirement, it would be possible to scale the level of 
this system back to a level that a regular consumer 
computer would handle. This would allow the system to 
be scaled up as standard processing power increases. 
 

8 Conclusion 
This experiment investigated the possibility of 

reproducing echolocation in a VAE using IR’s produced 
digitally through the image source method, a system 

reproducing only the DR ratio as an acoustical cue, the 
reproduction of an eight channel virtual loudspeaker 
setup using ambisonic decoding, and KEMAR 
measured HRTF’s to decode this virtual loudspeaker 
setup to headphones. While the results were 
inconclusive it has highlighted a number of areas that 
require further research before this system can be 
replicated in an accurate setting. Future research into 
this field should investigate methods of recreating 
accurate movement through a virtual audio environment 
investigating transitioning between measured IR’s and 
recreating the accurate pitch change effects and filtering 
methods introduced. It should also investigate an 
efficient method of generating 360° directionality to 
accurately incorporate head movement with the listener 
at the source and receiver position.  Lastly, any future 
work in this area should investigate the minimum 
number of reflections required for the listener to detect 
all possible cues in determining source directionality 
and distance. 
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