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Abstract: Hearing is an extraordinary sense, as the audio signals perceived at the eardrum level of both ears 

build and define the entire surrounding environment. Sound is seized from all directions, and the listener can 

identify the distance of the sound source, the amplitude, the arrival time at each ear and the variations of 

amplitude that differ with changing frequencies. 3D sound is an efficient sensory substitution method that models 

the elements of the physical world into relevant information for the visually-impaired people. 3D sound is 

generated by using spectral cues that define how a sound is perceived at a specific location. The majority of 

virtual-reality audio devices are based on the Head Related Transfer Function (HRTF), a mathematical 

transformation that describes how the sound is being modified en route from the source until it reaches the inner 

ear.  

The main experiments performed in order to investigate human sound localization abilities involved a training 

and a test session. To test the users’ capability to distinguish the sound sources located at various positions in 

space (azimuth- in the horizontal plane and elevation- in the vertical plane), the sound was played once or 

several times, as the acoustic signal varied in shape (pink noise, white noise, harmonic sine wave), frequency 

and duration. Because the brain is a flexible organ that can learn perception of elevation by frequency, a 

different approach is acoustic coding of elevation, which consists in connecting higher sound frequencies with 

higher sound sources and lower frequencies of sound with lower sound sources.  

The main conclusion of the experiments is that the best spatial recognition is achieved by using the white pulse 

Gaussian noise with a duration of around 100-300ms. Pink and white noise are the most separable sounds, 

while sine waves are annoying and difficult to localize in the horizontal plane. In addition to this, azimuth 

spatial resolution is superior to elevation spatial resolution because of the stereoscopic properties of the human 

auditory system. Also, the sound resolution is better when the initialization phase (training session when the user 

listens to the sounds for several minutes) lasts longer and when the acoustic signal is  periodic and of long 

continuous duration.  

Keywords: sound localization; spatial resolution; 3D sound; HRT; acoustic coding of elevation. 

 

I. INTRODUCTION 

 

In our everyday life, we receive a large amount of audio information, which contains clues 

about our surrounding environment. Hearing is a vital sense, which defines spatial perception at the 

level of distance, direction, location and dimension of sound sources [8]. The auditory human system 

decodes the audio signals received at the eardrums to fully describe the acoustic environment. The 

spectrum of the sound (the perception of various amplitudes at different frequencies) is influenced by 

anatomical factors, such as the shape of the pinna (the external ear), the size of the earlobes or the 

changes that occur as a results of physical interaction between the sound signals and the upper part of 

the body- head, shoulders and torso, as the sound wave travels through space, from the source to the 

inner ear.  The spectral cues of the sound, such as the amplitude, frequency, shape, direction and 

arrival time of the sound at both ears design a unique auditory experience for each individual, resulting 

in an idiosyncratic distinctive audio perception [5]. 
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The ability of humans to use audio cues for spatial localization is a subject of major importance 

and interest. 3D sound spectral cues have the property of defining the position of the source of the 

sound (in the horizontal and vertical plane) and the angular trajectory of the wave from the moment it 

is emitted until it reaches the eardrums. Recent advances in computer technology enabled researchers 

to measure the human sound localization accuracy, by combining perception parameters such as ILD 

(Interaural Level Difference), ITD (Interaural Time Difference) and HRTF (Head Related Transfer 

Function) [5]. This paper presents the main achievements in the field of sound localization techniques, 

different learning approaches and a series of results of the most notable experiments performed until 

now.  

 

II. SPATIAL HEARING 

 

Spatial hearing is a subject that has been intensely researched, having as outcome a large 

number of audio generation and reproduction procedures. The purpose of these techniques is to 

perfectly replicate the sound environment in the 3D space. This can be achieved by using the binaural 

recording and playback technology. Binaural recording consists of placing miniature microphones in 

the ear canals of a human subject or a mannequin head (in this case, it is called “Dummy Head 

Recording”), with the intent of creating a 3D spatial perception as close to the real sensation. Audio 

test signals are emitted from loudspeakers placed around the listener. These measurements are 

performed from different directions and angles, in both the horizontal and vertical plane, in an 

anechoic chamber. For an accurate replay, the recording has to be conveyed through a pair of properly 

equalized stereophonic headphones [7]. 

Binaural playback is influenced by two sound cues that control localization accuracy: the ILD 

(Interaural Level Difference)- the amplitude difference of the audio signal perceived at the eardrums 

and ITD (Interaural Time Difference)- the delay between the arrival time of a waveform at the first 

and second ear. The duplex model is a model for approximating the spatial location of a sound, based 

on the ILD and ITD. ITD and ILD are important for sound localization in the horizontal plane, hence 

to determine the azimuth angle of the source. The signal arrives first at the ear that is closer and on the 

direction of the sound source. ITD is associated with lateral displacement.  ITD and ILD are not 

associated with a unique location, as there is a large number of points in space that share the same ITD 

and ILD. This geometrical space is called “cone of confusion”. As a result of the duplex theory, all the 

points situated inside the cone of confusion are indistinguishable to be perceived by the human 

auditory system.   

ITD and ILD are efficient for perceiving horizontal spatial localization, but they do not provide 

a mathematical relationship between the spectral content and the position of the source in space. The 

physical model of the directional-dependent frequency response of the ear is called Head Related 

Transfer Function (HRTF). The HRTF is a response that defines how a sound is perceived at a 

particular point in space. The pair of HRTFs that characterizes both ears comprises a binaural signal 

that describes how the sound is being modified en route to the inner ear. These modifications include 

the obstacles encountered in space, the anatomy of the listener’s body, the shape of the head, the size 

of the pinna (external ear), the acoustical characteristics of the environment. All these factors influence 

the accuracy of sound localization. The value of the HRTF depends on the spatial location of the 

sound source that  is measured for different positions. These results are stored in large databases, such 

as MIT or CIPIC HRIR library. In this way, scientists record the frequency response of the ear and 

study the structure of the data which makes the 3D audio signal being perceptible.  

III. THE IMPORTANCE OF SOUND SPATIALIZATION IN VIRTUAL 

ENVIRONMENTS 

In a virtual reality setting, the audio environmental signals use techniques that make the 

participant an active listener. In 2001, Truax [10] established a model  in which he stated that the most 

important aspect in sound communication is the amount of information exchanged between the 

environment and the listener. He makes a clear delimitation between the physical act of hearing and 



the cognitive act of listening. Listening, on the other hand, requires implication, active participation 

and interaction. Therefore, the listener gets linked to the environment depicted by sound.  

In this way, even though the subject is part of a real world, the simulated experience transfers 

him into a virtual space by using binaural recordings, panning, blending and crossfading signals. 

Binaural recording connects through an audio link the visual and physical parts of the body. In virtual 

reality environments, sound is continuously adapting to the reaction of the subject, by responding 

dynamically and adapting to the reactions of the participant [10]. 

The integration of 3D sound in a virtual environment produces a realistic representation of the 

surrounding, increases awareness and provides complex clues about the setting. The outer physical 

environment is interpreted as an internal experience, in the context of virtual reality. As a result, using 

the adequate sound spatialization techniques, it enhances the sense of presence and immersion in the 

listener’s consciousness. The use of proper sound waves improves the level of realism and enables the 

listener to assign a meaning to the surroundings, based on the indications provided by the audio 

signals [10]. 

 In the virtual reality environment, sound spatialization is obtained by using headphones or 

speakers. The most important parameters that should be taken into account to properly define the 

three-dimensional space are: the perception of azimuth and elevation, distance depth and width and the 

size of the perceived environment. 

 A significant limitation lays in the use of HRTF for the processing of binaural sounds- audio 

signals coming from the front and from the back can sound deceiving- the so called “front-back” 

confusion. In addition, slight changes in the position of the sound can be mismatched and difficult to 

identify, causing the listener to make a wrong assumption about the real location of the source. The 

purpose of 3D sound is to improve and thoroughly understand the relationship between the shape and 

quality of the sound and the environment. An efficient acoustic communication model can enhance the 

sense of presence into the simulated world and increase the quality of the immersed experience [10]. 

 

IV. EXPERIMENTS ON TRAINING AND TESTING THE SPATIAL AUDITORY 

LOCALIZATION ABILITY 

 

4.1. Brief overview of experiments 

 

Acoustic coding of elevation [15] 

 It has been demonstrated by previous research that people tend to associate sound frequency with 

spatial elevation. For instance, they connect high frequencies with high elevations and low frequencies 

with low elevations. The presented experiment [15] showed that, for a given selection of sound 

stimuli, the localization ability has been enhanced for elevations ranging from -40 degrees to 90 

degrees. As the changes in spectral shape characteristics influenced by the size of the pinna (the 

external part of the ear) are seized at frequencies of above 4 kHz, a notable effect, called “pinna 

notch”, which appears at frequencies between 6 kHz and 12 kHz sustains the theory according to 

which a sound must have a high frequency level for an accurate elevation localization. It has been 

proved that the most important elevation cues are situated in the range 5.7- 11.3 kHz. In previous 

studies, it has been stated the fact that loudness can influence perception of elevation, due to the fact 

that the human ear does not perceive the intensity of the sound in dB. Human ear sensitivity is 

maximum in the range 3-4 kHz. 

The experiment described in [15] is based on the acoustic coding of elevation approach, which 

consisted in presenting various sound stimuli that connected low frequencies with low elevation 

locations and high frequencies with high vertical positions, in an acoustic image spatial setting 

designed in order to help blind people orient in space. For the experiment, several types of sounds 

were used: pink noise, which has the property of inverse proportional frequency dependency in 

relation to the power spectral density, modulated pink noise, which is obtained by multiplying the pink 

noise with a harmonic signal of a given frequency, white noise filtered by bandstop filters, pink noise 

and white noise filtered by the lowpass filter (sounds with narrow bandwidth depict low elevations and 

audio signals with broad bandwidth are associated with high elevations), harmonic sine waves. 



 

Real-Time Assistance Prototype [4] 

In this experiment performed at University of Valencia [4], the generated binaural sounds are based on 

ITD, ILD and HRTF. The HRTF are measured for a distance ranging from 0.5 to 1.5 m, -32 to 32 

degrees azimuth and 30 degrees elevation. Real-Time Assistance Prototype is comprised of an 

artificial vision system and an acoustical system. The hardware system consists of a helmet provided 

with a stereo camera and stereophonic headphones which convey the acoustic image of the 

surrounding space to the ears.  

 

3D Sound experiment based on visual-feedback training [19] 

This experiment, which has been undertaken at the University of California, is based on 3D sound 

localization assessment before, during and after a training procedure. In the training procedure, 

listeners associated visual and auditory cues with the exact location of objects in space. The method 

proved to reduce the localization errors generated by the use of acoustical spatial cues (non-

individualized HRTF), by introducing perceptual training which improves localization accuracy to an 

extent of several days after the training feedback procedure took place.  

 

Head Motion and Latency Compensation on 3D sound localization [18] 

The experiment performed at the University of Taiwan aims to demonstrate two hypothesis: the first 

one states that dynamic head movement can enhance localization in space and reduce front-back 

ambiguity, while the second hypothesis suggests that sound latency compensation improves 

localization time and accuracy with more than 50%. 

 

3D Sound Experiment [1] 

This experiments intents to test if different elevations lead to different levels of error and which are the 

elevation regions that produce the most and less accurate localization perception.  

 

Spatial sound resolution of interpolated HRIR [14] 

Directional resolution represents the ability of discerning two relatively close sources that play the 

same signal, with little time difference one after the other. Previous experiments proved that these two 

signals, even though they come from different directions, appear to have the same spatial origin. 

Acoustic resolution represents the ability to distinguish nearby sound sources. It has been 

demonstrated that acoustic resolution in the horizontal plane is better than in the vertical plane. The 

purpose of the presented experiment is to determine the smallest angle between two sources in space, 

where the listener can clearly distinguish them separately.  

 

Spatial Localization in an Augmented Reality Environment [13] 

This experiment intents to combine visual and sound cues for navigation and localization in 

augmented-reality environments. The virtual reality setting comprised a virtual scene which consisted 

of 24 identical models composing a  small airplane. The user could move, rotate the head and body in 

any direction in the created environment. There were 5 configurations: Horizontal- on the horizontal 

plane, No Elevation, Rising Elevation- on the vertical plane, Shuffled Elevation, Coded Elevation- 

artificial coding of elevation was introduced in order to improve localization. The task was to find out 

which airplane generated a sound signal, by approaching as close as possible (less than 15cm) to it.  

 

Experiment on comparative results between congenital blind and sighted people [11] 

This experiment aims to demonstrate the previous belief according to which congenitally blind people 

possess a better recognition acuity, comparing to sighted people. The experiment focuses on azimuthal 

localization, distance detection and the measure in which the rotation of the head (called “auditory 

scanning”) influences spatial localization accuracy.  

 

Localization behavior of early-blind people [20] 

This experiment is also based on the theory of better localization in the case of blind subjects. In this 

case, the research is different from the previously presented experiment because it uses spectral cues in 

the generation of the sound signals.  



 

4.2. Comparative studies of experiments on human localization ability 

 
Table 1- A  

Experiment 

and  

Spatial localization approach 

Training 

Test sounds and 

Test procedure 

Results 

Experiment: 

Acoustic coding of elevation 

[15] 

Approach: 

Acoustic coding of 

elevation- elevation coded 

by the value of sound 

frequency; 

 

Training: 

Sound introduction with particular azimuth and elevation 

audio signals- 2 minutes; 

Test sounds: 

10 test sounds divided in 4 groups (modulated, lowpass 

filtered, bandstop filtered, harmonic sine waves); 

100ms sounds, 73 signals for each set, corresponding to 

an elevation angle, from -40 to 90 degrees ; 

Test procedure: 

Alternating sounds played for 3 seconds; 

The subject had to seize the difference between the 

sounds, by raising the thumb 

20 minutes lasting procedure; 

Lowpass filtered white and pink 

noise provided the best results; 

Sine waves are not suitable for 

acoustic coding of elevation; 

Experiment: 

Real-Time Assistance 

Prototype 

[4] 

Approach: 

Object distance- inverse 

proportional to sound 

frequency; 

Object direction- 

corresponds to the 

displacement of the sound in 

space; 

Object speed – proportional 

to the pitch changing speed; 

Training: 

The listeners learned how to understand and seize the 

acoustic image of space; 

Test sounds: 

Percussive sound of 12000 samples, 13 level of azimuth 

(-32 to 32 degrees), 7 levels of elevation (30 degrees), 19 

levels of depth for the representation of moving objects; 

Modified Synthetic Musical Sound- for free path test; 

The sounds are obtained through convolution with 

HRTF; 

Test procedure: 

Two experiments- one where the subjects were required 

to stay in a fixed position, not moving the head (20 m 

distance, 60 degrees azimuth), and the second, where the 

subject had to identify an object and pursue it. Free 

pathway is when the user hears 2 sounds at the left and 

right; 

Distance parameters: near (5 m), far (10 m), very far (12 

m), very, very far (15 m) and azimuth location (left- -32 

degrees, center- 0 degrees, right- 32 degrees); 

Better results for the static 

experiment; 

During the free pathway 

experiment, the users tend to lose 

the position of objects; 

Experiment: 

3D Sound experiment based 

on visual-feedback training 

[19] 

Approach: 

3D Sound- obtained through 

the convolution with HRTF 

Training: 

Pre-test phase: a baseline level of perception- the user 

indicated the location of the auditory source , by moving 

in a swiveling chair; 

144 spatial positions tested (divided in 8 regions, 18 

positions in each region); 

Training: similar to the pre-test phase- the exact location 

of the source was indicated 

24 spatial positions, divided in 8 regions, 3 positions in 

each region; 

Each position was presented 3 times, in a randomized 

order; 

Test sounds: 

Gaussian noise bursts, 100ms long; 

Test procedure: 

Post-test phase, identical to the pre-test phase; 

Lasted for 4 days; 

 

Significant reduction in the 

localization of  error of 

front/back coordinates 

(front/back confusion); 

The spatial  localization error 

after training ranged in the 

interval 12-24 degrees; 

A delay of at least 4 days 

between the training and the test 

session did not affect the 

localization accuracy; 

Researchers suggest that a spatial 

map has been reorganized in the 

brain for 3D recognition after 

training, which remains 

unchanged during normal 

hearing in the real world; 

Experiment: 

Head Motion and Latency 

Compensation on 3D sound 

localization 

[18] 

 

Training: 

5 minutes training before the experiment; 

Test sounds: 

3D sound (monaural convoluted with HRTF data); 

Test procedure: 

1). 2 sessions of experiments- head fixed and head 

1).Front-back confusion has been 

removed in the case of the head-

moving experiment; 

Sound localization accuracy is 

improved by 90%; 

2). Localization time reduced by 



Experiment 

and  

Spatial localization approach 

Training 

Test sounds and 

Test procedure 

Results 

Approach: 

3D Sound 

1).Dynamic head movement 

2).Latency compensation 

moving; 

The sound is always fixed in space; 

12 generated sounds were presented for each session; 

2) 2 sessions of experiments- with and without latency 

compensation (latency of 300 ms); 

12 trials; 

50%; 

If the latency is larger than 

150ms, 3D localization is 

significantly reduced; 

Experiment: 

3D Sound Experiment 

[1] 

Approach: 

Elevation localization 

Test sounds: 

3D binaural sound, obtained by convolving a monaural 

sound (white Gaussian noise, 300ms long) with pairs of 

256-point HRIR (Head-Related Impulse Response) 

HRIRs are: 

a). GENERIC set measured from a KEMAR mannequin; 

b). Individualized HRIRs measured on human subjects; 

c).  HRIRs that were adapted for each subject; 

Test procedure: 

6 elevations on the right and on the left of the subject, 

angles -36, -18, 0, 18, 36, 54 degrees; 

Each HRIR sound was played 3 times; 

The user clicked inside a circle, according to the location 

he heard; 

The type of HRIR   used 

influences the localization 

accuracy; 

The best results were obtained 

for the Measured HRIR ; 

Generic HRIR provides the worst 

spatial localization ; 

Experiment: 

Spatial sound resolution of 

interpolated HRIR 

[14] 

Approach: 

Acoustic resolution; 

Smallest distinction angle 

between two nearby sources; 

Training: 

Initialization period: the listeners heard different signals: 

white noise, pink noise 100ms long, speech; 

2 minutes for each subject; 

White noise (100ms) played with changes of source 

position in azimuth and elevation; 

5 minutes for each subject; 

Test sounds: 

CIPIC HRIR library  

(elevation: -45 to 230 degrees, azimuth 0- -45 degrees); 

Expanded HRIR library by using the linear interpolation 

algorithm; 

White noise signal, 100ms long; 

Test procedure: 

Azimuth angle increased and decreased from the 

position 0 degrees. Possible answers: the sound comes 

from 2 directions / the sound comes from one direction; 

Elevation differences between 2 consecutive sound 

sources were increased / decreased; 

Test session using loudspeakers, situated at the distance 

of 850 cm for azimuth resolution measurement and 300 

cm for elevation resolution measurement; 

Better results when the 

initialization phase lasts longer 

(3-6 minutes); 

 

Front-back confusion caused 

major recognition disturbances; 

 

The highest resolution in near 

spatial proximity is achieved in 

the horizontal plane; 

 

Better resolution when using 

loudspeakers;  

Lower resolution when using 

headphones; 

 

Experiment: 

Sound source choice in 

HRTF acoustic imaging 

[16] 

Approach: 

3D Sound localization 

Test sounds: 

4 different sound sources- white noise filtered with the 

following filters: (350-2000) Hz, (350-8000) Hz, (1-8) 

kHz,  (2-8) kHz 

Test procedure: 

Two experiments: 

1). Space resolution ability- subjects tried to locate 

sound sources placed at different positions; 

2). Two nearby sound sources- subjects tried to 

determine if there were one or two sounds heard, in the 

horizontal and vertical dimension; 

 

 

 

1) Promising results for the first 

experiment; 

2). Best results in the horizontal 

plane; 

Best results achieved for the 

widest filters: 

(350-8000) Hz, (1-8) kHz, (2-8) 

kHz 

Band-passed noise can be a good 

choice for encoding, in order to 

get good results in the vertical 

dimension; 

Experiment: 

Spatial Localization in an 

Augmented Reality 

Environment 

[13]  

 

Training: 

5 warm-up localization trials in condition 1; 

Test sounds: 

Spatial sound generated by Creative OpenAL library ; 

Acoustic coding of elevation- low-pass filtered signals 

White noise 

Azimuth localization is not 

affected too much by the use of 

non-individualized HRTF; 

Distance perception of near 

objects is poor; 

Humans localized better azimuth 
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Approach: 

3D sound localization in 

Augmented Reality 

Environment 

Test procedure: 

The subjects had to localize the target in less than 5 

attempts; 

than elevation or distance; 

Localization is poor when 

objects are distributed randomly 

in space. It can be improved by 

finding a rule of spatial 

organization; 

Experiment: 

Experiment on comparative 

results between congenital 

blind and sighted people 

[11] 

Approach: 

Study of localization acuity 

in congenitally blind people 

and sighted subjects 

Test sounds: 

Low-pass filtered pink noise, 2s duration 

Test procedure: 

Subjects (both blind and sighted) reported perceived 

direction and distance under 2 conditions: head fixed and 

head free to rotate 

Sound localization errors of blind 

people are lower than those of 

sighted people; 

Sound localization error of blind 

people is less than 7 degrees; 

Good results for angles between 

0 to 180 degrees azimuth;  

Perceived distance is better for 

blind people; 

Sighted  listeners tend to 

underestimate the distance to an 

object;  

No significant results for the 

situation “fixed head” or “free 

rotation head”; 

Experiment: 

Localization behavior of 

early-blind people 

[20] 

Approach: 

Study of localization acuity 

in congenitally blind people 

and sighted subjects 

Training: 

A few experimental trials at the beginning of the 

procedure 

Test sounds: 

1). , 2). 500ms white noise  

3). 2 types of sound durations: short (150ms) and long 

(500ms) 

Gaussian White Noise, 500ms 

Gaussian White Noise- 150ms 

Pure tones- 500ms-750 Hz or 500Hz 

Test procedure: 

1). The subject had to point the position of the sound he 

heard as accurately as possible 

2). The subject had to point the position of the sound he 

heard as quickly as possible 

3). The subject had to point the position of the sound he 

heard as accurately as possible 

Azimuth performance of blind 

people (500ms duration signal) is 

as accurate as that of normal 

sighted people; 

 

Good results for long duration 

sounds; 

 

The auditory system can benefit 

from the use of long duration 

signals, since they enhance the 

brain plasticity; 

 

Blind people results were not 

superior to the results of sighted 

subjects; 

 

 

4.3.  Discussion 

 

There are many approaches that have been experimented in various procedures (Table 1). All 

researches tend to measure which sound and spatial conditions lead to the best localization results. 

Various test and training sessions have been tried, using sets of audio signals that have different 

durations and physical properties. The experiments presented in Table1 demonstrated that the best 

localization is achieved by using lowpass and bandpass white and pink noise. In addition to this, a 

very common condition- front back confusion- is partially eliminated by allowing the user to move his 

head in the direction of the sound’s origin. Also, spatial localization is enhanced by using a set of 

measured HRTFs, that are characteristic for each listener apart. Of course, this approach is quite 

difficult to accomplish, because of the time and technical limitations. On the other hand, if the 

initialization (training, accommodation) phase lasts longer, recognition results are significantly 

improved. Azimuth localization (especially in the range 0-180 degrees) is better than elevation 

localization. Azimuth localization makes use of ITD, ILD and HRTF audio spectral cues, while 

vertical localization is based on an interesting approach, called Acoustic Coding of Elevation, which 

consists in encoding vertical positions with sound frequency (pitch). Localization, as it has been 

proved, depends on the rule of organization of objects in space. If the objects are distributed 

arbitrarily, recognition is poor. On the other hand, if the objects have a definite, organized place in 



space, localization is better. In what concerns the general belief that blind people benefit from a better 

ability of spatial localization, some experiments demonstrated this fact as being true, while, on the 

contrary, other experiments proved that there is not a distinctive difference between sound localization 

in blind and sighted subjects. 

V. CONCLUSIONS 

As hearing is a very sensitive sense, numerous experiments have been undergone in order to train, test 

and analyze the human spatial localization ability. The most important aspects that have to be taken 

into account are: the training procedure (the accommodation session with the audio signals), the test 

sounds, the codification of elevation and horizontal coordinates, the implementation of individualized 

or parameterized spectral cues (ITD, ILD and HRTF). Based on this previous research, our future 

work will involve the use of continuous signals, 10ms long, in an application that will have a training 

and a test part, which will determine the localization accuracy of both blind and sighted subjects. This 

application is part of a project that aims  to create a device that will help visually-impaired people 

orient in space and manage to accomplish their basic daily routines without effort.  
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