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Chapter 1

Introduction

Sound localisation in 3D space relies on a variety of auditory cues resulting from
the encoding provided by the lower and higher regions of the auditory path.
During the last 50 years different theories and models have been developed
to describe psychoacoustic phenomena in sound localisation inspired by the
processing that is undertaken in the human auditory system. In this thesis, a
biologically inspired model of human sound localisation is described and the
encoding of the known auditory cues by the model is explored. In particular,
the model takes as an input binaural and monaural stationary signals that
carry information about the Interaural Time Difference (lTD), the Interaural
Level Difference (ILD) and the spectral variation of the Head Related Transfer
Function (HRTF). The model processes these cues through a series of linear
and nonlinear units, that simulate the peripheral and the pre-processing stages
of the auditory system. The encoded cues, which are the result of two binaural
processing units represented by the excitation-inhibition (EI) cues and two
monaural units which are represented by the temporal integration (TI) cues,
are then decoded by a central processing unit to estimate the final location of
the sound source in 3D space.

Having such models, i.e. a model that is able to predict successfully under
certain conditions, human modes of listening, can be beneficial not only for
better understanding of the underlying mechanisms of human reactions but also
for their application in a wide range of areas such as audio quality assessment,
robotics and cochlear implants, thereby avoiding costly and time-consuming
experiments.
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Chapter 1 Introduction

1.1 Background

Sound localisation is a perceptual process for which, in contrast to other sen-
sory systems, like vision and taste, there is no point-to-point correspondence
between a sound event and the perceived locus of an acoustic image at the
lower peripheral stages of the human hearing system [10]. Instead, it is be-
lieved that the localisation of sound events occurs entirely as a consequence
of neural processing of monaural and binaural signals[11]. The ITDs (interau-
ral time differences), the ILDs (interaural level differences), and the monaural
spectral cues, that occur due to the spectral changes of the pinna, are three of
the most salient auditory cues that are used by a human listener in order to
characterize the locus of a sound event.

The position of a sound event is usually defined in terms of a head-related
coordinate system, i.e. a system of coordinates that shifts in conjunction with
movements of the subjects’ head [10]. Due to the nature of psychoacoustics from
the perspective of sound localisation, the most common spherical head-related
coordinate system is the interaural-polar coordinate system, that enables the
differentiation of the two perceptual processes that are responsible for the per-
ception of sound localisation for sounds at a fixed distance. On the horizontal
plane, the perception of localisation is mainly attributed to the ITD and the
ILD cues and as a consequence there is a unique correspondence with the esti-
mation of the lateral position described by an azimuth angle ϕ. Each azimuth
angle ϕ defines a sagittal plane with a fixed radius rC , which defines a cone,
known as a cone of confusion, where the interaural cues remain unchanged
while the monaural spectral cues contribute to the estimation of the elevation
angle θ [12, 13, 14].

During the last 50 years different techniques have been developed to predict the
statistical properties of human sound localisation in the horizontal plane. Some
of these theories rely only on stimulus statistics, e.g. measuring the spectral
properties of the localisation cues [15, 16, 17], while others are based on neuro-
scientific findings [18, 19, 20, 7, 21]. The last one has led to the development of
so called biologically inspired models and to three of the most established and
well-known theories, i.e. the Jeffress’s coincidence detector [5], that is based on
coincidence counter hypothesis, Durlach’s EC (equalization-cancellation) the-
ory [6], that was developed to interpret phenomena in the detection of binaural
sounds masked by a masking noise, and the count-comparison principle intro-
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duced by von Békésy (1930) [22] that resembles the neural activity of the higher
regions of the auditory path.

More recently, a variety of different models have been developed for the predic-
tion of human sound localisation in sagittal planes [23, 9]. These models are
based mainly on the neural integration hypothesis, which states that for moder-
ate intensities the localisation system requires an input of at least 80 ms broad-
band sound to give a stable estimation of the sound-source elevation [24, 25].

The current thesis aims to combine two well established models for the predic-
tion of human localisation in horizontal and sagittal planes in order to predict
human localisation in 3D space. The model is divided into three main units
each of which corresponds to different (and more or less known) operations of
the human auditory system in spatial hearing. The peripheral processor simu-
lates the transfer characteristics of the outer, middle and inner ear, where the
neural transduction in the inner hair cells is taking place. The pre-processor,
which simulates the further processing that occurs in the higher regions of
the auditory path and is derived from known auditory perceptual models of
horizontal (binaural untit) and sagittal planes (monaural unit), that are sen-
sitive to the ITD and ILD, and spectral cues respectively in order to be able
to give an estimation of the localisation performance of human listeners in 3D
space. Finally, the central processor, a decision making device that simulates
a specialised auditory stream in the human brain which is responsible for the
localisation [26], and takes the integrated information from the monaural and
binaural units in order to give the final estimation by comparing them with a
bank of stored templates.

The characteristic of the decision making device is that it uses a simple pat-
tern matching process considering that the integrated EI and TI patterns can
uniquely characterise the signal processing taking place in the previous stage
of the auditory model and as a concequence each location in space. The final
prediction of the model is given by a frequency integration with and without a
weighting scheme.

It is well known that the use of generalised HRTFs may result in localisation
errors in audio reproduction [27], i.e. an increase in number of front-back con-
fusion errors and mainly elevated bias between the location of the sound source
with that perceived, although localisation accuracy for the lateral dimension is
minimally decreased by their use [28]. Furthermore it is also well known that
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due to neuroplasticity, a listener is able to relearn any changes of the spectral
cues, that have been induced due to changes of the pinna, and is able to lo-
calize correctly not only with the new spectral cues but also with the older
cues with the same localisation ability [29, 30]. Moreover, due to the unique
anthropomentric features of the human body for each individual which makes
the measurement of HRTFs a time consuming process, and as there is no indi-
cation of whether the localisation ability of a given subject depends on pinna
anthropometry or other psychophysiological or neurophysiological factors, a
generalised HRTF is used in this thesis in order to train the proposed model
and as a consequence, to characterise the general localisation performance of
human subjects.

The last consideration has also been used to categorise the performance of 16
human listeners with normal hearing in the localisation experiment discused in
this thesis. The localisation ability of the subjects was recorded for a broad-
band signal, a low frequency bandpass filtered and a high frequency filtered
bandpass Gaussian white noise signal of 800ms duration from one of the 70
available locations. Although in general the statistical analysis has shown that
the perceived image was broader at the elevated side and the rear hemisphere
positions, while it was less dispersed at the positions near the horizontal plane
and the front hemisphere, some listeners were found to have a better perfor-
mance in localisation ability.

As the aquisition of data for each location and for each subject individually
is limted in practice a useful method to increase the volume of the data is to
categorise subjects based on their localisation ability. In this way it was found
to be possible to have in the current experiment from 15 to 100 points per
location which exceeds the number of points which is typically 3 per individual
subject in any localisation experiment in the literature. For that reason a broad
categorization of subjects has been introduced which has shown that subjects
with sharper localisation ability can be considered as “good” listeners, while
others as “poor” or “average” listeners. Furthermore, a category has been used
which included all subjects and as a consequence it was possible to have a
general picture of the localisation ability of the general population.

Moreover, a different approach has been used in the statistical analysis in the
current experiment in order to define front-back confusion and to understand
the modes in perception of localisation. Front-back confusion is defined as any
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point that exists in the opposite mid-coronal plane, i.e. the plane that divides
the body into frontal and back sections. However, it has been shown that
such an approach is not sensible as there are cases for which data are part of
the same unimodal distribution and as a consequence cannot be considered as
front-back confusion errors. For cases in which front-back confusion actually
exists a bimodal distribution can best discribe the localisation ability of human
subjects.

Having measured the localisation performance of human subjects from the lis-
tening tests and estimated predictions from the model it was possible to eval-
uate the performance of the two models by using a similar analysis to the one
used in the localisation experiment described above. By using the spherical
correlation coefficient, the great circle distance of the centroid of all the data
produced by the model and each point seperately, the concentration parame-
ter, κ, of the Kent distribution for all the points around the target image and
the image forming front-back confusion, it was possible to identify the level
of disparity between the actual location of an auditory event and the location
indicated by the model and as a consequence to have a notion of measuring
how well the models, with and without weighting scheme, can predict the lo-
calisation performance of the human subjects.

1.2 Thesis Outline

This thesis is divided into six chapters. The first chapter provides a short litera-
ture review and highlights the main characteristics of sound source localisation.
The chapter also describes previous work aimed at modeling for the prediction
of sound source localisation in 3D space.

The thesis continues with chapter two which describes the theoretical funda-
mentals of human perception in sound localisation from a psychophysical point
of view and provides the basic mathematical tools for the description of a
sound source in free field conditions. Furtheremore an analysis is presented of
the spectral and temporal characteristics of the HRTFs which provide all the
the necessary information for sound source localisation.

Having described the principles of the psychophysics of sound localisation,
chapter three continues with a literature review of human modeling in sound
source localisation and proposes an enhanced perceptual model that is able to
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predict human localisation in 3D space, although as yet excludes the prediction
of distance. More specifically, the chapter presents the best known models of
sound source localisation on horizontal plane, such as the Jeffress Coincidence
Detector, the equalisation-cancellation theory and the excitation-inhibition net-
work of Breebaart et al. that is able to decode the temporal characteristics of
the HRTFs. Furthermore, the sagittal plane models are outlined, i.e. the mod-
els that are able to predict human localisation on each sagittal plane, that uses
the spectral variation in HRTFs in order to predict the position of the elevated
sound source.

Chapter three continues with the proposed perceptual model that combines
the horizontal and sagittal plane models in order to predict human localisa-
tion. The model includes a peripheral processing unit which represents the
transfer function of the pinna, the middle ear and the frequency selectivity of
the cochlea, the pre-processing unit transforms the temporal and spectral char-
acteristics of the HRTFs into useful information for further processing, and the
central processing unit that gives the final estimation by a simple comparison
with a bank of stored templates. The result is a PDF that shows the human
responses for each source location. Two different types of central processing
units are proposed and evaluated.

Chapter four consitutes the experimental part of this thesis that is used as a
basis for the comparison of performance of the proposed model with experi-
mental data. This chapter investigates the human ability to localise stationary
sound sources by the presentation to 16 subjects of stationary sound sources
in three different frequency bands, i.e. a broadband, a low frequency bandpass
and a high frequency bandpass signal from 35 different positions in 3D space.
This chapter uses a statistical analysis based on directional statistics in order
to find the degree of distribution of the responses at each location and type of
stimulus while it proposes a rough categorisation of human subjects based on
their localisation ability.

Chapter five describes some characteristics of the proposed model and evalu-
ates its performance based on the listening tests of Chapter five. A statistical
analysis similar to the one used in Chapter five was applied by using the local-
isation data that were produced by the two models. The spherical correlation
coefficient, the concentration parameter and the absolute distance of the cen-
troid of the data are some of the evaluation methods that have been employed
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in order to identify the devel of disparity between the actual location of the
auditory event and that of the model.

Finally, conclusions are drawn in Chapter six regarding the use of the perceptual
model described in this thesis, summarizing its performance. A discussion of
how the research undertaken in this thesis could be furthered is provided in the
form of remarks.

The thesis finishes with five Appendices. The first appendix describes the
peripheral processing unit in detail, while the second shows some characteristics
of the monaural cues through the cosine similarity. The third appendix gives
a proof of the transformation of the vertical-polar coordinate system to the
interaural-polar and vice-versa while the fourth gives an overview of pointing
devices that could be used as devices in localisation tests, and proposes a
method that uses multiple kinect devices. The final chapter gives a tabular
overview of the localisation data taken from the listening tests.
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Chapter 2

Salient Cues of sound
localisation

Sound can be defined as the mechanical vibrations transmitted through an
elastic medium that can cause an auditory sensation in the human brain over a
frequency range from 16Hz to 20kHz at a sound intensity above the threshold
of hearing. These sound events can be produced by a variety of sources, such
as a loudspeaker, a human voice and a musical instrument.

This chapter describes the theoretical fundamentals of human perception in
sound localisation from a psychophysical point of view and gives the basic
mathematical tools for the description of the location of a sound source in a
free field. More specifically, in the first part we give the definition of sound lo-
calisation and perception in general, while in the second the coordinate systems
are presented that have been considered useful for the description of the loca-
tion of a sound source. The chapter closes with the description and the analysis
of HRTFs, which influence the spectral characteristics of the sound stimuli and
as a consequence the perceptual characteristics of human responses.

2.1 Perception in Sound localisation

Perception is the result of complex processes that work together to determine
our experience of and reaction to stimuli in the environment, although occa-
sionally perception can occur without the stimulation of the receptors, e.g.
from internal noise [31]. The perceptual process (Fig. 2.1) can be divided into
four categories [1]:
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1. Stimulus, which refers to what is in the environment, what we actually
pay attention to, and what stimulates our receptors.

2. Electricity, which refers to the electrical signals that are created by the
receptors and transmitted to the brain.

3. Experience and Action, which refers to the perception, recognition, and
reaction to stimuli.

4. Knowledge, which refers to knowledge is being brought to the perceptual
situation and can have effect at many different points in the process.

Each of of these distinct categories influences significantly the perceptual expe-
rience of each individual. For instance, a familiar type of sound stimulus, such
as the human voice [32], can result in an enhanced attentive perceptual expe-
rience compared to other types of sound stimuli, such as white noise which are
very common in laboratory experiments. In that case it is apparent how knowl-
edge can affect the perceptual experience of the subject and as a consequence
the reaction to the stimulus.

Another case of the interaction of these categories can be realised in the miss-
ing fundamental, or residue phenomenon for which a missing fundamental fre-
quency (e.g. 200Hz) appears when only overtone harmonic frequencies are
presented, i.e. frequency components that are integer multiples of the funda-
mental frequency (e.g. 1kHz, 1.2kHz, 1.4kHz), as if the fundamental was part
of the stimulus itself. This phenomenon has been reported both in the percep-
tion of hearing, which is taking place in an area inside the auditory cortex [33],
and in temporal vision in which a a perceived rate appears at the fundamental
frequency when compound waveforms with harmonically related flicker rates
are presented [34]. In that case the type of stimulus can change the actual
electrical transmission which is translated to a different perceptual reaction.

Sound localisation is a perceptual process, law or rule, by which the location
of an auditory event (defined by its perceived position relative to a listener) is
related to specific attributes of a sound event, or of another event that is in
some way correlated with the auditory event [10].

In contrast to other sensory systems, like vision and taste, in sound localisation
there is no point-to-point correspondence between a sound event and the per-
ceived locus (auditory event) of an acoustic image at the lower peripheral stages
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2.1 Perception in Sound localisation

Figure 2.1: The perceptual process. The steps are arranged in a circle to
emphasize that the process is dynamic and continually changing. Knowledge
is at the top, in order to show that can influence all steps in the sense that any
information a person brings to a situation [1]).

of the human hearing system, and as a consequence there is no topographic or-
ganisation at a sensory level. Instead, it is believed that the localisation of
sound events occur entirely as a consequence of neural processing of monaural
or binaural signals [11]. This means that the location of a visual or tactile
stimulus can be determined directly by the array of the receptors in the retina
or skin while in localisation tasks such an obvious mapping does not exist.

Several types of information are involved in the perception of such an event,
including visual and cognitive information in addition to auditory information.
We divide the cues that are used for localisation into three main categories:
the static, dynamic and motion cues. Static cues include the well-known bin-
aural cues associated with ITDs (interaural time difference), or IPDs (interaural
phase difference) in case of periodic inputs, and ILDs (interaural level differ-
ence) [35, 36, 10, 14], the monaural spectral cues1 [13, 10, 11, 36] (also known
as pinna cues due to the significant contribution of the pinna to the creation of
spectral changes) and the distance (or intensity) cues [13]. The dynamic and
motion cues are the same as the static cues, with the difference that in motion
cues all static cues change by changing the position of the sources, while dy-

1When we say spectral cues we imply the static spectral cues which are being differentiated
from the spectral cues that can be created by movement of the head, or the source.
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Chapter 2 Salient Cues of sound localisation

namic cues are produced by changing the position of the head of the listener
or listener’s position in general. The last one has been shown that can improve
the localisation performance of human listeners[37, 38, 39].

It is worth mentioning that in the case of the spectral cues although they
are “monaural”, in normal hearing, both ears are used. Despite the fact that
plugging one of the ears may not be considered the most effective way to study
the influence of “monaural spectral cues” due to the creation of unnatural
ILDs [40], it has been shown that with two ears, i.e. with binaural hearing,
listeners can localize elevated sources much better than by using just one ear
[13, 14]. Moreover, due to neuroplasticity, even with the one ear occluded, a
listener is able to relearn the changes of the spectral cues and is able to localize
correctly not only for the new spectral cues but also for the older cues [29, 30].
Therefore it is not only apparent that the contribution of knowledge (Fig. 2.1)
is important to the perceptual process but also the contribution of a binaural
signal to the effectiveness of spectral cues.

2.2 Describing the location of a sound source

The position of the sound event compared to the auditory event is usually
made in terms of a head-related coordinate system (Fig. 2.2), i.e. the system
of coordinates shifts in conjunction with movements of the subjects’ head [10].

A very common head-related coordinate system used in audio engineering is
the vertical-polar coordinate system (Fig. 2.2a) which is very similar to the
common spherical-coordinate system with the difference that the azimuthal
angle (ϕ) is positive as the x axis rotates anti-clockwise towards the y axis,
and the θ angle represents the elevation angle instead of the inclination. As a
head-related coordinate system the center of the head constitutes the origin of
the coordinate system and the horizontal plane (or transverse plane) is always
perpendicular to the body. In this way sources located above the horizontal
plane have a positive angle while locations at a lower level have a negative
angle.

Although the vertical-polar coordinate system is useful for the description of
the acoustic quantities of a sound field in space in general, such as the sound
pressure and the particle velocity, it is not very convenient for the description
of the location of a sound event from a psychoacoustical point of view. A much
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2.2 Describing the location of a sound source

more convenient spherical coordinate system is the interaural-polar, or hoop,
coordinate system.

The interaural-polar coordinate system (Fig. 2.2b) is the most common spher-
ical head-related coordinate system, as it is able to differentiate the two of the
three perceptual sub-processes that are responsible for the perception of sound
localisation for a fixed distance in a more distinct way. On the horizontal plane,
the perception of localisation is mainly attributed to the ITD and the ILD cues
[12, 36, 13, 10] and as a consequence there is a unique correspondence with the
estimation of the lateral position described by the azimuth angle ϕ. Although
the azimuth angle is also defined in the vertical-polar coordinate system the
main difference is its association with the elevation angle. Each azimuth angle
ϕ defines a sagittal plane, i.e. a vertical plane that always divides the space
into the right and left halves, at which for a fixed distance rC (Fig. 2.2b) the
interaural cues remain unchanged while the monaural spectral cues contribute
to the estimation of the elevation angle θ [12, 13, 14]. In fact, the circle that
is formed for a fixed ϕ and rC define a cone with its apex coinciding with the
origin of the coordinate system, known as cone of confusion (COC) [10], as
the horizontal plane cues, i.e. the ITDs and the ILDs, are not able to give an
indication of the elevation of the sound source.

The last perceptual sub-process is distance perception, which has been mainly
attributed to the sound intensity [41, 13]. For a fixed azimuth (ϕ) and elevation
angle (θ), and a varying radius angle rC but greater than 1m (far field con-
ditions) the interaural cues remain nearly independent of the source distance
[41]. However for distances less than 1m (near field conditions) the binaural
cues seem to play an important role in the estimation of distance. There are no
obvious advantages or disadvantages of the two coordinate systems with regard
to the estimation of distance.

Due to the characteristics that the interaural-polar coordinate system provides,
i.e. the independency between the processes of lateralisation and verticalisa-
tion, this system has been considered more intuitive and as a consequence it
has been selected for the analysis of the current research work. Nevertheless,
the two spherical systems (Fig. 2.2) are equivalent and can be transformed to
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(a) (b)

Figure 2.2: (a) The conventional vertical-polar coordinate system is one of
the most common head-related spherical coordinate systems defining the hor-
izontal (xy) plane, the vertical (xz) (or median) plane, and distance, r. (b)
The interaural-polar coordinate system is an alternative head-related spherical
coordinate system which defines right circular cones with their apex at the ori-
gin the coordinate system and their axis along the y-axis and it is known in
psychoacoustics as cone of confusions. Both systems are equivalent since the
vertical-polar coordinate system can be transformed to the interaural-polar
coordinate system by a 90o anti-clockwise rotation about the x.

one another by

sin ϕi = cos θv sin ϕv

cot θi = cot θv cos ϕv

rC = r cos ϕi

(2.1)

cot ϕv = cos θi cot ϕi

sin θv = sin θi cos ϕi

(2.2)

where ϕi ∈ [−90◦, 90◦], θi ∈ [−90◦, 270◦) or θi ∈ (−180◦, 180◦], are the azimuth
and elevation angle corresponding to the interaural-polar coordinate system
and ϕv ∈ [0◦, 360◦) or ϕv ∈ (−180, 180◦], θv ∈ [−90◦, 90◦] are the azimuth
and elevation angle corresponding to the vertical-polar coordinate system and
r, rC ≥ 0 are the radius of the sphere and the disc of the cone correspond-
ingly. A more detailed description and proof of eq. 2.1 and eq. 2.2 are given in
eq. A.23.
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2.3 The Outer Ear and the Head-related transfer function

2.3 The Outer Ear and the Head-related transfer
function

The first stage of the auditory system is the outer ear (Fig. 2.3), which is com-
prised by the pinna (or auricula), the ear canal (or external auditory meatus)
and the eardrum (or tympanic membrane). Its function, from a psychoacous-
tical point of view and especially at low frequencies, is to funnel the sound
energy of an acoustic source through the eardrum to the inner areas of the
auditory path. Furthermore, it allows the inner ear to be closer to the brain,
this decreasing the distance, and as a consequence the time, that is necessary
for any electrical signal to travel to the auditory cortex [42].

Figure 2.3: A cross-section of the ear comprising from the outer, middle and
inner ear (Image addapted from Wikipedia Common).

Due to the anatomy of the pinna that causes the sound wave to be diffracted
or reflected before entering to the ear canal, the outer ear changes the spec-
tral characteristics of the sound field above 3 kHz, where the wavelength be-
comes comparable to the pinna size [43, 44]. Furthermore, due to its irregu-
larities, mainly introduced by the helix and the concha, there is destructive
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Chapter 2 Salient Cues of sound localisation

interference between the direct sound and the reflected sound, which causes
the frequency eliminination of different components, known as pinna notches
appearing mainly from 6 to 12kHz [45].

As the sound passes through the pinna, it enters to the ear canal, a curved
tube which is connected at the end with the eardrum. The ear canal is on
average 25mm long in length and 7-8mm in diameter on adult humans [46]
and as a consequence it acts as a quarter wave tube that has resonances at
(2k + 1)fo, k ∈ N0 with the fundamental frequency at f0≈3kHz.

The head related transfer function (HRTF), or the head-related impulse re-
sponse (HRIR) in the time domain, characterises how the incoming sound is
filtered out acoustically to the eardrum and is highly dependant on the location
of the sound source. Although the main contributor is the outer ear, the re-
flections and diffractions due to the torso and the head play an important role
in spatial hearing as well, mainly due to their contribution at low frequencies
from 0.7 to 3.5kHz [43, 14].

As a consequence, in free-field conditions, from a psychophysical point of view,
the HRTFs form the binaural and the monaural cues. The magnitude and the
phase difference responses of the HRTFs generate the ILD and the ITD cues,
while the magnitude of each of the two HRTFs generate the monaural cues.

2.4 A review of the analysis of HRTFs

It is quite apparent that the HRTFs, due to the characteristics of the outer
ear and the human body, constitute the transfer functions of the two input
processing units of the auditory system. As a result, by modifying the spectral
characteristics of the input signal it is possible to study from a psychoacoustical
point of view the output of the auditory system without understanding all the
complex process, neurophysiologically and neuroanatomically, of the auditory
system.

For this reason, it was considered necessary to analyse known HRTF databases
which include a wide range of different subjects and resolutions. In the cur-
rent section three different HRTF databases have been analyzed [3, 47, 2]. In
addition to the CIPIC database [2] already expressed in the interaural-polar co-
ordinate system, both the ISVR [3] and IRCAM/AKG [47] databases have also
been transformed to the interaural-polar coordinate system through the use of
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2.4 A review of the analysis of HRTFs

equations eq. 2.1. However in cases where it is not possible to correspond all the
HRTFs from one coordinate system to the other, the vertical-polar coordinate
system is going to be used.

2.4.1 The Binaural Cues

One of the most salient features in the analysis of the head related impulse re-
sponses (HRIR) is the identification of the ITDs and ILDs, where the acoustic
wave that first reaches the ipsilateral pinna appears to have higher magnitude
and time advance relative to the corresponding acoustic wave on the contralat-
eral ear (Fig. 2.4). For human listeners the ITD varies from around ±750µs

[2, 48] by considering the difference of the arrival time of the head related im-
pulse responses. The ITDs are mainly dominant at lower frequencies up to
2-4kHz while at higher frequencies the envelope of the signal comes into con-
sideration [49, 50]. It is worth noting that the just-noticable difference of a
pure tone can be very small at the level of 10µs [51, 52].

Figure 2.4: HRIRs of the left and right ear of the CIPIC database[2] for the 3rd
subject for 80◦ azimuth angle (θi) on the subject’s right side in the interaural-
polar coordinate system. The horizontal line indicates the maximum value at
each elevation angle (ϕi). The grey scale value represents the amplitude of
HRIRs.

In a similar way the ILD that varies from ±20dB[51] are mainly dominant at
higher frequencies, above around 4kHz, while at lower frequnecies the head
starts acting as acoustically transparent. For pure tones the the just-noticable
difference can vary approximately over a range of 0.5-1 dB [51, 52]

Despite the significance of the interaural difference cues in sound localisation
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there are some other features that need to be taken into consideration. The
reason for this is that the definition of both the ITDs and ILDs is ambiguous as
it is open to some interpretation in cases of complex signals and most of the time
their analysis is only restricted to stimuli with confined statistical properties.
Furthermore, due to the ambiguity that exists in the inner areas of the auditory
system their definition can be changed according to the hypothetical models
that are being used in order to describe specific psychoacoustical phenomena
[51].

2.4.2 The Monaural Cues

Further analysis of HRTFs has shown that specific bandwidths are responsible
for specific aspects of perception. It is known that the front-back locations,
which cannot be resolved with just the ITDs and ILDs due to their ambiguity
on a cone of confusion, can be discriminated with the appropriate spectral
cues that reside mainly at 8-16kHz [53, 23], while for up-down location the
appropriate spectral cues reside mainly at 6-12kHz [23, 53] (Fig. 2.5).

Figure 2.5: HRTFs of the ISVR[3] database for a KEMAR mannequin with
large size pinna and open ear canal, in the median plane (ϕi = 0◦) for the left
and the right ear correspondingly.

The spectral cues can be divided into two main categories which are the
head/torso cues and pinna cues (Fig. 2.6). In the literature sometimes the
term “pinna cues” refers to the cues produced by the reflections and diffrac-
tions of the wave to the outer ear without including the ear canal, the ear drum
and the concha, while in our case we refer to all the cues of the outer ear. All
these anatomical features have been found to contribute to a degree in spatial
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hearing [54, 43, 44]. In this dissertation such specialisation of the cues has not
been considered of importance, in contrast to cases such as physical modeling
of the outer ear or part of it [44, 54], and we will be referring in general with
the term “pinna cues” to all the spectral colorization induced by the outer ear.
If it is necessary in what follows to refer to the concha or ear canal cues an
explicit clarification will be used.

The HRTFs in Fig. 2.6 were measured at a distance of 1m from the subject’s
interaural axis and according to the author the room reflections were removed.
The grey scale value in HRIRs represents the amplitude of HRIR and the high
reflection which appears in case of seated listeners doesn’t appear in cases of
KEMAR measurements where only the head and torso is used. The torso re-
flection can be attributed mainly to shoulder reflections. This can be explained
by the fact that at θi = 90◦ the torso reflection is delayed roughly 1ms from
the onset of the HRIRs. Taking into account that the speed of sound in dry
air at 20 ◦C is around 344 m/s, the distance that corresponds to that delay
is 34cm. The half of this (17cm) is equal to the distance between the pinna
and the shoulder of the current subject. Similar results can also be found in
references [55, 56].

Figure 2.6: The HRIRs on the left and the HRTFs on the right of the right ear
for azimuth angle (ϕi) 0◦ and elevation angles (θi) from −45◦ to +230.625◦, of
the 10th subject of the CIPIC database.

The pinna cues contribute to both spectral peaks (or constructive interfer-
ences) and notches (destructive interferences or phase cancelations) [55] and
the notches can be found above 6kHz due primarily to the scattering of the
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acoustic wave by the pinna [56]. Although, the pinna cues are the most promi-
nent cues for elevation, notches that are caused by head diffractions [55, 57] and
torso reflections (1-3kHz), could be used as potential cues for vertical localisa-
tion for low frequency sounds [43, 58]. More specifically, computed HRTFs in
the whole sphere [59] by using simple geometric models of the head and torso
showed that the arch-shaped notches that are symmetric about 90◦ elevation
angle are due to specular reflections from the upper torso. These are shaped
as comb-filter notches through the spectrum (Fig. 2.6b, Fig. 2.7) and appear
at around 1.2ms in the time domain in the close vicinity of the direct wave
(Fig. 2.6a, Fig. 2.4). Moreover, these approximated HRTFs had shown that
the deeper notches around 210◦ to 250◦ are caused by torso shadow while at
around 255◦ a torso bright spot appears. These low-elevation notches combined
with head shadow, cause the response for frequencies above 1 kHz to be much
lower on the contralateral side than on the ipsilateral side [56, 59] (Fig. 2.6b,
Fig. 2.7).

In the HRTFs (shown in Fig. 2.6, Fig. 2.7) peaks and notches can be found.
However, due to the fact that the notch frequency varies smoothly with eleva-
tion, even for rather narrow notches [60], it is thought that this provides the
main cue for the perception of elevation [55]. Notches are caused by multiple
reflections from different parts e.g. head, torso, thighs (in case of seated listen-
ers, indicated also as knee reflections referred to references [55, 56]) and pinna
cavities. On the contrary, spectral peaks, or pinna resonances, do not show this
smooth trend. However, it is likely that the presence or absence of the spectral
peak could itself be a strong cue for elevation [55]. Peaks can been seen on the
figures as bright patches [45].

A visual observation of the spectral notches of Fig. 2.6, Fig. 2.7 reveals that
their frequency changes with elevation. For instance, a pinna notch appears at
6kHz to 12kHz that moves with elevation at 45◦ azimuth angle [58] while in the
median plane it is in the region of 6-10kHz (Fig. 2.6b) [55, 61, 62], where the
direct sound incident at the ear canal and the reflected sound from the concha
have a time delay that corresponds to approximately half a wavelength. These
features are in general difficult to see in the time domain and are prominent
notches above 5 kHz. For elevations from −45◦ to +90◦ there are three promi-
nent notches attributed to the pinna (Fig. 2.6). In these cases as the elevation
increases the frequency of the notches also increases[55]. Note that the notch
that appears just above 14kHz has been attributed to the probe that has been
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inserted at the ear canal for measuring the HRTF that results in a standing
wave [63]. It is worth noting that it has been proven psychophysically that
the first notch plays a critical role in the perception of elevation in the median
plane [16].

(a)

(b)

Figure 2.7: a) HRTFs of the CIPIC database[2] for the 3rd subject for 80◦

azimuth angle (ϕi) on the subject’s right side in the interaural-polar coordinate
system. b) The same as (a) with different range which was applied to better
visualize the notches on the contralateral ear (left ear).

The pinna notches on the contralateral side (Fig. 2.7 for the left ear) can be
explained if we assume that the sound diffracts around the head entering the
contralateral concha at approximately the same elevation angle as if the source
were in the ipsilateral hemisphere[44]. However, since elevation perception is
essentially thought to be monaural [13] it is likely that humans use only the
near ear (i.e., the ear closest to the source) for vertical localisation. More-
over, although it is still possible that the pinna notches in the contralateral
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HRTF could provide extra cues for vertical localisation [55], we can notice
from Fig. 2.7 that the difference in magnitude between the ipsilateral and con-
tralateral ear is about 10-30dB for frequencies above 3kHz to 4kHz [64], which
means that the ipsilateral ear has higher energy.

Finally, it is worth mentioning that the variations with elevation are different
for the left and the right pinnae [55, 64], which can be explained by the fact
that the left and right pinnae do not have the same shape and dimensions [2].
To what extent this variation influences localisation is not known.

2.5 The use of generic HRTFs

It is well known that the use of generalised HRTFs may result in localisation
errors in audio reproduction [27], i.e. an increase in number of front-back
confusion errors and mainly elevated bias between the location of the sound
source with the perceived one, although localisation accuracy for the lateral
dimension is minimally decreased by their use [28].

However, due to the fact that the anthropometric features of the human body
are unique for each individual, and the HRTFs highly depend on the position of
the sound source, the measurement of individualised HRTFs constitute a time-
consuming and expensive procedure for a user-specific auralisation system and
this makes their measurement impractical. Instead, generalised HRTFs are a
more likely choice. The non-individualised HRTFs can be measured either by
the use of a human subject or mannequin [65, 3, 2], or by the use of computa-
tional or parametric HRTF model [66, 67, 59].

The influence of the HRTFs from the anthropometric characterisitcs has been
investigated by a number of researches and it highly depends on the dimensions
of the head, torso and the pinna which change according to the age, gender
and the demographic heritage of each individual [43, 68, 69, 64, 45, 70].

The mannequin torso and head is usually known as KEMAR(Kowles Electron-
ics Mannequin for Acoustical Research), although other brands also exist such
as the Neumann dummy head which is mainly used for binaural recordings.
Each dimension of the KEMAR torso, head and pinna has been designed to
represent the median human adult that has been estimated from a statistical
sample of 5000 individuals (males and females) from the USA army [70] .
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2.6 Conclusions

Due to the individual uniqueness of the human physical characteristics and the
uniqueness of the accuracy of each subject in the perception of sound localisa-
tion it has been considered in the current research work that a KEMAR HRTF
can represent the average localisation performance of human subjects. For this
reason KEMAR HRTFs of the CIPIC database have been used and these are
already expressed in the convenient interaural-polar coordinate system [2, 71].

In the KEMAR mannequin that has been utilised in the CIPIC database there
were two versions pinna sizes, the small pinna and the large pinna. Although
the small pinna ears are considered typical of American and European females
and far-eastern males and females, while the large ears are more typical of
American and European males, such distinction has not been considered in
this research work as there is no indication of whether the localisation ability
of each subject, which is processed from the inner areas of the auditory path,
depends on the size of the pinna or other psychophysiological or neurophysio-
logical factors. For this reason only the large type pinna has been used for the
prediction of the localisation performance of the human subjects.

2.6 Conclusions

This chapter has described the theoretical fundamentals of human perception
in sound localisation and has given the basic mathematical tools for the de-
scription of the location of a sound source in free field conditions.

More specifically, the localisation performance of human listeners in 3D space
for a fixed distance is dependent on the binaural cues associated with the ITD
and ILD cues for which both ears are necessary, and the monaural spectral cues
for which each ear contributes independently. The ITDs are mainly dominant
at lower frequencies up to 2-4kHz varying from ±750µs, while the ILDs and
the spectral cues are dominant at higher frequencies, above around 4kHz with
the ILDs varying from ±20dB.

Furthermore, the benefits of the use of the interaural-polar coordinate system
has been presented and compared with the vertical-polar coordinate system
although both are head-related coordinate systems. Although the latter one is
very common in audio engineering, the main advantage of the interaural-polar
coordinate system is that is is able to differentiate the binuaral cues from the
monaural cues.
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The unique anthropomentric features of the human body makes measurement a
time consuming process. Furthermore, as there is no indication of whether the
localisation ability of each subject depends on pinna anthropometry or other
psychophysiological or neurophysiological factors, a KEMAR HRTF will be
used in the following chapters in order to characterise the general localisation
performance of human subjects.
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Chapter 3

Implementing a Perceptual
Model for human sound
localisation

The human auditory system may be considered as a “two sensors” system that
is able convert sound pressure waves into valuable information for further deci-
sions [72]. This system is able to localize a sound source to a unique accuracy,
segregate multiple sound objects even under noisy conditions, and enhance ad
libitum desired auditory streams over undesired ones. Direct sounds, early
reflections and reverberation of the space provide the auditory system with
information on the direction, distance, and loudness of sound sources.

This binaural system must accomplish three basic tasks before a sound is per-
ceived [73]

• it must transmit safely the sound stimulus to the receptors through self-
regulating mechanisms, e.g. the acoustic reflex occurs in the middle ear
to protect the inner ear to high-intensity sound stimuli

• it must convert the unhazardous signals into complex electrical signals
through billions of neural connections, e.g. the encoding of the electrical
signals in the brainstem, and

• it must process these complex electrical signals through a decision mech-
anism that will permit raw objective quantities, such as sound pressure
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and particle velocity, to be formed into subjective qualities that indicate
pitch, loudness, timbre, and location.

For each of these decision mechanisms at the last stage of the human auditory
system, this project is mainly focused on the perception of localisation. Addi-
tionally, the current research work is restricted to the investigation of broad-
band or bandlimited white noise signals that, due to their known statistical
properties, provide a convenient framework for the analysis of the model.

3.1 Perceptual models of sound localisation

We define Perceptual Model of sound localisation as a simplified representation
of a living organism, which exhibits a similar behaviour to its prototype in the
way information is being interpreted and/or organised. For example, in situa-
tions where it is important to characterise a sound event, the auditory model
needs to give similar responses to human beings and to keep all the spatial
aspects in time, frequency and space identical as far as possible. Having such a
model, i.e. a model that is able to predict successfully under certain conditions
human modes, can be beneficial not only for the better understanding of the
underlying mechanisms of human reactions but also for their application in
audio quality assessment, robotics, cochlear implants and others, avoiding in
this way costly and time-consuming experiments.

In this dissertation, the sound scene is restricted to situations where only sound
localisation in 3D space is of importance, without taking distance into consid-
eration, and only for a special category of sound source, namely wide-sense
stationary processes, i.e. stochastic processes in which their statistical param-
eters, namely mean, autocorrelation and autocovariance, do not change over
time, such as white noise. Furthermore, as human listeners can be characterised
as a system with two inputs, we are interested in a special category of percep-
tual auditory models, namely the binaural auditory models of localisation, in
which the input is a binaural signal.

Given that s(t), t ∈ [0, T ] is the sound of interest for a total observation interval
T and from a location with an azimuth angle ϕ and elevation angle θ, then the
input to the perceptual model is

xϕ,θ(t) = s(t) ∗ hϕ,θ(t) (3.1)
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where xϕ,θ(t) = [ xLϕ,θ
(t) xRϕ,θ

(t) ]T is the binaural stochastic process that
is fed to the binaural model, hϕ,θ(t) = [ hLϕ,θ

(t) hRϕ,θ
(t) ]T are deterministic

signals that represent the head related impulse responses of the left and the
right ear after the eardrum and before the middle ear as described in sec. 2.3.

A very general block diagram of the auditory models is depicted in Fig. 3.1
at which each of the three main units corresponds to different (and more or
less known) operations of the human auditory system in spatial hearing. The
peripheral processor simulates the transfer characteristics of the outer, middle
and inner ear, where the neural transduction in the inner hair cells is taking
place. The pre-processor simulates the further processing that occurs in the
auditory nerve fibres from the cochlea synapse to the cerebral cortex and the
central processor, which produces source location estimates and simulates a
specialised auditory stream in the human brain which is responsible for locali-
sation [26]. Each of these modules is further divided into sub-modules, each of
which is specialized for specific operations of the specific part of the ear.

From the three units depicted in Fig. 3.1 the central processing stage has the
weakest neuroscientific background and as a consequence it only constitutes
a conceptual device. Although there is some strong neuroscientific evidence
regarding the function of the other stages there are still many uncertainties
and these stages do not necesserily simulate the functional behaviour of the
peripheral, binaural/monaural and the central stages of spatial hearing, but a
phenomenological representation of all the necessary spatial cues discussed in
sec. 2.6.

During the last 60 years different models have been developed to explain a va-
riety of psychophysical phenomena, such as binaural masking level differences,
dichotic pitch, lateralization or localisation and binaural interference. Each
of these models use different approaches in order to explain how the human
auditory system might decode the interaural and the monaural information ar-
riving as an input. These approaches are either physiologically, psychologically
or psychophysiologically based. In the first category the models attempt to
imitate the exact behaviour of the neural activity of each neucleus in the audi-
tory path based on neuroscientific findings. In the second approach the models
are trying to predict in a conceptual way the phenomenological behaviour of a
psychoacoustic event, and the third approach is actually a combination of the
first two. The last approach is the most common one, as the neuroscientific
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Chapter 3 Implementing a Perceptual Model for human sound localisation

background for the auditory path is quite vague in one way or another and psy-
choaccoustical phenomena can be observed experimentally much more easily
[74].

In the following sections a short description is given of some theories and per-
ceptual models that have been found in the literature and have been considered
beneficial for the implementation of the pre-processing or the central-processing
stage of the current model.

Figure 3.1: The three different sub-stages of the model. Each building block
corresponds to a phenomenological functional model of the physiological stages
in the mammalian auditory system. Adapted from Goldstein (2009)[4]

3.1.1 Coincidence Counter Hypothesis

One of the most common techniques that has been used for many decades is
based on the coincidence counter hypothesis which follows an internal delay
line suggested by Jeffress in 1948 [5] (Fig. 3.2) who claimed that any binaural
timing information can be transformed into place infromation somewhere in
the mid-brain. The physiological basis for such coincidence counters are the
so called Excitation - Excitation (EE) type cells (coincidence cells) which were
thought to be found in the medial superior olive [75, 76, 77, 78, 79] of the
brainstem in the mammalian auditory system. In that case the EE cell with the
best delay exhibits a maximum response to binaural stimulation with a specific
interaural time difference. In cases that this given neuron is also activated
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3.1 Perceptual models of sound localisation

for different frequencies then the neuron exhibits a characteristic delay with a
maximum discharge rate. This provides an estimate of the difference in travel
time from each ear to the coincidence detector.

These arrays of EE-type cells are usually modelled with an interaural cross-
correlation function, that could be defined as

Ψτ (t) =
∫ t

−∞
r (ξ) l (ξ + τ) w(t)dξ

or equivalently as

Ψτ (t) =
∫ t

−∞
r

(
ξ − τ

2

)
l

(
ξ + τ

2

)
w(t)dξ (3.2)

where l(t), r(t) represent the signals reaching the left and the right ear cor-
respondingly, w(t) represent a window function that takes into account the
precedence effect, and τ is the delay that ranges mainly within and around
±1ms [80, 21, 81]. In that sense the EE cell types are a multiplication of
delayed versions of a sound stimulus, although Jeffress in his initial idea was
referring to it as a summation without however defining this explicitly [5].

For a signal without any ITDs the interaural cross-correlation function is max-
imum at an internal delay of zero while it shifts as the ITD changes. In this
way a topographical organization of the horizontal plane can be created which
enables the decoding of lateralised images, and as a consequence, the prediction
of their location.

Although the model of Jeffress has been used for more than 60 years for human
localisation predictions it has been shown recently [82, 83] that this type of ITD-
encoding matches better with the avian auditory system. Neurons that reside
in the midbrain of birds follow the coincidence counter hypothesis since they
receive only excitatory inputs with varying axonal delays and as a consequence
varying interaural delays. In contrast the corresponding mammalian auditory
systems does not fit any concept of delay lines as the one indicated by the
Jeffress coincidence detector. Nevertheless, as stated by Grothe et al. [83],
there are some indications that instead of delays on the axons that are produced
by varying the length of the line as indicated by Jeffress coincidence detector,
there might be delays that vary with the size of the diameter of the axon. These
are known as distance nodes of Ranvier [84].

Regardless of the physiological validity to the mammalian auditory system,
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Chapter 3 Implementing a Perceptual Model for human sound localisation

the Jeffress coincidence detector, has been used to predict a plethora of human
auditory tasks such as Huggins pitch, or dichotic pitch, precedence effect and
binaural masking level differences [19, 20, 85, 86, 21].
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Figure 3.2: A block-diagram based on the Jeffress coincidence detector [5]
that represents the hypothetical mid-brain mechanism of the localisation of
sounds at low frequencies . The model is based on three assumptions: bilateral
phase-locking, coincidence detection, and the existence of delay lines.

3.1.2 EC theory

The EC (Equalization Cancellation) theory was developed by Durlach in 1963
[6] to interpret phenomena in the detection of binaural sounds in the presense of
a masking noise. In Binaural Masking Level Difference (BMLD) the detection
threshold (THR) of a target signal in the presence of a masking noise depends
on the location, duration of the two sounds and the frequency of the target
sound [87, 88]. For instance, in headphone reproduction, the THR can be 15
dB lower in SπN0 scenarios where the target sound is presented dichotically
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3.1 Perceptual models of sound localisation

Figure 3.3: The proposed E (equalization) and C (cancellation) mechanism of
Durlach’s model (1963). After the signal has been filtered out by the peripheral
auditory system and divided into critical bands then the masking parts of the
signal of both ears are equalised (E-process) and then subtracted in order to
be canceled out (C-process). Based on [6].

than to S0N0 scenarios that sound is presented diotically1 [10]. The reason
behind this is due to the fact that in BMLD conditions the static binaural
cues, the ITD and ILD cues, provided by the target signal are changed with
the presence of a masker which produce dynamic cues [89].

The basic idea behind EC theory (Fig. 3.3) is based on the fact that in masking
situations in which the masking and target signals have different ITD and ILD
cues, the listener attempts to eliminate the masking noise by altering the ITD
and ILD cues of both signals in such a way that the noise components become
equal in both ears (equalization process), and then subtracting the binaural

1Diotic stimulus (S0N0) is a condition where the target S0 and masking N0 signal are
presented in phase to both ears, while dichotic stimulus (S0Nπ) is a condition where the
target S0 signal is presented in phase to both ears while the masking signal Nπ out of phase.
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Chapter 3 Implementing a Perceptual Model for human sound localisation

Figure 3.4: Pre-processing stage diagram based on Breebaart et al.[7] and
Park[8].

signals so that the noise will be cancelled out (cancellation process). The
target signal, depending on the interaural relation that it has with the masking
signal will, either be completely eliminated or it will be left over.

A similar idea has also been used by Breebaart et al. (2001) [7] in order to
detect the presence of a target signal in a masking environment (Fig. 3.4).
However, in contrast to Durlach whose EC-network included interaural phase
shifts and level compensations to predict BMLD, Breebaart had used the inten-
sity difference of the filtered binaural signals in order to create a 2-dimensional
EI (Excitation-Inhibition) array depending on delay as described by

EIk,τ,α(t) =
(

10
α
40 Lk(t + τ

2 ) − 10− α
40 Rk(t − τ

2 )
)2

(3.3)

where k represents the number of frequency channel considering the peripheral
processing unit as a frequency analyser at different frequency bands, τ and α

are the delays and attenuation lines, and Lk(t) and Rk(t) are the signals coming
from the left and right ear channel k, EIL(t) and EIR(t) represent the EI cells
of the left or right side of the auditory path. The whole network has managed
to combine the EC theory [6] with the Jeffress Coincidence detector [5] and the
attenuator lines of Reed and Blum [90].
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3.1 Perceptual models of sound localisation

Both Durlach and Breebaart had suggested that their model could also explain
the ability of the auditory system to decode interaural differences for both static
and dynamic cues. Zurek et. al [91] have used Durlach’s approach in order to
predict the performance of the auditory system in detecting target and masker
signals in a reverberant room while Park et al. (2008) [8] have used the EI
network of Breebaart in order to predict the location of stationary signals in
the horizontal plane.

Although Durlach’s EC theory was not developed on any psychophysiological
basis by considering the auditory system as a black box, there are many in-
dications that the convergence of the excitatory and inhibitory inputs from
the lateral and contralateral side resembles a subtraction process [83, 92] and
that the EI (Excitation-Inhibition) units can be found in the superior olivery
complex (SOC) [78, 79, 93, 94, 95].

3.1.3 Count comparison principle

The count comparison principle, introduced by von Békésy (1930) [22, 96] is
based on the assumption that the higher regions of the auditory path are able
to decode the binaural cues by counting the rate of the neural signals residing
in the left and the right side of the auditory system . When a signal that arrives
from the left ear is able to stimulate a neuron in such a way that would cause
an increase in the firing rate that it produces, this is refared to as an Excitation
Process. When there is an attenuated and delayed version of the same signal
from the right ear, introducing in this way an ILD and ITD cue, then the signal
of the right ear would cause a collision on the same neuron described before
causing a reduction of the firing rate of the neuron known as an “inhibitatory
process”. In fact von Békésy had divided the neurons into the left tuned and
right tuned neurons. In this way a left tuned neuron would cause an increase
in its firing rate while the right tuned neuron a decrease in the firing rate when
a sounds comes from the left.

Although von Békésy’s theory was appropriate for explaining the excitatory and
inhibitory character of neuron’s receptors in the auditory path, it did not gain
as much popularity as the two methods described in the previous sections, and
only some models have been developed by using this technique [18, 97]. However
the idea of the count comparison principle does have similarities with the EC
theory from a macroscopic point of view, in the sense that signals arriving
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from left and the right ear are colliding and as a consequence a reduction of
the output signal results. In EC theory this is expressed with a subtraction of
explicit waveforms of the signal that reaches the left and the right ear, while
in the use of the count comparison principle this corresponds to a reduction in
the firing rate.

3.1.4 Sagittal-Plane Localisation Models

The ambiguity that arises from the use of the binaural cues in the determi-
nation of the location of elevated sources or sources that reside to the rear of
a listener, can be resolved by the use of the spectral cues that are formed by
the spectral filtering of the sound source by the torso and the pinna of an in-
dividual. However, due to the fact that the investigation of the sagittal-plane
localisation models have received little attention comparared to the binaural
localisation models discussed in the previous sections, only a few models exist
[9, 98, 23, 99].

Langendijk and Bronkhorst [23] have investigated the contribution of spectral
cues to human sound localisation above 4kHz by removing octave bands of
variable width and predicting the human response by the use of a localisation
model. The basic assumption of their spectral correlation model was that the
auditory system is performing a spectro-temporal process to estimate the spec-
tral variations in the HRTFs, by a temporal integration of each of the frequency
octave band channels of the peripheral processing unit. This approach has also
been confirmed in previous studies with more complex types of signal such as
cases where the target signal modified by the presence of other types of signal
[100], or noise bursts and frequency-modulated tones [24].

An improvement of the Langendijk and Bronkhorst model has been imple-
mented by Baumgartner et al. [9] who have incorporated the non-linearities and
the frequency selectivity of the basilar membrane in the peripheral-processing
unit before any temporal integration of the input signal. Furthermore, they
have extended the model to all the sagittal planes apart from the median plane
to which Langendijk and Bronkhorst model was restricted to.
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3.2 Proposed Perceptual Model

3.2 Proposed Perceptual Model

A perceptual model is proposed here which employs a combination of monaural
and binaural cues, in order to predict the location of 3D sound sources.

The model used is a biologically inspired model based on EC theory for the
production of the excitation-inhibition (EI) pattern in binaural processing, en-
hanced by two monaural processors for the production of the Time Integrated
(TI) patterns in monaural processing (Fig. 3.5).

��������	�
����
�����
�

	����
����
�����
�

	��
����������
�
���������

��������	

����

���������	 
���	���	

����	
�

	��
����������
�
���������


������	

���� ����	
�

���������	
���	���	

�����	������ �
����	������

�
�������

��
�
�
�������

��
�

�
�������

��
�

�
�������

��
�

��������

�������������

�����

3D Patterns 

Bank

��������

��� �

�
����
�
�

!��
�

����"
�����#
��

Figure 3.5: The proposed model as it extended from Park et al. [8], Breebaart
and Kohlrausch [7], and Baumgartener et al. [9]. The model follows the general
structure of the biologically inspired model, discussed in sec. 3.1.3. A binaural
signal reaches the input of the model and it is processed by the units of the
peripheral processor, encoded accordingly by the monaural and binaural pro-
cessor of the pre-processing stage, in order for the central processor to extract
two decision variables which correspond to the azimuth and elevation angle.

The model starts with the peripheral processor, which takes stationary binaural
signals as an input. This stage consists of a unit which corresponds to a time-
invariant band pass filter from 1kHz - 4kHz with a roll-off of 6dB/octave below
1kHz and -6dB/octave above 4kHz, which represents the response of the human
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middle ear. This is followed by a fourth-order gammatone filterbank with 100
channels between 100Hz and 20kHz, which represent the frequency selectivity
of the basilar membrane. Each gammatone filter output is processed by a
half-wave rectifier and a fifth-order low pass filter with a cut-off frequency at
770Hz that represents the neural activity of the hair cells in the organ of Corti
and the gradual loss of phase-locking in their neural firing, and a square root
compressor which represents the nonlinearities of the basilar membrane for
stationary sound sources. This part of the model has been used previously by
Park et al. and Brebaart et el. [8, 7], although in this case the number and the
frequency range of the gammatone filters has been increased.

The model continues with the pre-processor, which consists of two indepen-
dent encoding stages, two binaural processors based on the EC theory for the
extraction of the EI cell activity patterns (EI-patterns) and two monaural pro-
cessors for the extraction of the TI-Patterns for each channel of the gammatone
filterbank. In the binaural processor, signals from one ear are compared to the
corresponding signals from the other by means of EI interactions as a function
of two parameters that characterise the ILD and ITD cues. This produces a
time-dependent internal representation of the binaurally presented stimuli. In
contrast, in the monaural processors, the signals coming from the two ears are
being smoothed out, in the sense of the extraction of the associated energy
from each channel of the gammatone filterbank. This produces a frequency-
dependent representation of the monaural presented stimuli. The basic feature
of the pre-processing stage is that the EI-patterns, that are considered indepen-
dent on the location of the elevated sources, are weighted by the TI-patterns
in order to create a combined representation of patterns that are dependent on
both the elevation and azimuth angle of an auditory image.

In the final stage is the central processor, which considers the EI-cell activity
and TI-patterns for the estimation of the source location in the horizontal
plane and sagittal plane. The central processor is a decision making device
which uses a simple pattern matching process for the estimation of the location
of perceived image. This means that in order for the central processor to find
the unknown location of the sound source it has to compare the given EI and
TI-patterns with a bank of EI and TI-pattern templates. The characteristic of
the decision making device is that the estimated angles are characterised by a
probability density function that is reflected in the activity produced by the
EI and the TI-patterns. The statistical characteristics of the decision making
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device will be described in more detail in sec. 5.4.

In the rest of this chapter a mathematical overview of the model is given. For
the notation of the system x(t) characterises the input signal while while y(t)
the output of the system. In case of a discrete representation of the signal the
sampling frequency is set at 44, 100 Hz, unless a different value is indicated,
which is the sampling frequency of the CIPIC HRTF database which was dis-
cussed in section sec. 2.3. Furthermore the coordinate system that has been
used in the interaural-polar coordinate system with ϕ indicating the azimuth
angle and θ the elevation angle. As a consequence in each of the following
modules the input and the output is dependent of both the elevation and the
azimuth angle, i.e. y(ϕ, θ, t) or yϕ,θ(t) and x(ϕ, θ, t) or xϕ,θ(t). However in or-
der to simplify the notation of the equations only y(t) and x(t) are used unless
otherwise required.

3.2.1 Peripheral Processor

All the modules of the peripheral processor correspond to more or less known
characteristics of the human ear (Fig. 3.6). This part of the model has been
used previously by Park et al. and Brebaart et el. [8, 7] with some slight
modifications in the number of the frequency channels that have been used. As
a consequence only a short overview is going to be given, while a more detailed
discription of the peripheral processing unit is given in Appendix A.1

The peripheral processing unit starts from the middle ear as the outer ear
transfer function is included in the directional sound that is applied to the
model. The next stage is the middle-ear, which is responsible for matching
the mechanical impendence of waves in the air-filled ear canal and the fluid-
filled inner ear, is modelled by a second order time-invariant bandpass IIR filter
with roll off of 6dB/oct below 1kHz and -6dB/oct above 4kHz [101], which is
considered sufficient for the simulation of headphone data [7].

The inner ear has been modelled by a chain of units each of which contributes
to specific physical characteristics. The frequency selectivity of the basilar
membrane has been modelled by a fourth-order gammatone filterbank of 100
channels between 100Hz and 20kHz, which acts as a spectrum analyser and has
been chosen in such a way that the range of interest incorporates all the useful
spectral information discussed in sec. 2.3. Because of the linear behaviour of
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Figure 3.6: The model of the peripheral processor which includes a model of the
outer, middle ear and the cochlea. (Image adapted from Wikipedia Common).

the gammatone filterbank, basilar membrane nonlinearities such as compression
are not included in this stage.

The absolute threshold of hearing has been modelled by an additive white
Gaussian noise with, i.e. wc(t) ∼ N (0, 10−14), which is statistically indepen-
dent for each frequency channel. Thereafter, the output of each frequency
channel is half-wave rectified which represents the neural excitation of the hair
cells, while their lack of synchronization to the temporal variations of sounds
at high frequencies[102] has been modelled by a fifth order low pass filter with
a cut-off frequency at 770Hz.

Due to the linear character of the gammatone filterbank, the adaptive proper-
ties of the peripheral auditory system, i.e. its nonlinear compressive character,
has been modeled by a chain of adaptation loops of 5th order[103]. Due to
the stationary character of the signals that are being used in this thesis, the
output O of the chain of adaptation loops for an input I can be simplified to
O = 25√

I, which aproaches a logarithmic transform [104, 7].
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3.2.2 Pre-processor

The pre-processing stage has been divided into two independent processes, two
binaural and two monaural processors each of which is responsible for extracting
the corresponding cues in the horizontal and sagittal plane correspondingly.
The structure resembles the physiological path of the auditory system but does
not necessarily represent the exact processing that occurs in each of the neural
nodes of the auditory path.

3.2.2.1 Binaural Processor

The binaural processor, which is based on EC theory , is used for the extraction
of the excitation-inhibition (EI) cell activity patterns (EI-patterns). Signals
from one ear are compared to the corresponding signals from the other by
means of EI-interactions as a function of the internal characteristic ILD and
ITD. In this way a time-dependent internal representation of the binaurally
presented stimuli is produced. This part can be thought of as an extension
of Jeffress delay line [5] extended with tapped attenuator lines of Reed and
Blum [90]. However the delay lines of Jeffress show a rather EE behaviour of
the neural activity from the stimulus coming from the lateral position which is
being modelled with a cross-correlation function (eq. 3.2) and as a consequence
maxima occur at the “best ITD”, while in our case the corresponding EI-
patterns produce minima at the “best ITD”.

There are two types of binaural processing units each of which represents the
excitation and inhibitory character in each of the two ears (Fig. 3.5). In the
first processing unit activity on the left ear is inhibited by the right while in
the second the opposite interaction takes place, i.e.

EILk,τ,α
(t) =

⌈
10 α

40 Lk(t + τ
2 ) − 10− α

40 Rk(t − τ
2 )

⌉2

EIRk,τ,α
(t) =

⌈
10− α

40 Rk(t − τ
2 ) − 10 α

40 Lk(t + τ
2 )

⌉2 (3.4)

where Lk and Rk are the input signals from the left and the right peripheral
processor for the k-th channel of the gammatone filterbank, τ is the charac-
teristic ITD in seconds and α is the characteristic ILD in dB. Note that the
signals have been rectified and squared. This differs from the approach taken
by Park et al. [8].

For a resolution tm = 41.5µs, which corresponds to about 5◦ resolution in
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the horizontal plane, the EI-network incorporates 41 ITD taps and a range
of τIT D = ±850µs, and for a resolution of αILD = 1dB and a range of
aILDrange = ±10dB, the EI-network incorporates 21 ILD taps. It is worth
mentioning that although the resolution of the ITD taps could be tm = 8µs
which correspond to a resolution of 1◦ in the horizontal plane and is the smallest
perceived resolution, has not been chosen as that would increase the number
of ITD taps to around 210 and as a consequence the computational power
required from the model would be extremely high.

Each EI-activity is further integrated with a double-sided exponential window
w(t), which takes into account the finite binaural temporal resolution [7] :

EI ′
k,τ,α(t) = 1

T

∫ t+T

t
EIk,τ,α(t + t′)w(t′)dt′ (3.5)

.

For our experiments, due to the stationary character of the signal, the size
of the window was T = 100ms due to the fact that we are only interested in
stationary signals. In what follows we will mostly deal with time-stationary
signals and and this regard EIk,τ,α can be assumed as time invariant.

In Fig. 3.7 is depicted the EI-activity for a sine wave at 500 Hz at the gam-
matone filterbank channel at fc = 490Hz (a, b) and 619Hz (c, d) for a sound
source coming at the right at 45◦ on the horizontal plane while in Fig. 3.8 is
the EI-activity of the same sound source coming from the right 45◦ and left
−45◦ degrees at fc = 490Hz.

From Fig. 3.7 it can be observed that in both the left and the right EI-patterns
information derived from the azimuth locaction. This is superposed on the EI-
activity that changes according to τ that represents the ITD cues and the α

that represent the ILD cues. Furthermore as the channel is deflected from the
500Hz (c, d) the EI-activity is fading out, which demonstrates that a sine wave
can stimulate only a specific region of EI-patterns around that frequency.

In Fig. 3.8 it can be observed that there is a symmetrical behaviour of the
EI-patterns in both the left and the right EI-patterns. For instance the right
EI-patterns at 45◦ (Fig. 3.8 b) is reflected along the α = 0dB axis and τ = 0µs

axis to something that reflects the anti-symmetrical activity as explained in
Fig. 3.2 a.

In Fig. 3.9 and 3.10a is depicted the EI-activity for a white broandband noise
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Figure 3.7: EI-activity at a, b) fc = 490Hz and c, d) fc = 619Hz of a sinusoidal
sound source at 500Hz coming from the right at ϕ = 45◦ azimuth and θ = 0◦

elevation angle for the a), c) left, and b, d) right EI-patterns normalized by the
maximum value along the whole horizontal plane.

sound source at the gammatone filterbank channel at fc = 619Hz and fc =
7.6kHz for a sound source coming at the right at 45◦ on the horizontal plane.
It can be observed that higher frequencies any ITD information is lost on both
the lateral and contra-lateral side while at lower frequencies ITD cues appear
on both sides. Furthermore it is indicative that the EI-activity is stronger on
the lateral side than on the contralateral side at higher frequencies while there
is equivalent EI-activity on both sides for the ITD patterns.

3.2.2.2 Monaural Processor

The model of the monaural processor is based on the assumption that the aver-
age power, in each channel of the gammatone filterbank can give an estimation
of the patterns that are created by the spectral cues. In this way we can smooth
out the fluctuations and we keep only the slowly varying trend of data, which
does however depend on the length of the input signal. Furthermore, we use
two monaural processors one for each ear, based on the fact that listeners can
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Figure 3.8: EI-activity of at fc = 490Hz of a sinusoidal sound source at 500Hz
coming from the a, b) right at ϕ = 45◦, c, d) left at ϕ = −45◦ azimuth angle
for the left a, c and the right b, d) EI-patterns normalized by the maximum
value along the whole horizontal plane.
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Figure 3.9: EI-activity at fc = 619kHz of a white noise sound source from
100Hz-20kHz coming from the right at ϕ = 45◦ azimuth and θ = 0◦ elevation
angle for the a) left, and b) right EI-patterns normalised by the maximum value
of the left and the right EI-patterns.

localize better with two ears [14, 13], i.e. spectral cues produced by two ears
are stronger than those produced by one ear .

In this case, the monaural processor can be described by a causal system
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Figure 3.10: Similar to Fig. 3.9 but for fc = 7.6kHz.

through

TILk
(t) = 1

T

∫ t+T
t L2

k(t + t′)w(t′)dt′

TIRk
(t) = 1

T

∫ t+T
t R2

k(t + t′)w(t′)dt′
(3.6)

where k is the channel of the gammatone filterbank, w(t) is a rectangular
window function with length T , which is 100ms as in the case of the Binaural
Processor, Lk and Rk are the input signals from the left and the right peripheral
processor for the k-th channel of the gammatone filterbank.

One of the main characteristics in the analysis of the HRTFs is that the spectral
colorisation, found as pinna resonances and nulls by the outer ear as shown in
Fig. 2.6, is important for the estimation of the elevation angle. As a conse-
quence the TI cues are responsible for keeping this colorization and therefore
to contribute to the estimation of the elevation angle in the interaural-polar
coordinate system. In Fig. 3.11 we can observe the activity of the TI-patterns
for a sound source at 500Hz coming from ϕ = 45◦ on the right. From the vi-
sual observation no spectral variations are found along the elevation angles. In
Fig. 3.12 we can observe the activity of the TI-patterns for a white broadband
noise sound source at 45◦ azimuth angle. In contrast to the previous case many
spectral variations can be found on the lateral ear while weaker resonances and
peaks are also found in the contra-lateral ear, all of which could contribute to
the estimation of the elevation angle.
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Figure 3.11: TI-activity at fc = 521Hz of a sinusoidal sound source at 500Hz
coming from the right at 45◦ for the a) left, and b) right TI-patterns.
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Figure 3.12: TI-activity for a white broadband noise (100Hz-20kHz) at 45◦

azimuth angle for the a) left, and b) right TI-patterns.

3.2.2.3 Integration

All the cues from the binaural and the monaural processing unit are being
projected to an integration device which merges all the cues emanating from the
binaural and the monaural processing unit according to the following scheme
(Fig. 3.5),

Ik,τ,α(t) = EI ′
Lk,τ,α

(t) · TILk
(t) + EI ′

Rk,τ,α
(t) · TIRk

(t) (3.7)

This merging scheme (integration-patterns) is based on the assumption that all
the monaural cues which are dependent on the spectral variations of the sound
stimulus and as a consequence of the elevation angle in the interaural-polar
coordinate system are being weighted by the elevation-independent cues of the
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3.2 Proposed Perceptual Model

binaural units. These form the cone of confusion as they represent the ITD and
ILD cues. In Appendix A.2 the frequency dependency of the monaural cues is
demonstrated.

Due to the time-stationary character of the signals that this thesis is dealing
with, the dependency of time could be dropped, and only a snapshot of the
signal can be considered, i.e.

Ik,τ,α = EI ′
Lk,τ,α

TILk
+ EI ′

Rk,τ,α
TIRk

(3.8)

Fig. 3.13 and Fig. 3.14 depict the integration activity of the Ik,τ,α in different
forms. Fig. 3.13 and Fig. 3.14 depict the integration patterns and their de-
pendency on τ and α and as a consequence the azimuth angle as the minimum
value is moving in each transverse plane for different frequency channels. At
low frequencies (Fig. 3.13) as in the case of the EI-patterns both the ITD and
ILD cues are having information on location of the azimuth angle, while at
higher frequencies the contribution of the ITDs is lost (Fig. 3.14).

Finally, Fig. 3.17 depicts the spectral variations of the integrated cues along the
elevation angle at two different azimuth angles. As in the case of the TI cues
the integration patterns maintain the spectral variations along the elevation
angle.
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Figure 3.13: Integration-activity at fc = 619kHz of a white noise sound source
from 100Hz-20kHz coming from the right at 45◦ and 0◦ elevation angle for in a
a) 3D and b) polar diagram normalised by the maximum value of the left and
the right EI-patterns.
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Figure 3.14: Similar to Fig. 3.13 but for fc = 7.6kHz.
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Figure 3.15: Integration-activity at fc = 619kHz of a white noise sound source
from 100Hz-20kHz coming from the right at −45◦ and 0◦ elevation angle for
in a a) 3D and b) polar diagram normalised by the maximum value of the left
and the right EI-patterns.
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Figure 3.16: Similar to Fig. 3.15 but for fc = 7.6kHz.

3.2.3 Central Processor

The central processor is the decision making device which uses a statistical anal-
ysis in order to give the final decision. Given that Ik,τ,αrepresent the integration
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Figure 3.17: Normalized integration-activity of a white noise sound source from
100Hz-20kHz coming from the a) right at 45◦ and b) left −45◦ azimuth angle
at the point at which the integration-activity along τ , α is minimum.

cues at a given azimuth φ and elevation angle ϑ and Ik,τ,α(ϕ, θ) represent the
integration cues for every azimuth and elevation cue in the whole sphere of
interest for a specific sound stimulus, the error at every frequency channel in
between these cues is the L2-norm of the I-patterns of the current location with
the I-patterns of the whole sphere, i.e.

ek(ϕ, θ) =
∑
τ,α

(Ik,τ,α(ϕ, θ) − Ik,τ,α)2 (3.9)

In Fig. 3.18 to Fig. 3.21 are some representative figures of the error of eq. 3.9
for low to high frequencies. The red circle represents the location of the min-
imum error which is the same for all frequencies. However, by the addition of
a random noise to the integration activity pattern it is possible to change the
location of the minimum error.

From Fig. 3.18 and Fig. 3.19 that show low and middle frequencies, we can
notice that at low frequencies any information of the elevation angle is lost
giving many errors on the cone of confusion but at the same time concentrated
on the correct azimuth angle. At a higher frequency the pattern of the er-
ror changes and the distinction between the front and the back image starts
becoming more intense.

At higher frequencies such as those depicted in Fig. 3.20 and Fig. 3.21 the
prediction of the azimuth and the elevation angle is better as all cues, i.e. the
envelope of the signal that creates the ITDs, the ILDs and the spectral cues,
start contributing to the the estimation of the azimuth and elevation angle.
At very high frequencies, Fig. 3.21, the prediction is even more concentrated
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around the target image.
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Figure 3.18: Normalized error function of eq. 3.9 for a sound broadband signal
source at (0◦,0◦) at a centre frequency at 250Hz. The red cross represents the
location of the minimum error while the white circles represent the minimum
error by the addition of random noise.
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Figure 3.19: Similar to Fig. 3.18 but at 650Hz.

3.2.3.1 Integration of the error function

From the behavior of eq. 3.9 it is quite apparent that each frequency channel
contributes at a specific degree to the estimation of the location of the target
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Figure 3.20: Similar to Fig. 3.19 but at 4kHz.
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Figure 3.21: Similar to Fig. 3.19 but at 14.5kHz.

image and as a consequence the total error could be defined as

e′(ϕ, θ) =
∑

k

ek(ϕ, θ)wk + b · u (3.10)

where ek(ϕ, θ) is the error as defined in eq. 3.9 for each frequency channel, wk

is a frequency dependent weighting scheme which varies smoothly in frequency
and reflects the dominance of the binaural cues around 600Hz [8, 105, 106],
u is a random variable that follows a standard normal distribution along all
locations and it has been normalised according to the highest value of the first
term, and b is a scalar variable that makes possible to change the influence of
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the random variable along all locations. In this way it is possible to find the
location of the minimum error e′(ϕ, θ) which is going to change as a function
of the variable b.

In Fig. 3.22 the weighting scheme of eq. 3.10 is depicted. This is a frequency
dependent function that approximates the limited peripheral frequency analysis
and some imperfections in the binaural interaction by weighting to a greater
degree frequencies around 600Hz while the contribution of the very low and
very high frequencies is smoothed out [106, 105].
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Figure 3.22: The normalised relative strength of the weighting function wk used
for the frequency integration of the perceptual model in order to give the final
estimation of the source location.

Fig. 3.23 and Fig. 3.24 represent the total error as described by Fig. 3.24
for a broadband white noise at (0◦,0◦) and (30◦,45◦) respectively without the
weighting function. In this way the total error function is described by the
integration scheme that all frequencies show the same importance. In Fig. 3.25
and Fig. 3.26 are the same but with the weighting function included and as a
consequence the integration scheme shows a higher significance at a frequency
around 600Hz.

In all cases the error is minimum in the location near the target image while it
increases further away. However, by the inclusion of the weighting function a
target image appears on the opposite side on a cone of confusion this indicating
front-back confusion. In Fig. 3.23 and Fig. 3.24 we can notice that the pre-
diction of the model indicates locations on a cone of confusion without having
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necessarily front-back confusion, while in Fig. 3.25 and Fig. 3.26 a clear tar-
get image appears around 180◦and 135◦ correspondingly. This is a consequence
of the dominance factor of the error at 600Hz where a front-back confusion is
better predicted as it is depicted in Fig. 3.19.
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Figure 3.23: The total error function of eq. 3.10 for a broadband sound signal
source at (0◦,0◦) without the weighting function. The red cross represent the
location of the minimum error while the white circles represent the minimum
error by the addition of the random noise.
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Figure 3.24: Similar to Fig. 3.23 for a sound source at (30◦, 45◦).
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Figure 3.25: Similar to Fig. 3.23 with the weighting function included.
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Figure 3.26: Similar to Fig. 3.25 for a sound source at (30◦, 45◦).

3.2.3.2 Influence of the random noise

In eq. 3.10 the variable b can change the degree of influence of the random
noise in making the final decision of the model. In Fig. 3.27 to Fig. 3.30
the influence of the parameter b is demonstrated without the inclusion of the
weighting function. For low values of b, Fig. 3.27, the model produces data
near the target image while as it increases, Fig. 3.28, the data are more spread
around the target image. For higher values of b the prediction of the model
is restricted to locations on a cone of confusion without necesseraily showing
front-back confusion such as in cases depicted in Fig. 3.29. For values larger
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than 0.1 the influence of the noise starts taking a dominant role on the final
decision.
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Figure 3.27: Normalized error function of eq. 3.9 for a broadband sound signal
source at (0◦,0◦) and the influence of the b = 0.005. The red cross represent the
location of the minimum error while the white circles represent the minimum
error by the addition of random noise.
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Figure 3.28: Similar to Fig. 3.27 for b = 0.01.

In Fig. 3.31 to Fig. 3.34 the influence of the parameter b is demonstrated by
the inclusion of the weighting function. The behavior of the model is similar
as in previous cases. For low values of b, Fig. 3.31, the model produces data
near the target image while as it increases, Fig. 3.32, the data are more spread
around the target image. A similar behavior appears for values greater than
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Figure 3.29: Similar to Fig. 3.27 for b equals to 0.04.
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Figure 3.30: Similar to Fig. 3.27 for b = 0.1.

0.1 where the influence of the noise starts taking a dominant role on the final
decision. The difference between the prediction of the model with and with-
out the weighting function is for values near to 0.04 where instead of having
predictions on locations on the whole cone of confusion, only locations on the
front and the back image appears indicating front-back confusion.

3.3 Discussion

Due to the complexity and the limited scientific insight into the higher regions
of the auditory path, implementing a perceptual model can be very challenging.
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Figure 3.31: Normalized error function of eq. 3.9 for a broadband sound signal
source at (0◦,0◦) and the influence of the b = 0.005. The red cross represent the
location of the minimum error while the white circles represent the minimum
error when random noise is added.
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Figure 3.32: Similar to Fig. 3.31 for b = 0.01.

In the proposed model described in the previous sections the main motivation
was to develop a simpified approach of the human auditory path, whilst ac-
knowledging a variety of other types of models, mainly for the prediction of
the localisation performance in the horizontal plane, also exist in the literature
[15, 107, 108, 16, 109, 110, 111].

In the following subsections a brief discussion is presented of a number of
characteristics of the model and how they have been chosen.
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Figure 3.33: Similar to Fig. 3.31 for b = 0.04.
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Figure 3.34: Similar to Fig. 3.31 for b = 0.1.

3.3.1 Developing a Perceptual Model

The first attempt to understand sound localisation goes back at the beginning
of the 20th century with the Duplex theory postulated by Lord Reyleigh who
laid the foundations for the description of localisation in terms of interaural
difference cues, i.e. ILDs, ITDs and IPDs for pure tones.

Many attempts have been made since then to explain a variety of psychoacous-
tic phenomena related to human localisation, such as Huggins pitch, dichotic
pitch, the precedence effect and binaural masking level differences [18, 19, 20,
97, 8, 85, 86, 7, 21]. These have resulted in the development of a variety of
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human auditory models [72, 10].

In all of these studies efforts have been made to explain from a psychoaccous-
tical point of view how the human auditory system might be formed, and as a
consequence different approaches have been implemented. In instances where
the neuroscientific background was weak only conceptual devices have been
proposed to model the psychoaccoustic phainomena.

In sec. 3.1.3 an attempt was made to review the best known models of decoding
the ITDs, ILDs and spectral cues, such as the coincidence counter hypothesis,
the EC theory, the count comparison principle and methods of temporal in-
tegration. This presented on overview of how a model of 3D space could be
formed.

Although the auditory path of human hearing from a physiological point of
view has been decoded to some degree [83, 112], the goal of the current im-
plementation was to propose a model of 3D localisation that is built on the
best known theories that have been proven to give sensible results, regardless
of their neurophysiological validity[74]. The current model is thus inspired by
the classical ascending auditory system in order to acquire one cue that could
describe the estimated location, and to have a simple decision device that could
change easily the performance of the model based on experimental data.

Starting with the peripheral processing unit, it is known that it contributes to a
degree into the spectral changes of the input signal. For instance the ear canal
acts as an accoustical resonator around 3kHz, which is included in the HRTFs,
while the gammatone filterbank acts as a frequency analyser which is useful
for analysing in a more consistent way the spectral and binaural cues based on
frequency bands. Furthermore the half-wave rectifier and the low pass filtering
takes into account the loss of phase locking at high frequencies which means
that the ITDs can only contribute up to 2-4kHz while at higher frequencies
it is only the envelope of the signal as it is described in sec. 2.4.1. Although
there are implementations of the peripheral processing unit which are more
precise with respect to neural activity and psychoaccoustic phainomena[113,
114], such as ottoaccoustic emmisions and non-linear contribution due to the
outer hair cells, in order to reduce complexity the current model has been
restricted to situations where only localisation of wide-sense stationary signals
are of importance. However for more complex signals, such as the human voice,
a better peripheral processing unit may be required.
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The next stage of the model includes the pre-processing unit. For its model-
ing many theories have been suggested, some of which have been reviewed in
sec. 3.1.3. Although the physiological basis for of the model that has been
proposed in the previous sections is not completely accurate, and other models
might have more precise approach [18, 97], the proposed model is using two
theories that have been proven to give good results in localisation predictions
in the horizontal and sagittal planes [9, 8, 7].

Furthermore, inspired by the ascending auditory pathway [112], a merging
scheme has been proposed that concides with the psychoacoustical theory pre-
sented in eq. 2.1, i.e. the monaural cues which are dependent on elevation are
weighting spectrally the elevation independent binaural cues. This scheme has
given a much simpler final decision unit, which in other cases a more proba-
bilistic approach or more complex combinations of the monaural and binaural
cues should have been considered.

For the final stage a variety of techniques can be found in the literature such
as maximum likelihood classifiers and neural networks [115, 116, 104]. For the
current implementation a simple pattern matching technique has been used,
an idea that has been suggested by Dau et al. [104] and has been improved
by others[8, 7]. However the final comparison is spectrally weighted by a func-
tion which depends on psychoaccoustical reasoning in contrast to other models
where the weighting scheme is dependent on the final comparison[7, 104]. Fur-
thermore the model can generate randomly new data due to the influence of
a random signal generator which depends on the parameter b as described in
eq. 3.10. Although the current work has not compared the performance of other
methods and the influence of comparison method, the current central process-
ing unit is characterised by simplicity that can be easily adjusted to reflect
experimental data as described in sec. 5.1.1.

3.3.2 Number of frequency Channels

In the current model the frequency selectivity of the basilar membrane has
been modeld by a fourth-order gammatone filterbank of 100 channels. Given
the frequency range of 100Hz to 20kHz, this correpsonds to an overlap of s ≈
0.38[117] (Appendix A.1).

There is no consistent agreement on the number of the channels that are used
in the gammatone filterbank, and as a consequence a wide range can be found
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in the literature[9, 8, 99, 118, 17], which ranges from 24 to 110 channels with
an overlap from 0.2 to 1.

Although in an ideal scenario there should have been 3,500 channels of gam-
matone filters, whose frequency response correspond to the tuning curve of a
single inner hair cell that exists in the cochlea, such an approach would make
the computational demands impractical.

What is mainly modeled as the peripheral auditory system is the so called “au-
ditory filters”, i.e. a bank of band-pass filters with overlapping passbands, an
idea that had been suggested by Fletcher [119] and that has been experimen-
taly verified by Moore[120] and Evans et. al.[121]. The “auditory filters” are
actually an array of bandpass filters that are assumed to exist in the periph-
eral auditory system and their characteristics are often estimated in masking
experiments. For instance one method to deturmine these tuning curves is by
measuring the so called psychophysical tuning curves (PTC) which involves
fixing a signal at a low level, e.g. 10dB SPL, and presenting a masker signal,
e.g. a sinusoid [122]. In that case the curve is formed by measuring the level
of the masker that is necessary to mask the signal.

Although it may be argued that a gammatone filterbank with no overlap, i.e.
s = 1 and as a consequence with the minimum number of channels, i.e. N ≈ 39,
would not change the performance of the model discussed in sec. 5.4 this has
not been investigated in the current model. As a consequence, based on the
reasons discussed previously, the highest number of channels has used, that
could also be reasonably computationally handled. It is worth mentioning that
in case that the number of channels does not really play a significant role, having
a low number of filters would computationally optimise the performance of the
model.

3.3.3 Combining the binaural and monaural cues

In sec. 3.2.2 a merging scheme has been proposed, described in eq. 3.8, which is
based on the assumption that all the monaural cues which are dependent on the
spectral variations of the sound stimulus. As a consequence the elevation angle
in the interaural-polar coordinate system are being weighted by the elevation-
independent cues of the binaural units.

This scheme has not been proven neuroscientifically in any synaptic station of
the mammalian auditory ascending path. However this has been motivated by
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the theory presented in eq. 2.1 for the description of the location of sound stim-
ulus in the interaural-coordinate system and the Jeffress Coincidence detector
discussed in sec. 3.1.1.

The underlying idea behind Jeffress Coincidence detector is that given an inter-
aural delay τ between the signal that reaches the left ear and a delayed version
of the signal that reaches the right ear, the auditory system manages to find
this delay by using delay blocks. Each delay block adds a delay to the left and
the right signal and as a consequence there would be one block at which the
two signals would be identical. This block characterises the so called “best de-
lay”. Although this idea is not physiologically valid in the mammalian auditory
system, it gives a simple topographical mapping from a psychoaccoustical to a
physiological point of view.

This idea has been used by Breebaart et al. [7] in order to extend the Jeffress
coincidence detector by using attenuators, i.e. attenuation blocks, that could
give the “best attenuation”. In this way it was possible to create a topographical
map from ITDs and ILDs, to provide a phenomenological model of the auditory
system.

In a similar way, given that the binaural unit, which should give the same “best
delay” and “best attenuation” in every frequency channel, the monaural unit,
which is dependent on frequency and as a consequence on elevation, could
weight accordingly the cues in the interaural-polar coordinate system. The
similarity of this approach to that of Jeffress coincidence detector is based
on the fact that, with the weighting scheme there is a topographic mapping
between psychoaccoustics, as described in sec. 2.6, and the neurophysiology of
the auditory system.

3.3.4 The weighting function

In sec. 3.2.3 a discussion was presented of the contribution of each frequency
channel to the estimation of the location of the target image and a weighting
scheme has been proposed which is based on the fact that mid-frequencies ( in
a broad region centred on 600Hz) contribute to a greater degree than higher
frequencies.

The idea of integration across frequencies in binaural models was proposed
at an early stage by Stern et al. [106], and has been succefully used in a
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variety of binaural models [8, 123, 7, 105] , in order to address the problem of
how information across frequencies could be combined. These researchers have
developed a weighted-image model, which was based on an empirical frequency
weighting function from data obtained by Raatgever[124], in order to weight
more heavily the contribution of frequencies around 600Hz, while for frequencies
above 1.2kHz the weighting function was maintained at a fixed level.

In a similar way the current model has applied this weighting scheme to the
error function in eq. 3.9 in order to give significance to the final estimation,
given that each frequency channel could give its own prediction. Since the
neuroscientific background is weak, the weighting function from Stern et al
[106] has been further extended for frequencies greater than 1.2kHz to include
the total power spectral density of each auditory frequency band across the
left-right channel [8].

In this scheme low-frequencies are emphasized, something that agrees more
with the weighting scheme of Stern et al. [106], the mid-frequencies are almost
fixed at a specific level up to around 5-6kHz [105], while at higher frequencies
the contribution is even lower. In Fig. 3.26 it can be seen that the lower
contribution of the higher frequencies reveals a front-back confusion image while
in the case of the scheme without the weighting function (Fig. 3.24) this front-
back confusion image is not so apparent. The results of the contribution of
the weighting scheme is further discussed in sec. 5.4 in which a comparison is
presented with the listening tests of sec. 4.6.

3.4 Conclusions

This chapter described the theoretical fundamentals of modeling in human
sound localisation and presented an enhanced perceptual model that combines
sagittal and transverse plane perceptual models of stationary sounds in order
to predict human sound localisation in 3D space excluding distance.

More specifically, a perceptual model of sound localisation is a simplified repre-
sentation of the human auditory system that exhibits a similar behaviour. The
models can be categorised into horizontal and sagittal plane localisation mod-
els. In the first category the most well known model is the Jefress coincidence
detector which is based on the assumption that any binaural timing informa-
tion can be transformed into place information, the equalisation-cancellation
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theory which was developed to interpret phenomena in binaural masking, and
the model of Reed and Blum that is based on the assumption that any binau-
ral level information can be transformed into place information. These ideas
have been used by Breebaart et al. in order to detect the presence of a tar-
get signal in a masking environment and by Park et el. in order to predict
the human localisation on the horisontal plane. In the second category belong
models that are based on the hypothesis that the auditory system is performing
a spectro-temporal process to estimate the spectral variations in the HRTFs,
by a temporal integration of each of the frequency octave band channels of the
peripheral processing unit.

In the current research work a perceptual model is presented which enhances
previous models in order to predict human sound localisation. The perceputal
model is divided into three main units which correspond to the human auditory
system in spatial hearing, i.e. the peripheral processor, the pre-processor and
the central processor units.

The pehripheral processor consists of three main units that represent the trans-
fer function of the pinna, the middle ear and the frequency selectivity of the
cochlea. The pre-processor is derived from known auditory perceptual models
of horizontal (binaural untit) and sagittal planes (monaural unit), that are sen-
sitive to the ITD and ILD, and spectral cues respectively in order to be able
to give an estimation of the localisation performance of human listeners in 3D
space.

More specifically there are two binaural and two monaural units each of which
is responsible for the left and the right pathway of the auditory signal. The bin-
aural units are based on the EC theory and signals from one ear are compared
to the corresponding signals from the other ear by means of EI-interactions as a
function of the interaural characteristic ILD and ITD. The monaural units are
based on the assumptions that a time-integrated version of the power of the sig-
nal at each channel of the gammatone filterbank can give an estimation of the
patterns that are created by the spectral cues and as a consequence information
about the elevation angle. All the cues are then integrated in a merging-scheme
that is based on the assumption that all the TI cues, which are elevation depen-
dent, are weighting the elevation-independent cues produced by the binaural
units. The final result is the so called integrated cues which represent the ITD,
ILD and spectral cues for the sound source signal and as a consequence infor-
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mation of the azimuth and elevation angle in the interaural-polar coordinate
system.

This chapter finishes with the assumption that the central processor takes the
integrated information from the monaural and binaural units in order to give
the final estimation by comparing the integrated patterns with a bank of stored
templates. The characteristic of the decision making device is that the esti-
mated angles are characterised by an error function such that the location of
the minimum value shows the candidate human responses in each location. The
location estimated can be changed by the use of a variable that simply intro-
duces random noise into the computation of the error between the integrated
activity templates and templates stored in “memory”. The introduction of this
random variable is considered in representing the phenomenon of front-back
confusion.
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Chapter 4

Listening Tests

4.1 Introduction

The ability of the human auditory system to localise sound sources has been
studied by many different researchers and has been summarized by a number
of different authors [125, 10]. As there is not a direct topographic relationship
between the perceived acoustic image and the hearing sensory system, as in
vision and taste, the auditory system attempts to solve the difficult auditory
task of localisation implicitly by the use of spatial information in the form of
time and intensity related cues across the entire audible frequency band. As a
result of this, a number of different studies have been conducted each of which
has tried to investigate different aspects of localisation.

Makous and Middlebrooks [126] have measured the localisation ability of 6
subjects when presented with brief broadband sound sources, having 150ms
duration and 1.8kHz to 16kHz frequeny range, in free field conditions. Exper-
iments were conducted in a total of 249 different locations around a sphere of
1.2m radius with 5 trials per location, resulting 30 subjective responses per
location. There were two types of experiments one with a fixed position of the
head and the other one with a moving head. The latter entailed the inclusion
of dynamic cues. The result of the statistical analysis, which was conducted
by considering a Gaussian distribution of responses and Euclidian geometry in
each location, has shown that the localisation performance of human subjects
was better at locations near the horizontal plane and near the median plane,
whilst it deteriorates towards the rear and on each side of the subjects.
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Carlile et al. [127] have conducted a similar experiment in order to examine the
nature and the distribution of errors in human localisation performance. For
their experiment they used 19 subjects that had to indicate the perceived sound
image from one of the 76 possible available locations repeated 4-6 times. The
stimulus in the entire localisation test had a duration of 150ms and a frequency
range of a broadband sound signal that was restricted by the frequency response
of the loudspeaker. The major difference between this investigation and that of
Makous and Middlebrooks [126] was that the methodology of statistics used by
Carlile et al. [127] relied on directional statistics. In this way it was possible to
measure the orientation of the data and analyze how the errors were associated
with each target location.

In another study, Langendijk and Bronkhorst [23] investigated the contribution
of the spectral cues in human localisation by the use of filtered sounds generated
from virtual target locations. Bandpass filtered noise bursts of 200ms duration
between 200 Hz and 16 kHz were presented to 8 subjects after the signals were
convolved with the individualized HRTFs of the subjects. These experiments
used 35 possible virtual target positions at a distance of 1.14m. Removal of
certain frequency bands showed that up-down localisation performance was
affected by frequencies between 6-12kHz, while front-back localisation was af-
fected within the 8-16kHz band. Nevertheless, the dispersion of the data around
the location depended on each subject individually.

In the present study, the localisation performance of human listeners has been
investigated in 3D space by the use of three different sound stimuli, a broad-
band, a low frequency bandpass and high frequency bandpass white Gaussian
noise. Listeners gave their responses with the help of a high resolution grid
and a laser pointing device that was used to indicate the apparent position of
acoustic image. The results were analyzed in order to identify the total per-
formance of human listeners for the three sound stimuli and to categorise the
listeners based on their performance.

4.2 Method

4.2.1 Construction design and testing environment

The ability of human localisation has been tested from 70 different positions
by the use of a 35 loudspeaker array. Each loudspeaker corresponded to a
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real sound source position placed around a sphere of 1.3m radius. A set of
7 loudspeakers were placed at one of the 5 cones of confusions located at an
azimuth angle of −40◦, −20◦, 0◦, 30◦ and 65◦ in the interaural polar coordinate
system (Fig. 4.1). Sound sources were created on each cone of confusion of 7
distinct positions at elevation angles of −22.5◦, 0◦, 45◦, 90◦, 135◦, 180◦ and
222.5◦, i.e. 3 in the frontal hemisphere, 3 in the contralateral side of the back
hemisphere and 1 on the intersection with the mid-coronal plane. In order
to increase the number of the locations used in the experiment each subject
was placed into two different positions, one looking at the front of the sphere
(Fig. 4.1 a) and another looking to the rear. In this way 9 cones of confusion
have been used in total, adding 4 more with an azimuth angle of −65◦,−30◦,
20◦and 40◦. The 0◦ cone of confusion, i.e. that formed in the median plane,
has been included in the experiment twice.

The frame of the supporting structure of the loudspeaker arrangement (Fig. 4.2
and Fig. 4.3) has been designed by the use of sixteen 10 mm groove strut
aluminum profiles having dimensions of 45mm x 45mm x 2500mm and 45 x 45
x 3000mm connected with 10mm aluminum angle brackets. These were used
to form source supports corresponding to each of the 5 cones of confusion. All
of the frames were supported by 10 wooden bases of 550mm x 400mm x 15mm
size this forming a total structure of 2.7m x 3.5m x 2.7m in size. In order
to place each of the loudspeakers at the appropriate location, 14 aluminum
profiles of length ranging from 200mm to 400mm protruded from each frame.

All the localisation testing was conducted in the large anechoic chamber of
the Institute of Sound and Vibration Research (ISVR), at the University of
Southampton. The room is covered by non-flammable glass-fibre cored wedges
that makes it suitable for free-field conditions above 80Hz. The clear working
area within the chamber is 7.33m x 7.33m x 5.50m. All the construction has
been placed at the centre of the chamber, while there was a small area at the
corner of the chamber (Fig. 4.3) at which a working desk and the experimental
instrumentation were set up.

4.2.2 Apparatus and setup procedure

The equipment that was used to conduct the experiment can be divided into
two categories. The first category includes all the equipment that was deployed
for the arrangement of the supporting framework and the placement of the
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Figure 4.1: Position of the apparent position of the loudspeakers as the listener
sits at the front of the sphere. Frontal and rear positions are mirror images
with respect to the mid-coronal plane.
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Figure 4.2: The supporting structure simulated in Solidwork. The gray cube
represents the isolation booth used for the subjects.
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Figure 4.3: The supporting structure and the arrangement of the equipment
in the large anechoic chamber of ISVR. The entrance door was always closed
during the experiment.

subjects at the centre of the acoustic field. Their main purpose is the reduction
of any errors in the position of the loudspeakers due to rig construction that
could influence the perceived image and as a consequence the distribution of
the loDcalisation errors [127]. The second category contains all of the electronic
equipment and software that have been utilized for the conduction of the actual
experiment.

In the first category the two main positioning devices that were used are one
2D (Bosch GLL2-15) and one 3D surface (Bosch GLL3-80) device with a self-
leveling system which is useful in case of slightly inclined floors. At the wooden
floor of the supporting structure, which was used in order to make the structure
more stable, some reference guidelines were used to reduce any misalignment of
the aluminum profiles, the loudspeaker themselves, the location of the subject
relative to the acoustic field and the installation of the isolation booth. In
Fig. 4.4 one of the four main uses of the 3D surface devices is depicted, i.e.
the placement of the subject at the centre of the acoustic field aligned in such
a way that his interaural axis resides at 1.2m above the floor and is aligned
with all of the loudspeakers in the horizontal plane. The mid-coronal plane of
the subject is aligned with all the loudspeakers residing at an elevation angle
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at 90◦ in the interaural-polar coordinate system, and the median plane of the
subject is aligned with all the loudspeakers of an azimuth angle at 0◦ (this
alignment is not shown in the picture). The second 2D surface device was used
as a reference device at the centre of the acoustic field. The goal was to coincide
the sagittal plane of the 2D surface device, which resided at the centre of the
accoustic field, the reference guidlines on the flloor and the sagittal plane of the
3D surface device, which resided below the loudspeaker at a correct angle. In
this way it was possible to reduce the error of misalignment of the aluminium
profiles and the loudspeaker themselves.

The second group of equipment includes all of the electronic apparatus from the
input of the audio signal produced from a computer to the output consisting
of the loudspeaker, which constitutes the electroacoustic transducer (Fig. 4.5).
For the conduct of the experiment a MATLAB graphical user interface (GUI)
was designed which was able to send one of the three type of signals (44.1kHz
sampling frequency at 16bit resolution) to one of the 35 loudspeakers in a
random order. The audio cards that were used consisted of one 32 channel
(RME ADI-648) and one 8 channel audio card (RME ADI-8), i.e. 40 channels in
total, assembled in one box, that were connected to the computer through a 128-
Channel MADI USB interface (RME MADIface USB). A 40 channel in-house
amplifier was connected to the array of 35 loudspeakers. Each loudspeaker was
a bass reflex two-way unit with a frequency range from 70Hz to 55kHz (KEF
HTS3001) and a relatively flat response from 200Hz to 16kHz (±3dB).

4.2.3 Pointing Device

One of the main concerns in psychoacoustical experiments is the measurement
of the perceived response which contributes to the measurement of the overall
localisation error. In the current localisation experiment a hand held laser de-
vice and a low resolution grid have been incorporated as a method for pointing
to the perceived location of the stimulus (Fig. 4.6 a). The grid was drawn
on a fabric that could be considered acoustically transparent and which at the
same was sufficiently opaque to hide the location of the loudspeakers from the
subject sitting inside.

The size of each of the squares of the grid has been calculated in such a way that
for a booth of 2m size, the maximum error from the centre of the square to the
centre of each side, is ±2.5◦ for the big square and ±1.25◦for the small square
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Figure 4.4: The supporting structure and the arrangement of the equipment in
the large anechoic chamber of ISVR. In this arrangement only the two of the
three surfaces of the 3D surface device are being used.
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(a) (b)

Figure 4.5: a) Working area and the connection of the audio equipment with
the loudspeakers. b) The upper part of the supporting structure with all the
loudspeakers connected to the audio amplifier.

in both vertical and horizontal directions. This gives a size of approximately
8.7cm for the large square and 4.35cm for the small square. As a consequence
the resolution of the grid is considered to be ±1.25o.

In Fig. 4.6 (b) is shown an example during the conduct of a localisation ex-
periment during which the subject was pointing with the help of a hand-laser
device to the location of the perceived image. The five cloths that constitute
the isolation booth were hung by four ropes that were supported on the walls
of the anechoic chamber and were stretched out in such a way as to reduce any
ripples in the fabric that would increase the resolution of the grid (Fig. 4.3).
With the assistance of the guidance lines and the 3D surface devices the planes
of the grid have been made parallel to the median plane of the acoustic field.

Although the resolution of the grid was discrete (Fig. 4.6), compared to other
localisation devices such as an electromagnetic tracking device, it has been
proven to give a good indication of the breadth of the acoustic image perceived
by the subjects. For all the sound stimuli, the subjects mentioned at the end
of the experiment that although the resolution of the grid was quite dense due
to its small squares, the large squares were adequate enough for the indication
of the perceived image in all locations. The reason for that was due to the fact
that in most of the cases there was a trivial decision of the indication of the
small square. This can be interpreted that an increment of 5◦ was sufficient
enough for giving a good indication of the localisation performance of human
listeners for the filtered white noise stimuli used in this experiment.

Finally, due to the direct communication between the experimenter and the
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subject, the experimenter has managed to acquire a rough idea of the localisa-
tion performance of the subjects before any statistical analysis. This was used
as an indication of the categorisation of the subjects in three categories and
the verification with a statistical analysis.

(a) (b)

Figure 4.6: (a) Each large square in the grid was a 8.7cm square encapsulating
four smaller squares of 4.35cm. The large square could be identified by two
letters while the smaller one by a number. In this way each small square,
e.g. AA1, could be mapped to specific coordinates in the vertical-polar or
interaural coordinate system. (b) An inside overview of the isolation booth
and an example of how a subject could indicate the perceived location by a
hand laser device. The whole booth was closed from all directions during the
experiment.

4.2.4 Listeners

Sixteen Listeners (nine males and seven females), aged 20-34 years, with normal
hearing participated in the experiment. Each listener confirmed their hearing
condition by signing a regular questionnaire confirming that they were not
undergoing medical treatment, did not have any infection, ear discharge or
pain, and had not had any other psychiatric or medical condition. Seven out of
the sixteen listeners had previous experience in sound localisation experiments,
while for the rest of them this was their first time.

4.2.5 Stimulus and procedure

There were three basic types of white noise burst used as stimuli during the
conduct of the experiment all of which had 800ms duration, were at a level of
65 dBA and had a logarithmic fade-in at 10ms and fade-out at 6ms. The first
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type of white noise has been bandpass filtered between 100Hz and 20kHz (the
broadband stimulus), the second type between 100Hz and 3kHz (low frequency
bandpass stimulus) and the third type between 3kHz and 20kHz (high frequency
bandpass stimulus).

Before the begining of the actual experiment, the listeners read all the instruc-
tions necessary for the conduct of the experiment and signed an agreement to
their participation. Afterwards, the listeners familiarised themselves practically
with the procedure of the experiment and were instructed regarding the way
they would need to point the laser device on the grid and report the location of
the perceived image. 3-5 different locations from different sides of the acoustic
field were used as a training process and any misinterpretation of the manner
in which they should have participated was corrected and verified. After that,
the position of the listener was calibrated in order to be at the centre of the
acoustic field and as a consequence at the centre of the booth with the use
of the 3D surface device (Fig. 4.4). The whole preparation took about 10-15
minutes.

During the entire experiment the listeners were instructed to keep their head
always at a fixed position which was the same as that which they had during
the calibration process before the start of each stimulus. In case of fatigue, at
any moment that they were feeling tired they could either totally drop out from
the experiment or take a short break. Although there was slight fatigue at the
end of each session reported by some subjects, all the subjects had participated
without any difficulty.

The experiment was conducted in two sessions for each subject, each session
having a duration of 2.5 hours with 5-10 minutes break around every 30 min-
utes. Each session was conducted on different days. In the first session the
subject was sitting at a position looking at the front of the construction design
while in the second session the subject was looking at the back. In that way
during the first session the subject had to localise some of the cones of confusion
at −40◦, −20◦, 0◦, 30◦, 65◦ azimuth angle and during the second session, on
the cones of confusion at 40◦, 20◦, 0◦, −30◦, −65◦ azimuth angle. Each cone
of confusion had 7 different locations at −22.5◦, 0◦, 45◦, 90◦, 135◦, 180◦ and
222.5◦in the interaural-polar coordinate system.

Each session was further divided into three sub-sessions each of which cor-
responded to one of the three types of sound stimulus. Each sub-session was
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chosen randomly. In each sub-session the sound stimulus was presented to each
subject from 105 different locations in a completely random order. The 105 lo-
cations corresponded to the locations of the 35 loudspeakers such that there
were 3 trials per loudspeaker location per session. In that way for each subject
there were 3 perceived angles per loudspeaker, apart from the median plane,
in which there were 6 perceived angles per location. In total for the whole
experiment, 10,080 angles were recorded for the 16 subjects that participated.
This corresponds to 3,360 locations per sound stimulus, and 210 locations per
subject per sound stimulus. All the date collected are presented in Appendix
A.5.

4.3 Data analysis

As described in eq. 2.1, any point on a sphere is represented by three spatial
coordinates which can be transformed from one coordinate system to the other
depending on the convenience it produces for the characterisation of perceptual
performance. In a localisation experiment such as the one presented here,
the main objective is the identification of the level of disparity between the
actual location of an auditory event and the location indicated by a subject.
This constitutes a notion of measuring how accurate a subject or a number of
subjects might be in undertaking a localisation task and establishing the degree
of dispersion of the data around some central tendency.

4.3.1 Perceptual Error

The accuracy in the localisation performance of human listeners in detecting
the position of broandband sound sources is in general quite high under free
field conditions[128]. In the experiment described here, the majority of the data
is mainly concentrated on the directional vector of the auditory object, while,
as a consequence of front-back confusion, a minority of the data is clustered
around the mirrored image of the real auditory event relative to the mid-coronal
plane.

Although up-down and left-right confusion are rarely mentioned in connection
with free field experiments, they are considered quite common in audio re-
production techniques in which the real sound source is emulated by a virtual
source [40, 129]. For instance up-down confusion, at which the intended virtual
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auditory image is perceived at a mirrored image relative to the mid-transverse
plane, appears in situations where the virtual sound image is generated from
non-individualized HRTFs has the consequence of diminishing the quality of
the localisation performance existing in individualized HRTFs [129]. In spite of
the fact that left-right confusion, which is counted when the perceived response
occurs on the opposite hemisphere of the virtual image, is even more infrequent
due to the strong influence of ITDs and ILDs on localisation. Nevertheless, this
has been reported in situations where one of the ears is occluded, this creating
unnatural interaural-cues [40].

Such confusions can be interpreted into the steady head analysis of localisation
data. For example, suppose that x is a random unit vector that represents the
perceived location of an auditory event in the preferred spherical coordinate
system that it is distributed in a unknown way on the sphere notated as S2.
Then it is sensible to assume that x follows a quatro-modal distribution which
is described by

f(x) = p1g(x) + p2gfbc(x) + p3gudc(x) + p4glrc(x) (4.1)

where g(x) represents the probability density function (PDF) of x at the po-
sition around the auditory event. The term gfbc(x) is the corresponding PDF
due to front-back confusion relative to the mid-coronal plane, gudc(x) is the
corresponding PDF due to up-down confusion relative to the mid-transverse
plane, and glrc(x) is the PDF of x due to left-right confusion relative to the
median plane. The terms pi, i ∈ {1, 2, 3, 4} are the mixing parameters such
that

4∑
i=1

pi = 1 (4.2)

In cases that only front-back confusion arises in a listening test, then x follows
a bimodal distribution described by

f(x) = pg(x) + (1 − p)gfbc(x) (4.3)

where p is the mixing parameter.

For the listening test procedure presented in sec. 4.2.5 we can observe in
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Fig. 4.7-Fig. 4.10 the convex hull1 of the data in the interaural-polar coor-
dinate system. The data have been separated at an elevation angle of 90◦ di-
viding in such a way a sphere into two hemishperes relative to the mid-coronal
plane. It is plausible to consider that in the frst case, i.e. for an elevation
angle at 45◦ , where front-back confusion takes place, that there is a bimodal
distribution while in the second case, i.e. for an elevation angle at 0◦, only a
unimodal distribution would be appropriate.

Furthermore, it can be observed that the two groups of data in Fig. 4.7 are
unequal in size, with the group of data of the major mode being very close
to the real auditory event while the group of data of the minor mode in the
opposite hemisphere indicating front-back confusion.
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Figure 4.7: The convex hull, described by the straight lines, of the experimental
data, described by the points, separated into the front and the back hemisphere
relative to the mid-coronal plane of the listening test for a low frequency band-
pass white noise target signal at an azimuth angle of 20◦ and an elevation angle
at 45◦ in the interaural-polar coordinate system.

Although the bimodal and the unimodal character are quite clear in Fig. 4.7-
Fig. 4.10, there are cases where it is less discernible. For instance, a question
arises in Fig. 4.11-Fig. 4.14 of the number of local maxima and as a conse-
quence whether the data should be analyzed as if they come from a distribution
with one or two modes. More specifically, for a target image located at an el-

1The convex hull or convex envelope of a set of points is the smallest convex set that
contains this set, i.e. for every pair of points that is connected with a straight line in an
object is also part of the object itself.
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Figure 4.8: Similar to Fig. 4.7 but in the Cartesian coordinate system.
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Figure 4.9: Similar to Fig. 4.7 but for an elevation angle at 0◦.
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Figure 4.10: Similar to Fig. 4.9 but in the Cartesian coordinate system.
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evation angle of 90◦, i.e. exactly on the mid-coronal plane or around that
area, it is not clear whether there is front-back confusion or not, which cor-
responds to whether the data are coming from two sub-populations residing
in the two hemispheres Fig. 4.11 and Fig. 4.12 or one residing in the whole
sphere Fig. 4.13 and Fig. 4.14.

One way of dealing with this discrepancy is to define an area around the mid-
coronal plane at which p = 1 in eq. 4.3. For instance if the nearest points to
the mid-coronal have a distance of ±15◦an arc length, then all the perceived
locations are considered part of the same unimodal distribution. This has
the consequence that a perceived image at an elevation angle of 70◦or 110◦

would have the same chance to appear, not due to psychoacoustical conditions
associated with front-back confusion but as part of a random event defined by
a specific unimodal probability density function. Considering this approach
in Fig. 4.11-Fig. 4.14, it would be more reasonable to think of Fig. 4.13 and
Fig. 4.14 as the most appropriate option. As a consequence in all analysis that
is followed this approach has been considered as more appropriate.
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Figure 4.11: The convex hull of the experimental data for a low frequency
bandpass white noise target signal of the listening test at an azimuth angle
of 20◦ and an elevation angle at 90◦ in the interaural-polar coordinate system
with separation of the data at the front and the back hemisphere relative to
the mid-coronal plane.
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Figure 4.12: Similar to Fig. 4.11 but in the Cartesian coordinate system.
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Figure 4.13: Similar to Fig. 4.11 but without separation of the data at the
front and the back hemisphere relative to the mid-coronal plane.
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Figure 4.14: Similar to Fig. 4.13 but in the Cartesian coordinate system.
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4.3.2 Directional Statistics, the Kent and the Von Mises-Fisher
Distribution

Due to the spherical nature of the approach that has been followed for the
description of any vector in the three-dimensional space the statistical analysis
of any localisation experiment cannot be approached with the standard meth-
ods used in conventional statistics. Considering for instance x1 = (179◦, 0◦)
and x2 = (−179◦, 0◦) as two points in a localisation test, which are located
exactly at the back of a listener, in the vertical-polar coordinate system on a
unit sphere, the mean value x̄ = 1

2(x1 + x2) results in x̄ = (0◦, 0◦) instead of
x̄ = (180◦, 0◦).

Localisation errors have been studied previously using the Kent distribution
[130, 127] which is the corresponding equivalent of a bivariate Gaussian distri-
bution in regular statistics. The Kent probability density function of a random
unit vector x in S2[131, 132, 133] is given by

f(x; µ, κ, A) = 1
c(κ, A)eκµT x+xT Ax (4.4)

where κ ≥ 0 determines the degree of concentration or dispersion of the data
about the mean direction, Higher values of κ indicate that the data are more
tightly clustered around the mean direciton while 1/κ is analogous to σ2 in a
Gaussian distribution. The term µ is the mean direction that is defined as

µ = ρ−1E[x] (4.5)

where E[x] = 1
n

∑n
i=1 xi is the expected value of the x1, . . . , xn points, and ρ =(∑3

i=1 E[xi]2
) 1

2 is the population mean direction. The term A is a symmetric
3x3 matrix that determines the ellipticity of the contours of equal probability
that is described by

A = β(ξ1ξ1
T − ξ2ξ2

T ) (4.6)

where β ≥ 0 characterizes the ovalness2, ξ1 characterises the direction in which
the data density is the highest (major axis), ξ2 characterises of least data

2The parameters κ and β constitute the shape parameters of the kent distribution
and are being calculated by the experimental data. More details for their calculation
can be found in [130, 132] while a matlab implementation could be downloaded from
the Circular Statistics Toolbox (http://www.mathworks.com/matlabcentral/fileexchange/
10676-circular-statistics-toolbox--directional-statistics-).
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4.3 Data analysis

density (minor axis). Furethermore, the vectors ξ1, ξ2 and µ are orthogonal,
i.e. µ ⊥ ξ1 ⊥ ξ2. The vectors ξ1and ξ2 are the corresponding equivalent to
the standard deviation in regular statistics.

Finally, the term c(κ, A) is a normalising constant that can be described in the
spherical coordinate system θ ∈ [0, π] and ϕ ∈ [0, 2π) as

c(κ, A) =
∫ π

0

∫ 2π

0
eκ cos θ+β sin2 θ cos 2ϕ sin θdϕdθ (4.7)

or equivalently as a series expansion [131, 132]

c(κ, A) = 2π
∞∑

j=0

Γ(j + 1
2)

Γ(j + 1) β2j(1
2κ)−2j− 1

2 I2j+ 1
2
(κ) (4.8)

where Iυ(κ) is the modifed Bessel function and Γ(n) is the Gamma function.
In case that κ > β/2 an approximation of the normalising constant is[132]

c(κ, A) ≈ 2πeκ√
κ2 − 4β2 (4.9)

The Kent distribution is a generalization of the von Mises-Fisher distribution
in directional statistics which is for data arising from distributions with equal
density contours. The von Mises-Fisher probability density function [131, 132]
of a random unit vector x in S2 is given by

f(x; µ, κ) = κ

4π sinh κ
eκµT x (4.10)

where all the parameters are the same as described in eq. 4.4.

It is possible to determine from the Kent distribution whether the samples come
from a Fisher distribution or Kent distribution [130, 133] with a confidence
interval of 95% by checking if K > 5.99 in the statistic given by3

K =
n(κ

2 )2I 1
2
(κ)Q2

I 5
2
(κ) (4.11)

where n is the number of samples, κ as defined in eq. 4.4, I 1
2
(κ) and I 5

2
(κ) the

modified Bessel functions of first kind, and Q is a a measure of the ovalness of
the data about the mean direction.

Fig. 4.15 till Fig. 4.18 depict the results of the Kent distribution following the
3K > −2 loge α, where α = 0.05 is the confidence level
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methodology described above for an azimuth angle at 20◦ and an elevation angle
at 0◦ in the interaural-polar coordinnate system. For that specific example the
values that characterise eq. 4.4 in the interaural-polar coordinate system are:

κ = 138, β = 49, c = 4.7 · 1058

µ = (23◦, −2.3◦), ξ1 = (23◦, −12◦), ξ2 = (19◦, −2.5◦)

The high value of the normalising constant is due to its exponential dependency
with the parameter κ as described in eq. 4.9.

In Fig. 4.15 and Fig. 4.16 the shape of the ellipse of the Kent distribution
gives an indication of three different characteristics of the distribution of the
localisation performance of the human listeners. The first characteristic is that
the location of the centroid characterizes the absolute error compared to the real
location of the listening test, which for the specific example is 3.7◦. The second
one is that the major and the minor axes of the ellipse define the variance of
the listening tests which are 9.1◦(d(ξ1, µ)) and 3.7◦(d(ξ2, µ)) respectively from
the centroid. The final characteristic is the orientation of the ellipse, i.e. the
alignment of the directions of the greatest variance (defined by ξ1) about the
centroid, which is −4.4◦.
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Figure 4.15: The Kent distribution calculated from the experimental data of
a low frequency bandpass white noise target signal of the listening test at
an azimuth angle of 20◦ and an elevation angle at 0◦ in the interaural-polar
coordinate system.
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Figure 4.16: Similar to Fig. 4.15 but in the Cartesian-coordinate system.

Figure 4.17: Similar to Fig. 4.15 as it has been calculated in the whole sphere
through eq. 4.4.
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Figure 4.18: Similar to Fig. 4.17 but in the Cartesian coordinate system.
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4.3.3 Estimation of the mixing parameter

One method of estimating the mixing parameter p mentioned in eq. 4.3 of our
statistical model is to use the maximum likelihood method.

Due to the fact the number of parameters to be estimated is only one and the
mixing parameter is limited to a small range, i.e. p ∈ [0, 1] an easy numerical
method of estimating the mixing parameter is by using an exhaustive search
with a very small step size and finding the value of p. In any other case,
that ξ is an n-dimensional vector with dimension n ≥ 2, such as the case
where all the parameters of the PDF described in sec. 4.3.2 are not calculated
independently then other methods should be considered, such as the Newton-
Raphson, Fisher Scoring, Average and EM algorithm, Nevertheless, such an
approach increases the complexity of the estimation of many parameters that
makes their calculation very difficult.

Fig. 4.19-Fig. 4.22 show the bimodal character of the data in Fig. 4.7 and
Fig. 4.8 based on the procedure outlined above. In Fig. 4.19 and Fig. 4.20
we can notice that the centroid for the front hemishpere has a 2.4◦ absolute
error from the real image, the major and the minor axis distance is 10.2◦ and
4.7◦ respectively, and the orientation of the ellipse is 26.2◦ about the centroid.
For the back hemishphere a 24.0◦ absolute error from the mirrored target image
due to front-back confusion, the major and the minor axis distance are 10.9◦

and 2.2◦ respectively, and the orientation of the ellipse is −57.7◦.

Fig. 4.21 and Fig. 4.22 show the total probability density function with two
Kent distributions with the characteristics described previously and a mixing
parameter of 0.91. The shape of the PDF gives an indication of the same
characteristics as that described for the ellipses, plus it shows the degree of
influence of front-back confusion. For instance in the specific example that
p = 0.91, this means that 91% of the occurrences in a localisation test are
more likely to be around the target position and about 9% having front back
confusion. The last number is also roughly equal to the percentage of the total
number of points considered as part of the front-back confusion phenomenon.

4.4 Localisation performance

In the following section different methods are used in order to compare and
interpret the localisation performance of human listeners participating in the
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Figure 4.19: The bimodal Kent distribution calculated from the experimental
data of a low frequency bandpass white noise target signal used in the listening
test at an azimuth angle of 20◦ and an elevation angle at 45◦ in the interaural-
polar coordinate system.

Figure 4.20: Similar to Fig. 4.19 but in the Cartesian coordinate system.
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Figure 4.21: Similar to Fig. 4.19 as it has been calculated in the whole sphere
through eq. 4.4.

Figure 4.22: Similar to Fig. 4.21 but in the Cartesian coordinate system.
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current experiment. These methods give a better understanding of how the
bandwidth of the signal influences the localisation performance of the subject
and categorise the subjects into three main categories based on how well they
perform in the experiment.

4.4.1 Spherical correlation coefficient

One way of measuring the localisation performance of human subjects is by
the use of the spherical correlation coefficient (SCC) [134, 127]. By considering
two random unit vectors x and y that represents the direction cosines of n

perceived locations (x1, y1) . . . (xn, yn), the degree to which y matches to x
can be calculated from

ρ = Sxy√
SxxSyy

(4.12)

where Sxy = det
{∑n

i=1 xiyT
i

}
, Sxx = det

{∑n
i=1 xixT

i

}
and

Syy = det
{∑n

i=1 yiyT
i

}
. As ρ ∈ [−1, 1], ρ = 0 means that there is no correlation

between x and y, ρ > 0 means that as y increases, x is linearly increased by
ρ, while if ρ < 0 x is linearly decreased. If ρ = ±1 then there is a perfect
correlation.

Different variations of the correlation coefficient have been calculated in or-
der to measure the association of the data in different circumstances. In all
cases however all the front-back confusion responses have been excluded. In
Fig. 4.23-Fig. 4.25 we can see how the correlation coefficient varies for each
of the 16 subjects independently for the three different sound stimuli. The
comparison has been undertaken in such a way that x represents all possible
perceived locations of the experiment and y all the corresponding target loca-
tions. In that case a higher coefficient indicates a better matching to the target
location, which could be considered to imply that a subject is a better localiser.

From Fig. 4.23-Fig. 4.25, we can notice that the SCC varies from 0.844 to
0.96 for the broadband stimulus, 0.87 to 0.944 for the low frequency bandpass
stimulus, 0.853 to 0.9558 for the high frequency bandpass stimulus. In between
the subjects there is not much consistency on the influence of the number of
trials on the localisation performance. For instance in Fig. 4.23, subject No
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5 seems to have a better estimation on the location of the stimulus after each
trial something that would be somehow expected as indicated in Fig. 4.26,
while the subject No. 8 had an improvement on the estimation on the 1st
trial to the 2nd but a deterioration on the last trial. This inconsistency could
be explained by the fact that some subjects reported feeling tired during the
experiment while some others were trying to focus even more on each stimulus.
Furthermore, the presentation of the target images has been undertaken for
each subject in a totally random way which explains the fact that the order of
the sound stimulus should not improve or worsen the localisation performance
of the subject.

Some of the subjects had been considered better localisers than others as they
seemed to be able to have fewer front-back confusions and a better ability to
localize each sound source. From the 16 subjects subject No. 2, 3, 7, 11 and
12 have been characterized by the person who has conducted the experiment
as “good” listeners as they seemed to be able to locate the position of the
source quite accurately, while the rest of them as “average” or “poor”. From
Fig. 4.26 we can observe that these subjects have a higher SCC compared to
the others with No.3 having the highest, although in the case of low passband
signal the SCC was not that high. Furthermore, subjects 6, 8, 10, 15 and 16 had
been characterized as “poor” listeners with No. 10 having the worse general
localisation performance.

4.4.2 Great circle distance

Due to the spherical nature of the coordinate system that is being used to
characterise the localisation performance of human listeners, another metric
that could be used is to find the variation of the great-circle distance (GCD)
between the actual and the perceived locations. This is the length of the
shortest geodesic in non-Euclidean geometry. The great circle distance (GCD)
is the corresponding equivalent of the absolute error in Euclidian geometry for
spherical surfaces and can be calculated by utilizing the dot product between
the perceived and the target location, i.e.

∆σi = arcos (xi · yi) (4.13)
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Figure 4.23: The SCC as calculated for each subject in all possible locations
for a broadband white noise signal.
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Figure 4.24: The SCC as calculated for each subject in all possible locations
for a low frequency bandpass signal.
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Figure 4.25: The SCC as calculated for each subject in all possible locations
for a high frequency bandpass target signal.
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Figure 4.26: The SCC as calculated for each subject in all possible locations
for all type of signals.
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where xi, yi are the i direction cosines of the perceived and the target location
of the localisation experiment. The range of the ∆σi can vary from [0◦, 180◦]
with 0◦ indicating no localisation error and 180◦is the maximum localisation
error which corresponds to the antipodal point of the target location.

In Fig. 4.27-Fig. 4.30 we can observe the variation of the GCD in a box plot for
all the trials independently and altogether, for each subject and for each type of
signal. The height box represents the IQR (interquartile range) of the 25th and
75th percentile of the data, which covers 50% of the subject responses, while
the central mark represents the median value. The length from the lowest to
the highest whisker corresponds to the 99.3% of subject response if we assume
a normal distribution. All the other observation points, shown as single points,
are the outliers which are due to high localisation errors. These errors do not
imply front-back confusion, as this has been excluded from our data analysis,
but errors where the observation points, such as the one illustrated in Fig. 4.13
and Fig. 4.14, reside in both the front and back hemisphere but the PDF is
better described with a unimodal distribution. Finally all the outliers from “all
trials” plot have been removed for the clearer representation of the image.

The GCD can give a more detailed representation of the localisation perfor-
mance of human listeners compared to the SCC which in addition does not
work very well for a small number of data. In all sound stimuli the localisation
performance has not been influenced by the order of the presentation of each
sound stimulus as each subject is subject to a random presentation. Further-
more we notice that the size of the box and the range of the whiskers for the
“good” listeners is lower especially for the subjects No. 3 and 7 in the majority
of the cases.

The localisation performance of the “good” and the “poor” listeners can also
also be seen in Fig. 4.34, for which the percentage of the front-back confusion
is taken into consideration. The total percentage of front-back confusion for
the “poor” listeners is slightly higher than the percentage of the other listen-
ers, 1.33% on average, than that of the “good” listeners, 0.48% on average.
However subject No. 6 and subject No. 12 who have been regarded as “poor”
and “good” listeners respectively have the same percentage of front-back con-
fusion, i.e. 0.64%. From Fig. 4.31-Fig. 4.33 we can also observe that the main
contribution of the total percentage of the front-back confusion of the “good”
listeners is from broadband stimuli, which is 0.67% on average versus 0.29% and

96



4.4 Localisation performance

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

0

20

40

60

80

100

Subject

G
C

D

 

 
Trial 1
Trial 2
Trial 3
All Trials

Figure 4.27: The GCD calculated for each subject in all possible locations for
a broadband white noise signal.
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Figure 4.28: The GCD calculated for each subject in all possible locations for
a low frequency bandpass signal.
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Figure 4.29: The GCD calculated for each subject in all possible locations for
a high frequency bandpass target signal.
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Figure 4.30: The GCD calculated for each subject in all possible locations for
all type of signals.
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0.39% for low frequency bandpass and high frequency bandpass stimuli respec-
tively. For the “poor” listeners the main contribution of the higher percentage
of the front back confusion was coming from the low frequency bandpass stim-
uli, which was 1.81% on average versus 1.33% and 0.95% for the broadband
and high frequency bandpass stimuli respectively.
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Figure 4.31: The percentage of the front-back confusion calculated for each
subject in all possible locations for a broadband white noise signal.

4.4.3 Degree of dispersion

Another factor that can be taken into consideration for the total qualitative
performance of the human listeners is the degree of spreading of the data in
each location and how it is influenced by the sound stimulus. The parameter κ

of the Kent distribution in eq. 4.4 describes the degree of concentration of the
data and could be used for such an approach. Fig. 4.35 to Fig. 4.40 show the
concentration factor for the three different stimuli of the experiment.

Fig. 4.35 to Fig. 4.37 show the contour map of the concentration factor of all
the 63 locations. The advantage of the contour map is that it gives in a concise
way the isolines of the concentration factor, i.e. all the points at which the
concentration factor has the same particular value. Furthermore the interval
between the isolines show the successive increase of the parameter, while the
perpendicular lines to the contour lines correspond to the gradient.
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Figure 4.32: The percentage of the front-back confusion calculated for each
subject in all possible locations for a low frequency bandpass signal.
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Figure 4.33: The percentage of the front-back confusion calculated for each
subject in all possible locations for a high frequency bandpass target signal.
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Figure 4.34: The percentage of the front-back confusion calculated for each
subject in all possible locations for all type of signals.

In all figures the concentration factor is much higher at the frontal hemisphere
than at the back, which indicates that the localisation performance deteriorates
as the sounds are presented from the back of the listener. The concentration
factor decreases on average 55% at the back hemisphere for the broadband
stimulus, 50% for the low frequency bandpass and 51% for the high frequency
bandpass stimulus. The highest values occur at positions in the front hemi-
sphere with an elevation angle at −22.5◦ to 0◦ and the lowest at the back at
135◦by an average decrease at 82% for the broadband stimulus, 79% for the low
frequency bandpass stimulus and 78% for the high band pass stimulus. This
indicates that human localisation is better in the front hemisphere at angles
near to the horizontal plane while it drastically deteriorates at the rear, espe-
cially for elevated positions at 135◦ in the interaural polar coordinate system.
In absolute values this means that the average corresponding GCD increases by
16◦ for the broadband sound stimulus, by 12◦ for the low frequency bandpass
and 16◦ for the high frequency bandpass stimulus.

Another characteristic in the localisation performance that could be considered
is that in the back hemisphere there is a slight improvement in the localisation
performance at elevation angles near the horizontal plane, i.e. near 180◦ in the
coordinate system, which increases even more when the location of the sound
stimulus is presented to the side of the listener, i.e. above 40◦ azimuth angle.
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The percentage of the concentration factor from 135◦ to 222.5◦ increases by
107% on average for the broadband and the low band pass stimulus and by 99%
for the high band pass stimulus, i.e. the concentration factor almost doubles.
In terms of GCD this is translated to a decrease on average by 13◦ for the
broadband sound stimulus, 9◦ for the low frequency bandpass sound stimulus
and 12◦ for the high frequency bandpass sound stimulus. For the side locations
on the back hemisphere at 135◦, there is an increase of the concentration factor
by 55% for the broadband sound stimulus, 65% for the low passband and 67%
for the high band pass stimulus. The corresponding average GCD decreases by
16◦, 13◦ and 20◦ for each type of sound stimulus respectively.
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Figure 4.35: The contour map of the concentration factor κ of a broadband
sound source stimuli.

4.4.4 Absolute error distance

The GCD between the centroid of the data and the target position can give
an indication of the localisation bias of the subjects either due to errors in the
construction and the measurement procedure or due to psychoacoustical bias
of the subjects themselves.

Fig. 4.38 to Fig. 4.40 illustrate the contour map of the GCD (in degrees)
between the real location and the mean value of the responded locations, for
all type of sound source stimuli. The arrows represent the gradient of the GCD,
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Figure 4.36: Similar to Fig. 4.35 for a low frequency bandpass sound source.

50

50 5
0

50

50

100

100
100

100

150

15
0

50
50

15
0

200

5
0

azimuth (degrees)

e
le

v
a
ti
o
n
 (

d
e
g
re

e
s
)

 

 

−65 −40 −30 −20 0 20 30 40 65
−22.5

0

45

90

135

180

202.5

50

100

150

200

250

Figure 4.37: Similar to Fig. 4.35 for a high frequency bandpass sound source.
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i.e.

∇⃗F = ∂F

∂ϕ
îϕ + ∂F

∂θ
îθ (4.14)

where F = F (ϕ, θ) is the GCD as described in eq. 4.13, îϕ and îθ are the unit
vectors along the ϕ, θ axis and ∂F

∂ϕ , ∂F
∂θ represent the partial derivative along ϕ,

θ correspondingly. In this way it is possible to show through the direction of
the arrow the greatest rate of increase of the GCD and through the magnitude
of the arrow the slope of the graph in that direction. A short arrow, i.e. a slope
near to zero, indicate that the GCD changes slowly, while a long arrow, i.e. a
heigh slope, indicate a rapid change at that point.

For all types of sound stimuli the localisation bias is very high at elevation
angles of 135◦ in between −20◦ and 30◦(∆σ̄ = 25◦ on average) azimuth angle
for the broadband stimulus, −20◦ to 20◦ (∆σ̄ = 19◦ on average) for the low
frequency bandpass stimulus and −20◦ to 40◦(∆σ̄ = 23◦) for the high frequency
bandpass stimulus. The localisation bias decreases outside these ranges at an
average GCD of ∆σ̄ = 14◦ for the broadband, ∆σ̄ = 12◦ for the low frequency
bandpass and ∆σ̄ = 12◦ for the high frequency bandpass stimulus.

Furthermore the localisation bias increases in the frontal hemisphere as the
sound stimulus moves to the sides of the listeners. For the broadband stimulus
this occurs mainly at the location of (±65◦, 45◦) and (65◦, 0◦) with the GCD
being ∆σ̄ = 9◦. In all other locations in the frontal hemisphere ∆σ̄ = 3◦.
For the low frequency bandpass stimulus the mean error is in general quite
low (∆σ̄ = 4◦ on average) apart for the sides (±65◦azimuth) with an elevation
angle at 45◦ which is ∆σ̄ = 9◦. Similar behavior appears for the high frequency
bandpass stimulus with the GCD being at (±65◦, 45◦) ∆σ̄ = 8◦ and on the other
locations at ∆σ̄ = 4◦.

4.4.5 Analysis of front-back confusion

A further investigation of front-back confusion error has been considered neces-
sary in order to estimate how the concentration factor (Fig. 4.41 to Fig. 4.43)
and the GCD of the mean value (Fig. 4.44 to Fig. 4.46) of the front-back con-
fusion is influenced. In all figures the variable of interest has been calculated
by using all the data that represent front-back confusion. The GCD of the
centroid of the front-back confusion has been estimated between the centroid
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Figure 4.38: The contour map of the GCD (in degrees) between the real location
and the mean value of the response locations, of a broadband sound source
stimuli. The arrows, corresponding size and direction, in the figure provide an
approximate estimation of the directional bias at each location (eq. 4.14).
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Figure 4.39: Similar to Fig. 4.38 for a low frequency bandpass sound source.
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Figure 4.40: Similar to Fig. 4.38 for a high frequency bandpass sound source.

of the data forming the front-back confusion and the position of the mirrored
image, i.e. the one that reside at the mid-coronal plane of the target image. For
instance for a target image at (−20◦, 45◦) the mirrored image is at (−20, 135◦).
Furthermore, all the figures show the corresponding variable of the target im-
age (i.e. for our example the one at (−20◦, 45◦) ) and the respective target
image of the sound source coming from the anterior hemisphere (i.e. for our
example the one at (−20◦, 135◦) ). In this way it is possible to see if there is any
relationship between the target image, the corresponding front-back confusion
image and the mirrored target image.

In the broadband sound stimulus (Fig. 4.41) we can notice that the front-back
confusion image has a very high concentration factor from both the target
image and the mirrored target image, apart from the right side in the back
hemisphere at (65◦, 180◦). This means that the dispersion of the front-back
confusion images are much less around the centroid than the corresponding
target and mirrored image. The corresponding GCD of the front back confusion
data is ∆σ̄ = 7◦ while for the corresponding target and mirrored target image
is ∆σ̄ = 10◦ and ∆σ̄ = 17◦respectively. The GCD of the centroid of the
front-back confusion image (Fig. 4.44) is higher than the corresponding target
image and lower than the corresponding mirrored image. This starts becoming
comparable at the side of a human listener, i.e. above 40◦ azimuth angle.

In the case of the low frequency bandpass sound stimulus (Fig. 4.42) we can
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notice that the front-back confusion image has in general a higher concentra-
tion factor than the target and mirrored image apart of some locations where
it is comparable to the target image, e.g at (0◦,0◦), (0◦,45◦) and (20◦,45◦). The
average GCD about the centroid at the locations where there is a high differ-
ence between the front-back confusion image and the target image is ∆σ̄ = 7◦

(front-back confusion image), ∆σ̄ = 10◦(target image) and ∆σ̄ = 9◦(mirrored
image). For all the other locations ∆σ̄ = 14◦ (front-back confusion image),
∆σ̄ = 10◦(target image) and ∆σ̄ = 15◦(mirrored image). The GCD of the
centroid of the front-back confusion image (∆σ̄ = 13◦) in Fig. 4.45 is in gen-
eral higher than the corresponding target image (∆σ̄ = 7◦) and comparable
to the corresponding mirrored image (∆σ̄ = 10◦). As a general tendency all
the locations around the horizontal plane apart from at the sides, i.e. azimuth
angle at −65◦, the error of the centroid of the front-back confusion image tends
to be about 5◦ to10◦ higher than the corresponding target image.

In the case of the high frequency bandpass sound stimulus the average GCD for
the front-back confusion image is on average ∆σ̄ = 9◦, ∆σ̄ = 10◦ for the target
image and ∆σ̄ = 14◦ for the corresponding mirrored image. This is depicted
in Fig. 4.43 with the concentration factor of the front-back confusion image
being comparable to the target image. In contrast, the error of the centroid
(Fig. 4.46) of the front-back confusion image is on average 10◦ higher than the
corresponding target image.
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Figure 4.41: a) The concentration factor of the front-back confusion points for
a broadband noise sound source stimulus.
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Figure 4.42: Similar to Fig. 4.41 for a low frequency bandpass sound source
stimulus.
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Figure 4.43: Similar to Fig. 4.41 for a high frequency bandpass sound source
stimulus.
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Figure 4.44: The GCD of the centroid of the front-back confusion points for a
broadband noise sound source stimulus.
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Figure 4.45: Similar to Fig. 4.44 for a low frequency bandpass sound source
stimulus.
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Figure 4.46: Similar to Fig. 4.44 for a high frequency bandpass sound source
stimulus.

4.5 Discussion

4.5.1 Psychological factors

The main distribution of localisation errors can be attributed to the measure-
ment methods that have been deployed during the experiment, such as the type
of the loudspeakers, any misconfiguration of the soundfield, or the method of
indication of the location of a sound source from a subject, and the theoretical
model that has been employed for the statistical analysis, such as the Kent and
Fisher distribution. Moreover, one of the main factors of the distribution of hu-
man errors in any psychoacoustical test, such as the localisation test discussed
in this chapter, is the psychological frame under which each subject perceives
the sound and transforms it to perceptual and cognitive responses.

One of the main characteristics that influences human response in any locali-
sation test is the auditory attention that allows any human subject to direct
their attention toward the sound of interest in any acoustic environment. It
has been well known since the middle of the 20th century that the auditory
cortex, which is responsible for processing auditory information, can be influ-
enced by the attention of the human subject to the auditory event [135, 136].
This means that any human response to any sound stimulus is influenced by
the auditory message that is confined within their attention and is considered
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by the subject as relevant or irrelevant to their sensory input.

In recent studies of how auditory attention interacts with the auditory spatial
and feature processing in the human auditory system [137, 138] it has been
shown that human attention, and as a consequence the localisation experiment
discussed in this chapter, can be influenced by a number of factors, such as the
extraction of a specific signal from background signals, the temporal expectan-
cies of a sound event, the influence of other modalities such as vision on the
perception of sound, the type of the stimulus and the involvement of working
memory.

It is quite characteristic that during the experimental procedure of this work,
many subjects have mentioned the difficulty in maintaining attention. The ex-
periment has been conducted in an anechoic environment, thus reducing the
background signals, and as a consequence the reduction of the work from the
subject perspective for its segregation from the sound of interest. Further-
more, the isolation booth has prevented any visual contact of the subjects with
the loudspeakers, thus ensuring a lack of influence of the visual mode on the
localisation results of the experiment.

Nevertheless some other factors of auditory attention have influenced the acous-
tical behavioural outcome of the subjects and as a consequence the results pre-
sented in this chapter. For instance, subject No. 7 in Fig. 4.27-Fig. 4.29,
who has been considered in this work as a “good listener”, and had previous
experience in localisation tests, has mentioned during the tests that when the
sound stimulus was low frequency bandpass, they had to be more attentive to
the location of the sound as it was more difficult to localise. The results from
Fig. 4.27 a-c can show that in broadband and high frequency bandpass stimu-
lus the subject had a good localisation performance while in the low frequency
bandpass stimulus the performances were lower. To what extent the attention
to specific sound stimuli has influenced the results of the experiment has not
been investigated in this work.

Another element of influence on the degree of auditory attention was the type
of the stimuli that have been chosen as part of this work. Althougn in many
experimental research works [125, 23, 126, 127] a broadband or bandlimited
white noise signal has been chosen as an acoustical signal for investigation of
localisation, due to the well known statistical properties they provide and the
fact that their spectral content is well understood, it has been shown recently
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in neuroimaging studies that different auditory tasks or types of stimuli change
the patterns of brain activation [139, 32, 140, 141]. For instance, the prefrontal
cortex, which is considered to participate in the cognitive processes of attention,
is activated in non-linguistic sounds but not in speech, due probably to the
familiarity that exists in human voices. As a result the attentional effort that
the subject had to make during the experiment could have changed in response
to more familiar types of sound stimuli such as the human voice. For example,
subject No. 1 who has been considered an “average” listener, and had never
had any previous experience in localisation experiments, has mentioned that
although the experiment was completed without great effort, the type of the
sound stimuli seemed to be unnatural. In contrast, subject No. 3, who was
regarded as a “good” listener, also without having any experience, had an
intense interest of the outcome of the results at the end of the experiment
without concern of the form of the stimuli.

4.5.2 Location and type of stimulus

In the current experiment three basic types of white noise burst have been used
which were different in terms of frequency content. The first type had been
bandpass filtered between 100Hz and 20kHz and as a consequence the whole
audible human spectrum could be used not only for measuring the localisation
performance of human listeners but also for the evaluation of the model as it
will be described in sec. 5.4. Furthermore two more types of stimulus have
been investigated, i.e. a low frequency bandpass stimulus between 100Hz and
3kHz and a high frequency bandpass stimulus between 3kHz and 20kHz.

Due to practial constraints, such as availability of equipment, facilities and
subjects, given also the large number of subjects (and the duration of each
session which lasted 2.5 hours) only three types of stimuli have been used.
Furthermore the focus of the current work is on wide-sense stationary signals,
as described in sec. 3.4. Although white noise has been used as more ordinary,
pink-noise could be used as an alternative and more natural stimulus.

Furthermore in the analysis of HRTFs in Fig. 2.4.2 the influence has been
presented of the spectral cues on the localisation performance of human listen-
ers. Frequencies above 6kHz are considered important for resolving location
on cones of confusion. As a consequence a frequency of 3kHz has been con-
sidered to be the cut-on/off frequency in order to influence the localisation
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performance in respect to elevation and to further investigate the performance
of the perceptual model described in Fig. 3.2.3.2.

Finally, the localisation ability of human subjects has been tested from 70
different positions by the use of 35 loudspeakers. There were in total 9 cones of
confusion at at azimuth angles of ±40◦, ±20◦, 0◦, ±30◦ and ±65◦ and elevation
angle of −22.5◦, 0◦, 45◦, 90◦, 135◦, 180◦ and 222.5◦. In this way it was possible
not only to cover symmetrically the whole sphere and analyse the perception of
the subjects, but at the same time to have locations where the corresponding
KEMAR HRTFs from the CIPIC database wre available [2].

4.5.3 Position of Subjects

During the setup procedure (sec. 4.2.2) one 2D and one 3D surface devices
with self-levelling systems have been used in order to reduce any error in the
position of the rig and misplacement of the subjects at the centre of the acoustic
field (Fig. 4.4).

In a variety of localisation listening tests [37, 38, 39, 142] it has been shown
that the accuracy of the localisation performance of human listeners increases
by moving the head and that the movement is towards the expected source
location. Furthermore the front-back confusion nearly disappears.

Although during the experiment the subjects had been instructed multiple
times to always look at the initial position indicated during the calibration
process, this had not been verified. Due to the isolation booth the subjects
could not bee seen by the experimenter and at the same time there was not any
tracking system installed that could confirm whether a subject was moving the
head from its initial position. Something like that implies that the localisation
performance of human listeners in the current experiment could have been
influenced, and as a consequence some listeners may appear to better localisers
than was actually the case.

Although the extent of this omission has not been verified in the localisation
performance, all the listeners had shown a high interest in following exactly the
instructions given to them during the experiment and as a consequence it can
be assumed that their head was hold as steady as possible.
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4.5.4 Classification of Subjects

One of the many difficulties in measuring the localisation performance of human
listeners is the acquisition of a large number of points per location per sound
stimulus. Due to practical difficulties, such as psychological factors associated
with the subjects staying for a long time in a listening room, or expensive
facilities and time consuming localisation tests, a common number of perceptual
points per location that can be aquired from a listening test is 3 to 5 points[126,
127].

It is also an established fact that due to neuroplasticity[143], a listener is able
to relearn any changes of the spectral cues, that have been induced due to
changes of the pinna, and is able to localise correctly not only with the new
spectral cues but also the older cues with the same localisation ability [29, 30].

Given also the unique anthropometric features of the human body for each
individual and as there is no indication of whether the localisation ability of
a given subject depends on pinna anthropometry or other psychophysiological
or neurophysiological factors, one way to increase the number of points is by
categorising the subjects into four sets, i.e. “good”, “average”, “poor” and “all”
listeners. In the current experiment this is interpreted from 15 to 100 points,
depending on the location and the category. This results in having a better
picture of how the perceptual image is clustered around the target position or
at the mirror image that forms front-back confusion.

This categorisation is further nominated by the fact that during the current
experiment some listeners had an extremely good performance, due to high
accuracy in their localisation ability, while for some others it was very “poor”
or “average”. In the current experiment from the 16 listeners the of 5 them
have been characterised as “good”, 5 as “poor” and 6 as “average”.

Different criteria could be used for that categorisation, such as the SCC as it is
depicted in Fig. 4.23 to Fig. 4.26, the median value of the GCD as it is depicted
in Fig. 4.27 to Fig. 4.30 and the percentage of the front-back confusion as it
is depicted in Fig. 4.31 to Fig. 4.34.

A listener could be characterised as “good” if the SCC is greater than 0.92 or
the GCD less than 12◦ and front-back confusion less than 0.5%. In contrast
a “poor” listener could be a person with an SCC less than 0.9, GCD greater
than 17◦ and a percentage of front-back confusion more than 1.5%. An average
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listener could be within the range of a “poor” and “average” listener, i.e. a
range (0.9, 0.92) for the SCC, (12◦, 17◦)for the GCD and (0.5%, 1.5%) for
the percentage of front-back confusion.

Although this type of statistical classification could be beneficial in character-
ising the localisation performance of human listeners further consideration is
necessary as the borders that characterise a specific listener are not well defined.

In the above categorisation different assumptions have been taken into account
and as a consequence further investigation is necessary. For instance, all po-
sitions of the listening tests have been taken into consideration. However, as
described in sec. 4.3.1 and sec. 4.4.3 the localisation performance of the sub-
jects was better at the front while this deteriorated at the lateral and the rear
hemispheres. This indicate that the limits mentioned previously, e.g. the SCC,
could change if a listening test is restricted in locations at one side and not in
the whole space.

Another consideration is that the limits have been charactherised by dividing
the 16 subjects into 3 different classes and not based on well defined criteria.
In case of listening tests with a smaller or larger number of subjects this would
influence the way the above limits could be defined.

4.5.5 Indicating the perceived location

One crucial question that arises in any localisation experiment is the type
of method that can be used for measuring the perceived location in such a
way that will contribute minimally to the total error of the human response
variance. For this reason different methods and measuring devices have been
used throughout the literature .

In the following subsections some measuring techniques are presented and the
influence of the indicating device on the localisation performance is discussed.

4.5.5.1 Measuring the localisation performance

Brungart et al. [144] have evaluated four different localisation measurement
methods in order to use one of them in a near field condition localisation
listening test (for distances less than 1m), where the subject had to respond in
situations in which the sound source locations were either in front or behind
the listener.
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From the four methods used, those that are of considerable interest for the
current experiment are the direct location response (DL) and the verbal report
(VR). In the DL method, the subject was pointing with the hand and the aid
of an electromagnetic sensor the position of the visual target, while in the VR
method the subject was trained in order to say verbally the coordinates of each
location. The DL method was giving an overal mean angle error at 6◦ while
the VR method had an error of 18.7◦. It is also quite apparent that the whole
method was very slow due to the verbal indication of the location, something
which characterises the VR method, having around 3-5 responses per minute.

In more recent studies [145, 146, 147], it has been shown that there is a shift of
the perceived auditory space by approximately 40% toward the location that
the eye is looking at. The reason for this is due to the fact that the region of
the brain that creates the spatial map of the surrounding environment is being
activated by both vision and hearing. Although all the subjects in the current
experiment were instructed to always look forward before the initiation of the
sound stimulus, compliance with this request was not verified with absolute
certainty.

Although the DL method appears to be a more natural method since the sub-
jects use their body as a reference system and there is no mental transformation
from one system to the other as is the case in the purely VR method, it is de-
manding in terms of motor motion and memory involvement for locations which
are not within the visual field of the subject, especially for the top and the back
locations.

These difficulties have been also reported by a number of authors [127, 126] who
have used a head tracking device for which motor demands were higher. Al-
though they have stated that at least qualitatively these factors do not greatly
influence the results, other studies have shown [148, 149, 144] that there was a
gradual memory degradation of the spatial location within the first 800ms.

Although these studies show how the localisation error can be influenced by
the method of the indicating device, a variety of different devices exist on the
market that could be used as pointing devices. Electromagnetic and ultrasonic
tracking systems, hybrid inertial and optical trackers, or even systems that
utilise virtual reality are only some of the many options that exist. Each of
these technologies has its own advantages and disadvantages that lies mainly
on the limitations of the physical medium (resolution, accuracy, jitter, drift,
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latency, update rate), the existing environment (size of room) and the signal
processing techniques (calibration procedure).

Nevertheless, all of these devices need to be examined in a consistent way
in order to estimate the contribution of the inherent error in the perception
of localisation. This is due to the displacement of the acoustic object when
viewed from different angles. For instance in cases that a streched hand is used
to point to the location of the acoustic object, it could be considered that each
joint, i.e. wrist, elbow, shoulder and neck, contributes to a different degree to
the total perceptual error than a bent hand.

One method that can be proposed for checking the performance of these point-
ing devices is by comparing them with the grid used in the current work. As
the grid has a fixed position and resolution, it could be utilised as a reference
for examining from one side how a bent hand, or a displacement of the body,
is contributing to the total experimental error, and from the other side how
much each device is reducing this error.

In Fig. A.4.2.3 a more extensive overview of existing tracking systems is pre-
sented and a method of indicating the perceived location is evaluated by the
use of multiple Kinect devices.

4.5.5.2 The localisation error

It seems reasonable to assume that the total error of the method that has been
used in the current experiment was 2.5◦ due to the discretisation of the grid,
and 6◦ due to the method of the indication of the current position which is
similar to the DL method used by Brungart et al.[144]. This error could be less
given the fact that the laser pointing device was helping the subject to point
exactly to the location of the sound stimulus.

All the subjects at the end of the experiment mentioned that the laser pointing
device was very helpful for their final decision in the choice of the appropriate
square of the grid, as in many cases there was a difference between the location
that their fingertip was indicating, what they were thinking of as the most
appropriate location, and what finally the laser beam was giving them visually,
something that has also been observed by Soechitings and Flanders [150].

Furthermore in the current experiment there was no measurement of the per-
centage of shift of the auditory space toward the location that the eye was
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looking, as discussed in the previous subsection. Although it could be assumed
that this percentage was very low in the frontal hemisphere (since the subject
was protruding the hand directly to the auditory image), something like that
cannot be presumed at the locations at the back hemisphere. During the ex-
periment the subjects had mentioned that indicating the location at the back
was harder than at the front as they had to turn their head and their body.
In such cases it can be assumed that the localisation error due to the mea-
surment method was higher which might also explain the results of Fig. 4.38
till Fig. 4.40 which show that the localisation bias is higher at the back-top
location.

4.6 Conclusions

The human ability to localise stationary sound sources was investigated by the
presentation to 16 subjects with normal hearing of three filtered sound signals:
a broadband signal, a low frequency bandpass filtered and a high frequency
filtered bandpass signal. The localisation responses were recorded by the use
of a grid and a laser pointing device that was used to indicate the position of
the target acoustic image. In the baseline condition the target signal, a 800ms
burst of filtered Gaussian white noise, was presented randomly three times
from one of 35 available locations. The statistical analysis of the acquired data
has shown that they were more dispersed at the elevated, side and the back
hemisphere positions while they were less dispersed at the positions near the
horizontal plane and the front hemisphere. Furthermore the aquired data were
less dispersed in the case of the broadband sound source signal, more dispersed
in the case of the high frequency bandpass signal and even more scattered in
the case of the low frequency bandpass sound source signal. Finally, a broad
categorisation of subjects has been introduced which has shown that subjects
with sharper localisation ability can be considered as “good” listeners, while
others as “poor” or “average” listeners.
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Evaluation of the perceptual
model

Two of the main characteristics of the proposed model (Fig. 3.2.3.2) are the
TI and the EI patterns that contain information related to the static cues asso-
ciated with the ITD, ILD and spectral cues and as a consequence information
on the location of a given sound source. The aim of this chapter is to analyse
the features of the model and present the results given by the proposed model
based on the scenarios described in sec. 3.2.3.

For the evaluation of the performance of the model a similar analysis has been
used to the data analysis of the listening tests in sec. 4.6 for all type of stimuli.
More specifically for the two scenarios of the proposed models the GCD has
been calculated for all possible locations, excluding any locations considered as
front-back confusion. The degree of dispersion and the absolute error distance
are two more factors that have been taken into consideration in the evaluation
of the total qualitative performance of the model in order to indicate the degree
of spreading of the data in each location and the localisation bias of each type of
stimuli. Finally, the prediction of the front-back confusion has been investigated
based on the GCD metric.

The result suggest that the proposed frequency dependent weighting scheme
discussed in sec. 3.2.3 and used in the central processing unit gives much better
predictions of the characteristics of localisation than the model without the use
of the weighting scheme.
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5.1 Method

For the evaluation of the proposed model discussed in sec. 3.4 the three basic
stimuli of the listening test described in sec. 4.6 have been used as an input
to the auditory model, i.e. a broadband (100Hz to 20kHz), a low frequency
bandpass (100Hz to 3kHz) and a high frequency bandpass (3kHz to 20kHz)
stimulus.

Each sound stimulus has been convolved with a KEMAR HRTF ([2]) at all the
locations discussed in sec. 4.2.5 for the three types of stimuli, i.e. at locations
that form a cone of confusion at ±40◦, ±20◦, 0◦,±30◦,±65◦ azimuth angle and
−22.5◦, 0◦, 45◦, 90◦, 135◦, 180◦ and 222.5◦ elevation angle in the interaural-
polar coordinate system.

For each location and for each type of sound stimulus the model has produced
the same number of localisation predictions as the total number of responses
per location in the real listening test experiment in order to have a comparable
amount of data. In this way the total number of 48 points per location has
been generated apart from those in the median plane in which case there were
96 points.

5.1.1 Data analysis

For each of the locations per sound stimulus a similar statistical analysis that
was presented in sec. 4.6 has been applied. The main objective is the iden-
tification of the level of disparity between the actual location of an auditory
event and the location indicated by the model. This is aimed at measuring
how well the models, with and without the influence of the frequency depen-
dent weighting factor, can predict the localisation performance of the human
subjects.

More specifically, the spherical correlation coefficient and the great circle dis-
tance have been calculated in order to compare the overall performance of the
real listening tests with the perceptual models and the reference function which
has resulted from the listening tests. The parameter κ of the Kent distribution
has also been used in order to describe the degree of concentration of the data
that the models predict for each location and as a consequence to give a qual-
itative picture of the performance of the model compared to the real listening
test data. In a similar way, the GCD of the centroid of the produced data
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and the target image has been used in order to measure the localisation bias
of the models and how well it coincides with the listening test data. Finally,
an analysis of front-back confusion has been considered necessary in order to
measure the ability of the models to predict successfully front-back confusion
errors.

For the current analysis the parameter b in eq. 3.10 has been chosen in such
a way that the overall performance of the two models, with and without the
weighting scheme, is as close to the real listening test data based on the methods
that are presented in the following sections. A value of b = 0.042 has been found
to give the best possible possible prediction of the subjective tests.

The normalised root mean squared error between the concentration factors
given by the models and the concentration factors measured, for different values
of the parameter b is depicted in Fig. 5.1. All the three different types of
stimuli used in the listening tests, with and without the weighting scheme are
presented.

When parameter b is very close to zero the concentration factor of the data
produced by the model is very high as the predicted data are very close to the
presented angle. This gives as a consequence a very high root mean squared
error. As the parameter b increases the root mean squared error decreases at
a point that reaches a minimum value. At higher values of the parameter,
i.e. b ≥ 0.1, the prediction of the model is producing very low values of the
concentration factors. For values of b ≥ 0.3 the root mean square error stays
at a fixed level.

The general behavior of the parameter b coincides to the description made in
sec. 3.2.3 where we showed that the parameter b changes the influence of the
random noise in making the final decision of the model in such a way that at low
values of b the model produces data near the target image while as it increases
the data are more spread. For values larger than 0.1 − 0.3 the influence of
the noise starts taking a dominant role on the final decision which makes the
model, sec. 3.2.3, have a fixed level of the root mean squared error.

5.2 Localisation performance

In the following section different methods are used in order to compare and
interpret the performance of the localisation model. These methods give a

121



Chapter 5 Evaluation of the perceptual model

00.042 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.2

0.4

0.6

0.8

1

b

E
rr

o
r

 

 

With Weighting
No Weighting

Figure 5.1: The normalised root mean squared error of the concentration factor
for different values for a broadband sound signal source.

better understanding of how well the model can predict the influence of the
bandwidth of the input singal compared to the real listening tests and the
localisation performance of the human listeners.

5.2.1 Spherical correlation coefficient

The spherical correlation coefficient (SCC) has been defined in eq. 4.12 in order
to measure the localisation performance of human subjects. In a similar way
it is possible to use it in order to measure the performance of the two pro-
posed models discussed in sec. 3.2.3. For the analysis discussed all front-back
confusion data points have been excluded.

In Fig. 5.2-Fig. 5.5 we can see how the correlation coefficient varies for each
of the three different sound stimuli. The comparison has been undertaken in
such a way that x represents all possible perceived locations of the experiment
and y all the corresponding target locations. In that case a higher value of
coefficient indicates a better matching to the target location, which could be
considered that the model has a better prediction.

In the statistical analysis a reference distribution has been used for comparison
as it was described in sec. 4.3.3. By the use of the Kent distribution and total
PDF as it was calculated by the use of eq. 4.4 and eq. 4.3 a reference model has
been employed that reveals a behaviour very similar to the listening test data.
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5.2 Localisation performance

In Fig. 5.2-Fig. 5.5, we can notice that the SCC varies from around 0.85 to
0.9. In the case of of broadband signal the performance of listeners has slightly
higher value than in the other cases, something that it is explained by the fact
that none of the cues have been removed such as in the case of the low bandpass
and high bandpass signal.

An important charactersitic of the performance of the models, i.e. the models
with and without weighting, is that SCC differs slightly. The SCC of the model
without the weighting scheme on average 2-3% lower than the corresponding
SCC of the model with the weighting scheme and 4-5% on average from the
actual listening tests. This can be explained by the fact that the model without
the weighting scheme has a broader image around the target image and as a
consequence a lower SCC value.
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Figure 5.2: The SCC as calculated for the model, the real listening test data
and the reference distribution at all possible source locations for a broadband
white noise signal.

5.2.2 Great circle distance

Another metric that has been used in order to evaluate the performance of the
models is the GCD (eq. 4.13) between the location predicted by the model and
the actual location by excluding any front-back confusion errors. The GCD
can give a more detailed overview of the range of the error that occurs in all
positions than the SCC.

In Fig. 5.6-Fig. 5.9 we can observe the variation of the GCD in a box plot
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Figure 5.3: The SCC as calculated for the model, the real listening test data and
the reference distribution in all possible locations for a low frequency bandpass
signal.
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Figure 5.4: The SCC as calculated for the model, the real listening test data
and the reference distribution in all possible locations for a high frequency
bandpass target signal.
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Figure 5.5: The SCC as calculated for the model, the real listening test data
and the reference distribution in all possible locations for all type of signals.

for each of the perceptual models, the reference distribution and the actual
listening test for all listeners. The height box represents the IQR (interquartile
range) of the 25th and 75th percentile of the data, which covers 50% of the
subject responses, while the central mark represents the median value. The
length from the lowest to the highest whisker corresponds to the 99.3% of
subject response if we assume a normal distribution. All the other observation
points, shown as single points, are the outliers which are due to high localisation
errors. These errors do not imply front-back confusion, since these have been
excluded from our data analysis, but errors where the observation points that
reside in both the front and the back hemisphere the points produced are
derived from a PDF that is described better with a unimodal distribution.
Finally, we have used as a reference model the Kent distribution as it has been
caclulated in sec. 4.3.3, i.e. by using the PDF defined in eq. 4.3 and having
calculated g(x) and gfbc(x) it has been produced the same number of data as
the one of the listening tests.

We can notice that the size of the IQR decreases as the sound stimulus changes
from the broadband signal to low or high bandpass signal. Especially in the
case of the low bandpass signal both the height IQR and the distance between
the outliers and the lowest whisker increases, something that is also verified by
the actual listening tests and the reference distribution.

In the case of the model without the weighting scheme, there is an estimation
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Chapter 5 Evaluation of the perceptual model

at locations with high localisation errors, something that does not appear in
the actual listening tests. For instance, in the case of the broadband bandpass
signal, Fig. 5.6 the localisation error, presented as outliers, is about 20 to 25%
higher. Both the model with the weighting scheme and the reference model have
a comparable prediction with the results of the listening tests. This explains
why in Fig. 5.2-Fig. 5.5 the SCC was lower than the one of the model without
the weighting scheme and the actual listening tests.
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Figure 5.6: The GCD calculated for each subject in the whole space for a
broadband white noise signal.
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Figure 5.7: The GCD calculated for each subject in the whole space for a low
frequency bandpass signal.
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Figure 5.8: The GCD calculated for each subject in the whole space for a high
frequency bandpass target signal.
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Figure 5.9: The GCD calculated for each subject in the whole space for all type
of signals.
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5.2.3 Degree of dispersion

Another factor that has been taken into consideration for the total qualitative
performance of the models is the degree of spreading of the data in each location
and how it is influenced by the sound stimulus. The parameter κ of the Kent
distribution in eq. 4.4 describes the degree of concentration of the data and
could be used for such an approach.

Fig. 5.10 to Fig. 5.14 show the contour map of the concentration factor for
the model without the weighting scheme while Fig. 5.16 to Fig. 5.20 show the
corresponding model with a weighting scheme. For comparison the results of
the listening tests, Fig. 4.35-Fig. 4.37, can be used.

It can be noticed that with and without the weighting scheme the concentration
factor is higher at the frontal hemisphere than at the back, something that
coincides with the performance of the listeners which deteriorates as the sound
was presented at the back. The highest value, which is around −22.5◦ and 0◦

elevation exactly at the front of the listeners and both models can give a good
prediction, something that indicates that listeners exhibit a higher accuracy
at those locations. Neverthertheless, in some cases the performance of the
listeners according to the model without the weighting scheme, as for example
in Fig. 5.10 at the right −65◦ and −40◦, is worse than it was found to be in
the experiments by around 40%.

For elevated sources at around 135◦ both models predict the deterioration of
localisation performance of human listeners, although the model without the
weighting scheme gives a high deterioration at locations near to 45◦which is
about 35% worse than the real listening test data.

The average performance difference between the concentration factor of the
actual localisation performance and the model prediction with the weighting
scheme is 10% while the difference without the weighting scheme is 20%. The
corresponding value for the reference distrubtion is 4%. This indicates that the
model with the weigting scheme is closer to the real concentration factor, which
also explains the reason why the GCD values are closer to the real listening
test data than the one without the weighting scheme.

This difference can be attributed to the fact that the model with the weighting
scheme has a lower concentration factor in cases where the actual concentration
factor is higher. For instance comparing Fig. 5.18 and Fig. 4.36 we can notice
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5.2 Localisation performance

that at −40◦ azimuth angle and 0◦ elevation angle 25% on average lower in
concentration factor and on the lateral sides about 30% higher value. This
indicates that the model predicts a wider or denser image of the image perceived
by the human listener than is actually the case.

In case of the model without the weighting scheme, the concentration factor
is in general lower than the listening test data which also explains the higher
GCD as described in sec. 5.2.2 and the lower SCC in sec. 5.2.1. For instance
comparing Fig. 5.14 we can notice that although at the front plane there is
a higher concentration factor than at the back, the model predicts a lower
concentration at −25◦ elevation angle.
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Figure 5.10: The contour map of the concentration factor (κ) of a broadband
sound source stimuli for the model without the weighting scheme. The circles
represent the actual locations of the listening tests.

5.2.4 Absolute error distance

The GCD between the centroid of the data and the target position can give
an indication of how well the localisation bias of the models coincides with the
localisation bias of the actual listening test data.

Fig. 5.22 to Fig. 5.27 illustrate the contour map of the GCD (in degrees)
between the real location and the mean value of the response locations of the
prediction of the models for all types of sound source stimuli. For comparison
Fig. 4.38 to Fig. 4.40 are used.

The arrows represent the gradient of the GCD and as a consequence a short
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Figure 5.11: Similar to Fig. 5.10 by plotting a 3D representation of the con-
centration factor.
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Figure 5.12: Similar to Fig. 5.10 for a low frequency bandpass sound source.
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Figure 5.13: Similar to Fig. 5.12 by plotting a 3D representation of the con-
centration factor.
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Figure 5.14: Similar to Fig. 5.10 for a high frequency bandpass sound source.
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Figure 5.15: Similar to Fig. 5.15 by plotting a 3D representation of the con-
centration factor. The circles represent the actual locations of the listening
tests.
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Figure 5.16: The contour map of the concentration factor (κ) of a broadband
sound source stimuli for the model with the weighting scheme.
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Figure 5.17: Similar to Fig. 5.16 by plotting a 3D representation of the con-
centration factor.
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Figure 5.18: Similar to Fig. 5.16 for a low frequency bandpass sound source.
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Figure 5.19: Similar to Fig. 5.18 by plotting a 3D representation of the con-
centration factor.
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Figure 5.20: Similar to Fig. 5.16 for a high frequency bandpass sound source.
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Figure 5.21: Similar to Fig. 5.20 by plotting a 3D representation of the con-
centration factor.

arrow indicates that the GCD changes slowly, while a long arrow indicates a
rapid change at that point.

We can notice that in both models the localisation bias is very high at elevation
angles of 135◦which has a span that varies depending on the sound stimulus.
For instance for the broadband sound source it is in between −20◦ to 30◦

(∆σ̄ = 20◦ on average) for the model with the weighting scheme, while for the
model without the weighting scheme it varies from −30◦ to 25◦(∆σ̄ = 19◦ on
average) with the heighest error at 0◦ azimuth angle for both models.

For the low frequency bandpass stimulus the localisation bias is higher at loca-
tions from −40◦ to 50◦ azimuth angle (∆σ̄ = 19◦ on average) and for the high
frequency bandpass stimulus from −65◦ to 65◦ (∆σ̄ = 23◦ on average) for the
model with the weighting scheme. For the model without the weighting scheme
it ranges from −30◦ to 30◦ for the low frequency bandpass signal (∆σ̄ = 19◦

on average) and −30◦ to 50◦ for the high frequency bandpass signal (∆σ̄ = 22◦

on average).

Comparing it with the corresponding results of the listening test data in sec. 4.4.4
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we can notice that both models can predict the localisation bias of the listening
tests, although the model with the weighting scheme has 8% better performance
on average. For instance as the sound stimulus moves to the sides of the lis-
teners the localisation bias decreases for the model with the weighting scheme
to values between ∆σ̄ = 5◦ to 10◦, which is similar to the listening test data,
while for the model without the weighting scheme it is less than 5◦.

Another characteristic of the prediction of the models is that both of them give
low localisation bias in the frontal hemisphere which is less than 5◦. This is
quite reasonable for the performance of the models as any front-back confusion
errors have been excluded from the analysis and the level of the b parameter
in eq. 3.10 is low enough to enable a clear distinction between front and back
localisation errors in both models.
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Figure 5.22: The contour map of the GCD (in degrees) of the model with a
weighting scheme between the real location and the mean value of the response
locations, of a broadband sound source stimulus.

5.2.5 Analysis of front-back confusion

In the real listening tests described in sec. 4.6 the majority of the data were
mainly concentrated around the auditory event and only a minority of them
have been considered as front-back confusion error. Measuring the ability of
the model to predict succesfully front-back confusion errors has been considered
important for the evaluation of the model.

In Fig. 5.28 to Fig. 5.30 the concentration factor and in Fig. 5.31 to Fig. 5.33
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Figure 5.23: Similar to Fig. 5.22 for a low frequency bandpass sound source.

5 5
5

5

5

5

5

5

5

10 10
10

10
10

10
15

15

15
15

20

2025

30

5

5

azimuth

e
le

v
a
ti
o
n

 

 

−65 −40 −30 −20 0 20 30 40 65
−22.5

0

45

90

135

180

202.5

0

5

10

15

20

25

30

Figure 5.24: Similar to Fig. 5.22 for a high frequency bandpass sound source.
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Figure 5.25: The contour map of the GCD (in degrees) of the model without a
weighting scheme between the real location and the mean value of the response
locations, of a broadband sound source stimulus.
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Figure 5.26: Similar to Fig. 5.25 for a low frequency bandpass sound source.
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Figure 5.27: Similar to Fig. 5.25 for a high frequency bandpass sound source.

the GCD of the mean value of the data forming front-back confusion has been
calculated.

In all figures three types of data are being presented, i.e. the model with
and without the weighting scheme, and the real listening test data. For a
clearer presentation only the points of the listening test data are used and
the corresponding predictions made by the model. All the other front-back
confusion-points that do not occur in the real-listening test data have been
excluded from the figures, but they have been included in the statistical analysis
presented below. Finally, in cases where there is no continuation of the line
this indicates that the model has not predicted correctly the performance of
the listeners in the real listening test data. For instance, in Fig. 5.28 the
model without the weighting scheme has not predicted front-back confusion
at (−30◦,45◦) and three more locations, while the model with the weighting
scheme has not predicted the front-back confusion in two locations.

From the concentration factor, i.e. Fig. 5.28 to Fig. 5.30, we can notice that
on average the performance of the model with the weigting scheme is better,
as it gives a better prediction of the front-back confusion. More specifically
the model with the weighting scheme has predicted on average the 60% of
the front-back confusion data, and from the real listening test data 82% were
correct predictions with a correllation of 0.7. The model without the weighting
scheme had a successful prediction of 30% of the front-back confusion data,
and from the real listening test data the 65% were correct predictions with a
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correllation of 0.41.

For instance for the case of the broadband stimulus the model, Fig. 5.28 , with
the weighting scheme had predicted correctly the 63.6%. This means from all
the predictions of the model for the front-back confusion the 36.4% were in
error. From the correct predictions the 87.5% were those that appeared in the
real listening test data as 7 out of the 8 locations were correct (Fig. 5.28). The
correlation of the concentration factor between the real listening test data and
the one predicted by the model was 0.7, which indicates that there is high de-
pendency between the prediction of the model and the real listening test data1.
For the case of the model without the weighting scheme the corresponding
values are 30% corrrect predictions, with 75% correct being correct prediction
from the real listening test data, and a correlation 0.32, which indicates that the
model without the weighting scheme does not give a good prediction not only
for the whole sphere but also for the positions for which the model predicted
correctly a front-back confusion.

Similar observations can be concluded from Fig. 5.31 to Fig. 5.33 where the
GCD of the centroid of the front-back confusion points for all the types of
the stimuli used in the listening tests are presented. The correlation between
the actual GCD of the listening tests with that produced by the model with
the weighting scheme was on average 0.64 for all types of stimuli while for the
model without the weighting scheme it was 0.45 on average.

A better observation of the perfomance of the models and the real listening
test data can show that the concentration factor is in general quite high for the
front-back confusion images (Fig. 5.28 to Fig. 5.30). Although both models
show this tendency the model without the weighting scheme has in general a
lower estimation of the average concentration factor of the listening test data.

Another characteristic which can be observed is the GCD of the centroid,
Fig. 5.31 to Fig. 5.33, is that neither model gives high errors of the centroid
of the front-back confusion data. This can be attributed to the fact that in the
real listening test data the indication by the subjects of the front-back confu-
sion image was also dependent on the memory of the subject, something it is
not taken into consideration in these models.

1In case the value value was 1 this would indicate a perfect linear dependency
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Figure 5.28: a) The concentration factor of the front-back confusion points for
a broadband noise sound source stimulus.
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Figure 5.29: Similar to Fig. 5.28 for a low frequency bandpass sound source
stimulus.
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Figure 5.30: Similar to Fig. 5.28 for a high frequency bandpass sound source
stimulus.
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Figure 5.31: The GCD of the centroid of the front-back confusion points for a
broadband noise sound source stimulus.
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Figure 5.32: Similar to Fig. 5.31 for a low frequency bandpass sound source
stimulus.
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Figure 5.33: Similar to Fig. 5.31 for a high frequency bandpass sound source
stimulus.
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5.3 Discussion

Given the theoretical framework under which the current model was developed,
as described in sec. 3.4, we would expect that the models would be able to
predict to a degree the distribution of the localisation errors. Both the ITD and
ILD cues that are described by the EI patterns and the spectral cues described
by the TI patterns are responsible for the degree of blurriness appearing in the
localisation performance of the listeners.

Although the model can predict to a certain degree the localisation performance
of human listeners, a variety of parameters need be taken into consideration,
both for the improvement of the existing model and to evaluate its performance.

5.3.1 Evaluation of the model

In the evaluation of the model different methods have been applied in order to
compare and interpret the performance of the localisation model. The SCC,
the GCD, the concentration factor and the absolute bias distance for both data
around the target image and the one forming front-back confusion are some of
the metrics that have been used for its evaluation.

Throughout the literature a variety of methods can be found that have been
used for the evaluation of perceptual models. For example the maximum like-
lihood [108] has been used for the localisation performance of sagittal plane
models [9, 23]. Also, non-parametric statistics such as the Kruskal-Wallis H
test [151] has been used to determine whether two samples originate from the
same distribution in connection with the localisation performance of horizontal
plane models [8].

The eq. 3.10 without the term with the random noise, b·u, is the result of eq. 3.9
which represents the error in every frequency channel between the cues of the
current location and the stored cues. The L2-norm that has been used here is
also one of the proximity measures that can be found in the literature [152] and
which can reveal the organisation of patterns in the area of interest revealling
the similarities and differences between the cues. For instance Fig. 3.25 shows
the total error, which shows the similarity between the I-patterns around the
whole sphere. From the figure it is possible to notice that the I-patterns are
similar at the target location, while there is also some similarity in the rear
hemisphere that is exactly symmetrical to the mid-coronal plane.
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With the addition of the random noise b · u in eq. 3.10 it was possible to trans-
form the integration of the error function, i.e. a pattern matching function used
to show the similarity between the integration cues, to a random variable and
to be able to observe different realisations such as that depicted in Fig. 3.25.

Although non-parametric statistics such as the Kruskal-Wallis H test [151],
which can be used to test whether the samples produced by the model originate
from the same distribution as the samples of the listening tests, the Anderson-
Darling test [153], can be used to check whether the model comes from a
Kent distribution with the same parameters as that found in the listening
test. Alternatively other non-parametric methods for directional statistics [154]
may be required for further investigation, with the methodology followed in the
current chapter it was possible to have a qualitative analysis of the performance
of the model and to gain an understanding of the underlying reasons of how
the model with and without the weighting scheme operates in each location.

An important consideration is that the concentration factor gives a measure of
dispersion of the data and this has been considered to be the most important to
ensure a good fit of the model with the experimental data. As a consequence
the parameter b has been chosen in such a way that it gives the minimum
difference between the dispersion of the data that the model produces and the
data from the listening tests.

It is worth mentioning that although the SCC is a good metric that can be used
to measure the localisation performance of human subjects, it has been noticed
that it does not change much for a large number of data. For the estimation
of the SCC, 3360 points have been used and slight changes of the vector xi in
eq. 4.12 that occur due to different realisations change slightly the values of the
SCC and as a consequence the values represented in Fig. 5.2 to Fig. 5.5 could
be considered representative.

With regard to the other metrics that have been used the GCD can give a
good indication of how far are the actual data of the listening test from the
data produced by the model. For example in Fig. 5.6 we can notice that
the model with no weighting produces data almost continuously from 40 to
120 degrees while the model with the weighting scheme appears to have some
intervals similar to that produced in the listening test.
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5.3.2 The parameter b

Having measured the similarity between the I-patterns of the location of interest
with the I-patterns of the whole sphere, it is possible by the addition of a
source of noise to produce randomness that exhibits a similar pattern to that
similarty metric. In order to influence the level of randomness, the parameter
b, as described in eq. 3.10, has been introduced.

From the metrics that have been used for the evaluation of the model and the
statistical analysis of the listening tests presented in sec. 4.6, the measure that
has been considered of notable interest is the concentration factor. Due to the
fact that the local minima that appear in L2norm, such as Fig. 3.25, are in
fixed position, the bias for a large amount of data will be around that position.

Given the fact that the concentration factor is a measure of dispersion of the
data it has been regarded as the most appropriate metric to use in order to cor-
relate the data produced by the model and the data produced by the listening
tests. For this the parameter b has been chosen in such a way that minimises
the difference between the concentration factor produced by the model and the
concentration factor produced by the listening tests (Fig. 5.1).

Although the concentration factor has been considered to be the most conve-
nient metric for estimating the parameter b, and it has been used to measure
the performance of the model, it cannot give a good indication of how well
the model fits the listening test data in each location. The concentration fac-
tor can take any positive value with very high numbers indicating a very high
concentration of the data around the target image while low number a very
high dispersion of the data. However, any specific value it does not have the
quantitative importance in order to understand how closely the model fits the
data at any specific point.

In contrast, the GCD can show how far are the data of interest from the
target image, similar to the concentration factor, but this also gives a sense of
dispersion in terms of degrees. Nevertheless, none of these two factors can give
a good quantitative measurement of the performance of the model, although
qualitatively points are good descriptions.

One posibility is to use a similarity measure (SM) metric of the GCD, or the
concentration factor, between the model and the actual listening test that could
give an indication of how well the model fits to the listening test data in each
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location. In such a way it is possible to have a value in [0, 1] with 0 indicating
no similarity and 1 indicating perfect matching, that could be more indicative
of the performance of the model together with a standard deviation that would
show how much it varies for different realisations. Nevertheless, there is a
variety of SM that could be effectively used such as the Euclidean distance, the
Pearson’s correlation coefficient and the Tanimoto measure [152, 155] and as a
consequence further consideration is necessary.

5.3.3 Other factors

As described in sec. 4.5.1 one of the main factors of the distribution of human
errors is the psychological frame under which each subject perceives the sound
and transforms it to perceptual and cognitive responses. As auditory attention
is influenced [137, 138, 135, 136] by the extraction of a specific signal from
background signals, the temporal expectancies of a sound event, the influence
of other modalities such as vision on the perception of sound, the type of the
stimulus [139, 32, 140, 141] and the involvement of working memory, it seems
reasonable to deduce that the model is not taking into consideration a variety of
inputs that changes the localisation map, such as that presented in Fig. 3.25.

Although the experiment has been conducted in an anechoic environment under
specific conditions, i.e. the background signal has been reduced due to the
booth, any visual bias has been removed due to the isolation booth, the type of
the stimulus which influences the auditory attention and the memory used by
the subjects to indicate the perceived position are not taken into consideration
by the model. This indicates that any differences in performance between the
real listening test data and that produced by the model are not surprising.

5.4 Conclusions

This chapter has analysed a variety of features of two proposed models and
has evaluated their performance. More specifically the two models described
in sec. 3.2.3 have been evaluated by using spherical statistics analysis, similar
to that described in sec. 4.5.1. All types of stimuli have been used for the
evaluation of the models with the listening tests, i.e. a broadband (100Hz to
20kHz), a low frequency (100Hz to 3kHz) and a high frequency (3kHz to 20kHz)
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bandpass stimulus, with the same amount of data as that produced from the
listening tests.

By using the spherical correlation coefficient, the great circle distance of the
centroid of all the data produced by the model and each point seperately, the
concentration parameter, κ, of the Kent distribution for all the points around
the target image and the image forming front-back confusion, it was possible to
identify the level of disparity between the actual location of an auditory event
and the location indicated by the model. This has given a better understanding
of how well the models, with and without weighting scheme, can predict the
localisation performance of the human subjects.

From both the SCC and the GCD we have concluded that both models can
give a qualitative prediction of the degree of dispersion for each sound stimulus.
However, the performance of the model without the weighting scheme was
predicting errounously values with high localisation errors giving in that way
lower values of SCC, by about 4-5%, and higher values of the GCD, by about
20-25%.

Furthermore by using the parameter κ of the Kent distribution, it was possible
to ascertain the degree of dispersion of the predicted data around the target
image and compare it with the corresponding data from the actual listening
tests. The values of the concentration factor has shown that both models were
giving a qualitative prediction of the higher degree of dispersion of the target
images located at the back than the one located at the front, but with poor
prediction on the lateral sides for the model without the weighting scheme.
Similar underperformance of the model without the weighting scheme was no-
ticed for elevated sources. In general the average performance of the model
with the weighting scheme was 6% worse than the corresponding performance
of the reference distribution and 16% from the corresponding performance of
the model without the weighting scheme, reaching in some cases values of about
25-30% worse.

The GCD between the centroid of the data and the target positioin has also
been used to measure the performance of the two models. In both models there
was a good prediction of the localisation bias, at least qualitatively, but the
model with the weighting scheme had 8% better prediction on average than
those without the weighting scheme.

An analysis of the front-back confusion images has also been performed by
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the use of the concentration factor of the Kent distribution and the absolute
distance of the centroid. The model with the weighting scheme had predicted
on average the 60% of the data while the performance of the model without
the weighting scheme was on average 30%. Furthermore both the concentration
factor and the GCD of the centroid for the front-back confusion image was lower
for the case of the model without the weighting scheme.

From the results presented in this chapter, the model with the weighting scheme
predicts much better the performance of the human listeners than the model
without the weighting scheme. However, different factors need to be considered
for its further investigation such as the influence of the auditory attention and
the involvement of the working memory that were considered to be the main
inputs that change the localisation map of human listeners.
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Chapter 6

Conlcusions and future work

In this study, a perceptual model of sound localisation in 3D space, excluding
distance, is described. Having such a model, i.e. a model that is able to predict
the human response under certain conditions, can be beneficial not only for the
better understanding of the underlying mechanisms of human reactions, but
also for their application in fields such as audio quality assessment, robotics
and cochlear implants, avoiding costly and time-consuming experiments.

6.1 Summary of main findings

In sec. 4.6 the ability of the human auditory system to localise sound sources
has been studied from 70 different positions by the use of a 35 loudspeaker
array at 1.3m distance from human subjects. In the study the response of
16 human listeners with normal hearing was recorded for a broadband signal
(100Hz and 20kHz), a low frequency bandpass filtered (100Hz and 3kHz) and a
high frequency filtered bandpass (3kHz and 20kHz) Gaussian white noise signal
of 800ms duration and a level of 65 dBA.

In the statistical analysis of the localisation performance of human listeners
different modern approaches have been used including descriptive statistics and
statistical inference. In the first category the main goal was to summarise the
performance of the human subjects from the perspective of dispersion of the
responses from the target position, the performance of each individual alone,
and the correlation between the trials for each of the type of stimulus used in
the experiment. In this category the SCC and the GCD have been used. In
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the second category the main goal was to deduce different properties of the
underlying distribution of the response of the human subjects and the general
performance of the subjects depending on the sound stimulus. In this category
use has been made of the Kent distributions and the corresponding statistical
measures.

By the use of the SCC it has been shown that the order of the presented
stimulus has not improved (nor has led to the deterioration of) the localisation
performance of the subjects since it has been presented in a totally random
way. The GCD metric has been used as an alternative metric to the SCC
as it gave a more detailed overview of the localisation performance. More
sepecifically by the use of the IQR range and the maximum range of the GCD,
the localisation performance has been further investigated with regard to the
type of the stimulus and the degree of front-back confusion. The analysis
had shown that “good” listeners had a sharper localisation ability, i.e. their
responses were much closer to the target image, and that front-back confusion
occured less often.

The general performance of the subjects has been further investigated by de-
scribing their responses in each location through the Kent distribution. Al-
though directional statistics have been used in previous studies[130, 127] a
different approach has been followed in order to include front-back confusion.
It has been shown that in some cases the total distribution is better described
by a multimodal Kent distribution while in other cases a unimodal distribution
is adequate enough. This approach resulted in the adoption of the defini-
tion of front-back confusion as any response that resides on the opposite side
of the mid-coronal plane. It has been shown that this definition is sensible
only on occasions where a bimodal distribution best describes the localisation
performance of the listeners. On accasions where a unimodal distribution is
appropriate, then any location that is on the opposite side of the mid-coronal
plane cannot be considered as a front-back confusion error, but as a response
that has the same chance to appear as any other response.

Having used that definition, it was possible to investigate further the perfor-
mance of the subjects for the different types of stimuli. The appropriate mea-
sures used are the concentration factor of the Kent distribution and the GCD
between the centroid and the target image which describes the localisation bias.

It has been shown that in all types of stimuli the concentration factor is much
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higher in the front hemisphere while it decreases at the back. The highest
values occur at positions near the horizontal plane, especially at the front.
Furthermore it has been demonstrated that the perceptual image is in general
broader for the low frequency bandpass signal, and higher for the broadband
and high frequency bandpass signal. However, at the lateral positions the
perceptual image is higher for the high-frequency bandpass signal since the
ITD cues have been removed, while at the back and near the horizontal plane
it is comparable for all types of stimuli. With respect to the localisation error,
it has been shown that it is very high at positions far from the horizontal plane
and to the lateral positions, and that it is almost independent of the type of
the stimulus.

Finally a broad classification of the subjects had been suggested in sec. 4.6
which included “good”, “average”, “poor” and “all” listeners. This classification
has been motivated by the fact that some subjects had a sharper localisation
performance than others indicating higher SCC values, or lower GCD values.
Furthermore, due to practical difficulties, such as having subjects for a long
time in a listening room, and undertaking time consuming localisation tests,
categorising the subjects can increase the perceptual points per location from 3-
5 points/individual to 15-100, depending on the location and the category in the
current experiment. In that way it is possible to have a better understanding
of how the perceptual image is clustered around the target position and how
front-back confusion is formed.

In sec. 3.4 a perceptual model for localisation in 3D space has been proposed
which combines two known perceptual models, one for the horizontal plane [8, 7]
and one for the sagittal planes[9, 23]. The first characteristic of the model is
the pre-processing unit which decodes the ITD, ILD and spectral cues and
merges them into a scheme that is based on the assumption that the elevation-
independent binaural cues are spectrally weighted by the elevation-dependent
monaural cues in the interaural-polar coordinate system.

The second characteristic of the model is the central processor. In this it is as-
sumed there is a decision making device that takes the integrated cues in order
to give the final estimation by comparing them with a bank of stored tem-
plates in each frequency channel. By frequency integration with and without
a weighting scheme the final prediction of the model is produced. Finally, the
model is able to influence the degree of dispersion of the data around the target
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position by the addition in the final prediction of random noise of predefined
level.

The third characteristic of the perceptual model is that it uses KEMAR HRTFs
a a convenient average representation of the human HRTF and the parameter
b as describe in eq. 3.10. Motivation of their use is the fact that although it is
known that the use of generalised HRTFs may result in localisation errors in au-
dio reproduction [27], it has been shown that a deformed pinna doesn’t change
in long term the localisation performance of the listener due to the neuroplas-
ticity that makes the brain adaptable to any changes [29, 30]. Furthermore,
using individualised HRTFs is impractical since the andthropometric features
are unique for each individual. Since it seems that the localisation ability of
each subject depends mainly on psychophysiological or neurophysioological fac-
tors and not on anthropometric charasterics of its pinna a generalised HRTF
have used. Due to that consideration.the parameter b of the model has been in-
troduced which can capture in the statistics of the the model, at least partially,
any individual (or in any of the four categories suggested) differences.

In sec. 5.4 the performance of the two proposed models, i.e. with and with-
out the weighting scheme, has been evaluated through the use of a statistical
analysis similar to that applied in the listening tests in sec. 4.6. By using the
spherical correlation coefficient, the great circle distance and the concentration
parameter of the Kent distribution it was possible to identify the level of dispar-
ity between the actual location of an auditory event and the location indicated
by the model and compare it with the experimental data. From the analysis it
has been shown that the model with the weighting scheme exhibited a better
performance than the model without the weighting scheme for the three types
of stimuli.

To summarize, this study has yielded a number of results that might be con-
sidered as an advancement in the field of sound localisation and perceptual
models. These include:

1. The use of a number of statistical tools for the description of the perfor-
mance of human listeners in the listening test conducted in the anechoic
chamber of ISVR for three types of stimuli, which included the Kent
destribution, the spherical correlation coefficient and the great circle dis-
tance for each individual and and for all subjects.
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2. An extension of the current definition of front-back confusion has been
given which is defined as any response that resides on the opposite side
of the mid-coronal plane given that the response is coming from a pop-
ulation that is better described by bimodal distribution. In cases that
the population of the data is better described by a unimodal distribution
then that response cannot be considered a front-back confusion error but
response that has the same chance to appear as any other response.

3. Due to the sharper localisation ability of some subjects compared to oth-
ers and the fact that in most of the listening tests a very small number
of points per location exist, a broad classification of subjects has been
suggested, i.e “good”, “average”, “poor” and “all” listeners. However
this classification needs further investigation as it is arguable that better
definition is required, such as the number of front-back confusion errors
and the deviation of the perceptual image from the target image for each
category.

4. A perceptual model for the prediction of human sound localisation in 3D
space has been proposed. This includes the integration of all the binaural
and monaural cues into a merging scheme that is based on the assumption
that the elevation independent binaural cues are being weighted spec-
trally by the elevation dependent monaural cues in the interaural-polar
coordinate system. The resulting cues are further integrated by using
a frequency dependent weighting scheme. Finally. the model is able to
influence the degree of dispersion of the data around the target position
through the addition of a random noise of predefined level in the final
prediction

5. The use of KEMAR HRTFs and a parameter b as described in eq. 3.10
has been adopted for training the model instead of individualised HRTFs.
This has been motivated by the fact due to neuroplasticity any spectral
changes of the pinna does not influence in a long term the localisation
performance of the listeners, something that indicates that localisation
is dependent on psychophysiological or neurophysiological factors, which
has been considered that can be influenced by the parameter b.

6. Finally the evaluation of the model, with and without the weighting
scheme, has been performed in a way similar to that applied in the listen-
ing tests, i.e. through the use of the SCC, GCD and the Kent distribution.
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The results suggested that the model with the weighting scheme exhib-
ited a better performance than the model without the weighting scheme
since the SCC, GCD were closer to the real listening test data and the
model with the weighting scheme gave a better prediction of front-back
confusion errors.

6.2 Discussion and suggested future work

Due to the complexity of, and the limited scientific insight into, the higher
regions of the auditory path, implementing a perceptual model can be very
challenging. In the proposed perceptual model several assumptions have been
made that have eased its implementation.

This project accepts that the perceptual model can only deal with wide-sense
stationary signals, i.e. with signals that do not change their statistical prop-
erties over time. Under this hypothesis the peripheral processing unit can be
significantly simplified as any transisional state that is changed due to the
non-linear behavior of the cochlea is excluded.

Nevertheless, even in that case, the length of the input signal plays a significant
role [24, 13] especially for the localisation of elevation. Vliegen and Opstal
[25] showed that the localisation of sounds in the vertical plane deteriorates
for short-duration wideband sounds (less than 100ms) at moderate to high
intensities (26 to 73 dB SPL). For moderate intensities that are of interest
here, it was suggested that the spectral localisation cues are being extracted
through a neural integration hypothesis at which only 40-80 ms are needed for
a stable estimation of the elevation [24]. Hofman and Opstal [24] have modeled
conceptually this neural integration through averaging the power spectrum.

For the case of the horizontal plane similar results can be concluded for the
duration of the stimulus. As described by Blauert ([46]) signals with duration
of less than 700ms increase the localisation blur, i.e. human’s ability to detect
changes in the position of a sound source. This somehow contradicts the as-
sumption that has been made that the EI patterns are considered ergodic, and
only a specific snapshot is adequate enough. Nevertheless, since we consider
steady state conditions (sec. A.1.3), it might be reasonable to assume that all
the results presented in sec. 5.4 are representative for psychoacoustical exper-
iments of long duration stimuli. In this way, it can also be assumed that for
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wide-sense stationary signals of a certain minimum duration the length of the
input signal might not be as important.

In the comparison stage, described in sec. 3.2.3, the comparison method that
has been used in order to measure the differences between the cues of the target
image and the cues in the whole space is the L2 norm. However, throughout
the literature many distance metrics have been used [17, 30, 156, 23, 9] and as
a consequence further investigation is necessary. One technique that has been
proposed by Langendijk and Bronkhorst [23] in the localisation performance of
sagittal plane models is the cross-correlation function of the second derivative
of the TI patterns with respect to frequency such measures are used to find the
local maxima or minima of the patterns. Other methods could be considered
such as neural networks and machine learning techniques, that have been used
successfully in other disciplines such as in face-recognition in the field of vision
or in speech recognition.

In the proposed model, two frequency dependent weighting schemes have been
investigated. Although the performance of the model with the weighting scheme
was qualitatively similar to the reference distribution, different factors need to
be considered. The current model takes into account only the sound stimu-
lus as an input, ignoring any other cues that enhance the performance of a
listener such as the type of the stimulus, e.g. voice, which enhances the audi-
tory attention and the memory used by the subjects to indicate the perceived
position.

The methodology that has been followed in the statistical analysis of the lis-
tening tests is part of a more general theory in statistics, called clustering or
cluster analysis, in which a set of points, i.e. the front and the back points due
to front-back confusion, are grouped together in order to set objects of data
[157, 158]. In that way it is possible to investigate separately the statistical
properties of each group and to derive different conclusions with respect to the
formation of front-back confusion.

Although the separation of the groups that has been suggested in sec. 4.6
was adequate enough for the purposes of the analysis, i.e. front-back confu-
sion is formed when the data have a distance from each other ±15◦ from the
mid-coronal plane, a more systematic approach should be considered. The
expectation-maximisation algorithm is one of the numerous algorithms that
could be used for the estimation of the parameters of the PDF in a group of
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data. Nevertheless, it should be considered that any approach that has been
suggested in sec. 4.6 can only give reliable results if the number of data is large
enough. One way that this could be done is through the categorisation of the
listeners that has been suggested previously.

To summarize, this study could be further improved by considering the follow-
ing points:

• Use of different sounds appart from stationary sounds, such as short du-
ration voice or music signals. This will not improve the understanding
regarding the auditory attention, but it will permit further investigation
on the improvement of the perceptual model.

• A more systematic mathematical approach in the investigation of the
clustering of the data in listening test through methods such as the
expectation-maximisation.

• The use of a other types of central-processing units, such neural networks,
which would further improve the learning process of the current model.
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Appendix

A.1 The peripheral Processing Unit

In sec. 3.2.1 a short description of the peripheral processing unit was given. In
this part a more detailed overview of Fig. 3.6 will be presented.

A.1.1 Outer Ear

The outer ear transfer function is included in the directional sound that is going
to be used as an input to the perceptual model. In what follows the HRTF
filtering is included for the creation of a directional sound, i.e.

yL(t) = s(t) ∗ hL(t)
yR(t) = s(t) ∗ hR(t)

(A.1)

where s(t) is a stationary sound source and hL, hR is the HRIR of the left
and right ear for different subjects, and ∗ indicates a convolution product.
The above equation is a simplification of the azimuth and elevation dependent
HRTFs, i.e.

yL(ϕ, θ, t) = s(t) ∗ hL(ϕ, θ, t)
yR(ϕ, θ, t) = s(t) ∗ hR(ϕ, θ, t)

(A.2)
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A.1.2 Middle Ear

The middle-ear, which is responsible for matching the mechanical impendence
of waves in the air-filled ear canal and the fluid-filled inner ear, is modelled
by a second order time-invariant bandpass IIR filter with roll off of 6dB/oct
below 1kHz and -6dB/oct above 4kHz [101], which is considered sufficient for
the simulation of headphone data [7] (Fig. A.1).

Figure A.1: Magnitude and Phase Response of the Transfer Function of the
model of the Middle Ear.

A.1.3 Inner ear

The inner ear has been modelled by a chain of units each of which contributes
to specific physical characteristics.

Basilar membrane The frequency selectivity of the basilar membrane has
been modelled by a fourth-order gammatone filterbank of 100 channels between
100Hz and 20kHz, which acts as a spectrum analyser. The impulse response
h(t) of the gammatone filter [159, 160] is given by

h(t) = αtn−1e−2πbtcos(2πfct + ϕ) (A.3)
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where n = 4 denotes the order of the filter and is similar to a roex filter1, fc

is its centre frequency which is defined later, b = 1.019 · ERB(fc) determines
the duration of the impulse response and as a consequence the bandwidth of
the filter2, α = 1 is a scaling parameter and ϕ = 0 determines the starting
phase. Each filter is considered to be one ERB wide [163], which is regarded
as a measure of the Critical Band (CB) and its mean value is described by

ERB(fc) = fc

Qear
+ BWmin (A.4)

where BWmin is the minimum bandwidth of the filters, Qear is the asymptotic
filter quality factor at high frequencies3, and fc is the centre frequency of the
filter in kHz. For moderate sound levels measured with young people of normal
hearing BWmin = 24.7 Hz and Qear = 9.26449 [164], or

ERB(fc) = 24.7(4.37fc + 1) (A.5)

100 gammatone filters have been chose with a centre frequency, fc = fck
of the

k ∈ N∗
100, given by

fck
= −QearBWmin + (fH + QearBWmin)e−k s

Qear (A.6)

where fH = 20kHz is the upper frequency limit, fL = 100Hz is the lower
frequency limit s indicates the degree of overlap4 where s ≈ 0.38 which has

1Patterson (1982) [161] referred as a roex filter the rounded-exponential function described
by

W (g) = (1 − r)(1 + pg)e−pg + r

where g = |f−fc|
f0

is a normalized distance from the centre frequnce fc of the filter with respect
to the frequnecy f0 of the input signal, p a parameter which makes the filter broader and
depends on the age o a person and r a parameter that approximates the behaviour of the
filter outside its frequency range.

2The Equivalent Rectangular Bandwidth (ERB) is defined to be equal to the bandwidth
of a perfect rectangular filter which has a transmission in its pass-band equal to the maximum
transmission of the specified filter and transmits the same power of white noise as the specified
filter [162]. In other words, the rectangular filter is equalized to have the same maximum
height as the given filter, and its width equal to the area of the filter.

3In other words, at high frequencies the bandwidth is approximately equal to the centre
frequency divided by a the constant Qear.

4s = 0 indicates complete overlap, s = 0.5 each frequency of the input signal is “sampled”
by two cochlear channels, and s = 1 almost no overlap between the channels
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been chosen in such a way that 100 gammatone filters are included. The range
of interest has been selected in such a way to incorporate all the useful spectral
information discussed in sec. 2.3.

Because of the linear behaviour of the gammatone filterbank, basilar membrane
nonlinearities such as compression are not included in this stage. The transfer
function of the amplitude of some of the gammatone filters are depicted in
Fig. A.2.

Figure A.2: Gammatone filter bands as described in sec. A.1.3. The vertical
lines at 100Hz and at around 19kHz are the centre frequencies of the first and
last gammatone filter. For clarity only 25 of the 100 gammatone filter bands
are shown.

Fig. A.3 depicts the centre frequencies of the gammatone filterbank for 100
channels. As we described in Fig. 2.4.2 all the spectral content of the HRTFs is
responsible for a variaty of aspects in the localization performance. The analysis
of the HRTFs (Fig. 2.6) has revealed that much of the spectral variations reside
in high frequencies. For this reason it was considered important to include all
the frequency spectrum of hearing, i.e. 100Hz till 20kHz.
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Figure A.3: Similar to Fig. 2.5, but with the centre frequencies of the gamma-
tone filters in the peripheral processor of the current model discussed in section
sec. A.1.3 and displayed as horizontal lines from 100Hz to 20kHz.

Absolute Threshold The absolute threshold of hearing has been modelled
by additive white Gaussian noise with, i.e. wc(t) ∼ N (0, 10−14), which is
statistically independent for each frequency channel k.

yk(t) = xk(t) + wk(t) (A.7)

The variance has been determined by calibration of the model based on the
1 dB criterion. More specifically a long-duration sinusoidal signal (∼ 200 ms)
of 2kHz and a level of 4 dB SPL was presented to the model. The variance of
the internal noise was adjusted so that the output of the peripheral processing
unit is increased by 1 dB SPL, at the channel with a centre frequency near to
2 kHz and before the organ of Corti. In this way, due to the filter of the middle
ear (sec. A.1.2) the model has a frequency-dependent absolute threshold.

Organ of Corti The transfer of sound through the fluid-born vibrations
and tectorial membrane mobility to the higher levels of the auditory path is
accomplished through the excitation of 15, 000 - 20, 000 auditory sensory cells,
the hair cells, which are provided by the organ of Corti and are attached to the
basilar membrane. The neural excitation of of the hair cells has been modelled
by a half-wave rectifier,

yk(t) = ⌈xk(t)⌉ (A.8)
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where the ceiling function ⌈•⌉ being used to decide half wave rectification,
while their lack of synchronization to the temporal variations of sounds at high
frequencies[102] has been modelled by a fifth order low pass filter with a cut-off
frequency at 770Hz. The magnitude and phase response is plotted in Fig. A.4
while the loss of phase locking is depicted in Fig. A.5 and Fig. A.6.

Figure A.4: Magnitude and phase response of the models used for loss of phase
locking in the Organ of Corti.

Non-linearities Due to the linear characteristics of the gammatone filter
discussed in sec. A.1.3 the model cannot predict non-linear processes such as
those encountered in different auditory masking conditions, either in simulta-
neous (frequency) or non-simultaneous (temporal) masking, e.g. forward and
backward masking, on or off frequency masking, upward spread of masking and
suppression[35].

One technique that has been proposed for the modelling of the non-linearities of
the cochlea is by a chain of adaptation loops [104, 7]. In the case of stationary
signals the output of these feedback loops in steady state conditions [104] for
each channel is described by

yk(t) = 2m
√

xk(t)
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(a) (b)

(c) (d)

Figure A.5: Signal transformation at each step of the peripheral processor
leading to the Organ Of Corti. (a) White Gaussian noise as an input signal (b)
Bandpass filtered in the middle ear (c) Half-wave rectification at fc = 461Hz
(eq. eq. A.8). (d) Low pass filtered (no loss of phase locking) at fc = 461Hz .

where m is the order of the chain. An approximation of the non-linearaties
that have been adapted by our model is for n=1 [8], i.e.

yk(t) =
√

xk(t) (A.9)

A.1.4 The Transfer function of the gammatone filter

As we have mentioned in equation ?? the impulse response of the gammatone
filter at frequency fc is given by

h(t) = t3e−2πbtcos(2πfct) (A.10)
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(a) (b)

(c) (d)

Figure A.6: Signal transformation at each step of the peripheral processor
leading to the Organ Of Corti for the same input as Fig. A.5 a, b. (a) Half-wave
rectification at fc = 1, 161Hz (eq. eq. A.8). (b) Low pass filtered (gradual loss
of phase locking) at fc = 1, 161Hz. (c) Half-wave rectification at fc = 8, 646Hz
(eq. eq. A.8). (d) Low pass filtered (loss of phase locking) at fc = 8, 646Hz .

Based on frequency differentiation, i.e. tnf(t) → (−1)nF (n)(s), and frequency
shifting, i.e. eatf(t) → F (s − a), properties of the laplace transform and the
fact that cos(at) → s

s2+a2 , the laplace transform of equation eq. A.10 is given
by

H(s) = 6s4 + 4Bs3 + 6(B2 − w2)s2 + 4B(B2 − 3w2)s + (B4 + w4 − 6B2w2)
(s2 + 2Bs + B2 + w2)4

(A.11)
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where B = 2πb and w = 2πfc. The zeros and poles are:

z1,2 = −B ± (1 +
√

2)w, z3,4 = −B ± (−1 +
√

2)w

p2k+1 = p2k = −B + jw, k ∈ N∗
7

The fourth order gammatone analogue filter can be converted to its equivalent
digital by using the impulse invariance design technique, which is consider to
be the most accurate for baseband gammatone filter due to low aliasing[165].
By considering that

h(t) =
N∑

k=1
akepkt · u(t) → H(s) =

N∑
k=1

ak

s − pk
(A.12)

h[n] = Tsh(nTs) = Ts

N∑
k=1

akepknTsu[n] → H(z) = Ts

N∑
k=1

ak

1 − epkTs · z−1 (A.13)

and by factorization of equation eq. A.11

s − zm

(s − p1)(s − p2) = am,1
s − p1

+ am,2
s − p2

(A.14)

where am,1 = zm−p1
p2−p1

, am,2 = p2−zm

p2−p1
, the final digital filter of equation eq. A.11

will be a cascade of four biquadratic sections per cochlear channel, i.e.

Hfc(z) =
4∏

i=1
Hi,fc(z) (A.15)

where

Hm,fc(z) = Tsam,1
1 − ep1Ts · z−1 + Tsam,2

1 − ep2Ts · z−1 = Ts
(a1 + a2) − (a1ep2Ts + a2ep1Ts) · z−1

1 − (ep1Ts + ep2Ts) · z−1 + e(p1+p2)Ts · z−2 ⇔
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Hm,fc(z) = Ts − Am · z−1

1 − 2e−BTs · z−1+e−BTs · z−2 (A.16)

where

Am = e−BTs [cos(wTs) + zm + B

w
sin(wTs)]

In addition equation eq. A.15 is normalized at the centre frequency of each
gammatone filter and as a consequence the transfer function becomes:

Hfc(z) = 1
|Hfc(z=e2πfcTs |

4∏
i=1

Hi,fc(z) (A.17)

A.2 Contribution of the monaural cues to the eleva-
tion angle

One of the main characteristic in the analysis of the HRTFs is the spectral
colorization introduced by the outer ear. Prominent peaks and notches can be
found at different frequency ranges that are considered as potential cues for
elevation. To demonstrate this variations a similarity measure metric can be
used for the comparison of the elevation angle of interest with all the corre-
sponding elevation angles on the sagittal plane. A simple metric that can been
used is the cosine similarity defined as

sθg ,θ = 1 − 2
π

cos−1

 ∑100
k=1 TIk(ϕg, θg) · TIk(ϕg, θ)√∑100

k=1 TI2
k(ϕg, θg)

√∑100
k=1 TI2

k(ϕg, θ)

 , sθg ,θ ∈ [0, 1]

(A.18)

where TI are the monaural unit patterns as defined in eq. 3.6, ϕg and θg is
the target azimuth and elevation angle correspondingly, θ is the elevation angle
and k is the frequency channel along of which the comparison is being made.

In cases that sθg ,θ = 1 then there is high a similarity of the target patterns with
the corresponding patterns on different elevation angles while for sθg ,θ = 0 there

168



A.2 Contribution of the monaural cues to the elevation angle

is no similarity. This could be also interpreted as in cases that sθg ,θ = 1 no
information of the elevation angle is available while for cases that sθg ,θ = 0
there is a clear distinction between two different elevation angles.

In Fig. A.7 is depicted a boxplot of the cosine similarity of left TI activity along
each sagittal plane for a sine wave sound source at 7kHz coming at the right at
45◦ on the horizontal plane while in Fig. A.8 is depicted the equivalent for a
broadband white noise signal. As it was expected the sine wave does not have
any information of the elevation at every sagittal plane with similarity being on
average close to 1 while in the case for the broadband noise the similarity is on
average at around 0.8 which shows that the TI patterns hide information on the
elevation angle. More specifically similarity varies from a minimum value from
s = 0.55 to s = 1 with the median value being on average at around s = 0.8.
As a consequence in all sagittal planes information of the spectral variations
can be found that can be used for the prediction of the sound source. it is
important also to mention that at the very lateral sides, i.e. θ = ±80◦the
similarity measure range decreases for the lateral TI, i.e. for θ = 80◦ for the
right TI (not shown in figure) and θ = −80◦ for the left TI, which shows more
ambiguity on the distinction of the elevation angle, i.e. as the sound source
moves to the lateral sides more ambiguity exists on the elevation source location
although the contralateral side has more information on the elevation angle but
contributes less to the whole localisation process.
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Figure A.7: Variability of the similarity measure metric of the left TI for a
7kHz sin signal 45◦ azimuth angle.
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Figure A.8: Variability of the similarity measure metric of the left TI for a a)
white broadband noise (100Hz-20kHz) at 45◦ azimuth angle.

A.3 Interaural-polar coordinate system

In eq. 2.1 we have described the ways of how the location at a specific point in
space can be represented through the vertical-polar and interaural-polar coor-
dinate system. The relationship between these two systems can be acquired by
rotating the vertical-polar coordinate system of Fig. 2.2a by −90◦, i.e. clock-
wise, about the x axis.

Given a vector bv = (xv, yv, zv)T in the vertical-polar coordinate system then
the bi = (xi, yi, zi)T in the interaural-polar coordinate system can be acquired
by:


xi

yi

zi

 = Rx(−90◦)

−
xv

yv

zv

 (A.19)

where xv, yv, zv, xi, yi, zi ∈ R , the −yv is due to the fact that in order to follow
the right hand rule in the interaural-polar coordinate system the yv coordinate
needs to be reflected, and Rx(θ) is the rotation matrix about the x axis
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Rx(θ) =


1 0 0
0 cos θ − sin θ

0 sin θ cos θ



Furthermore, each location can also be described by the coordinates (r, θv, ϕv)
in the vertical-polar coordinate system and (r, θi, ϕi) or (rC , θi, ϕi) in the interaural-
polar coordinate system as it is being defined in eq. 2.1 (Fig. 2.2), where
r, rC ≥ 0 is the radius of the sphere and the disc of the cone correspondingly,
θv ∈ [−90◦, 90◦] and θi ∈ [−90◦, 270◦) or θi ∈ (−180◦, 180◦] are the elevation
angle, and ϕv ∈ [0◦, 360◦) or ϕv ∈ (−180, 180◦] and ϕi ∈ [−90◦, 90◦] are the
azimuth angles.

The vertical-polar coordinates and the interaural-polar coordinates are related
to the corresponding cartesian coordinates through (Fig. 2.2):


xv

yv

zv

 = r


cos θv cos ϕv

cos θv sin ϕv

sin θv

 (A.20)


xi

yi

zi

 = r


cos ϕi cos θi

cos ϕi sin θi

sin ϕi

 (A.21)

In order to find the relationship between the vertical-polar coordinates and the
interaural-polar coordinates we need to transform eq. A.20 to the interaural-
polar coordinates through eq. A.19 and equate it with eq. A.21. In this way

sin ϕi = cos θv sin ϕv

cot θi = cot θv cos ϕv

rC = r cos ϕi

(A.22)
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cot ϕv = cos θi cot ϕi

sin θv = sin θi cos ϕi

(A.23)

A.4 Pointing Devices

In sec. 4.2.3 we have described the method that has been used for the locali-
sation experiment conducted in the anechoic chamber of ISVR. In the current
localisation experiment a hand laser device and a grid with 2.5◦ resolution has
been used as a method for pointing at the perceived location of the stimulus.
Furthermore, based on the reports of the subjects, we have concluded that for
the current experiment a 5◦resolution could be considered enough, as a more
precise method could be accounted as trivial.

Different devices exist on the market that could be used as pointing devices for
localisation experiments. Nevertheless, all of these devices need to be examined
in a consistent way in order to estimate the contribution of the inherent error
in the perception of localisation. This is due to the displacement of the acoustic
object when viewed from different angles. For instance in the cases of devices
that are using a stretched hand for pointing to the location of the acoustic
object, it could be considered that each joint, i.e. wrist, elbow, shoulder and
neck, is contributing to the total perceptual error, as the indicated position
from a bent hand in one or more of these joints is different from a totally
stretched arm.

One method that can be proposed for checking the performance of these point-
ing devices in localisation experiments is by comparing them with the grid used
in the current work. As the grid has a fixed position and resolution, it could be
utilised as a reference for examining from one side how the bending of joints,
or a displacement of the body, is contributing to the total experimental error,
and from the other side in what sense each device is reducing this error.

The current section is divided into two sub-sections. In the first sub-section a
review is presented of tracking systems that currently exist, while the second
sub-section evaluates the use of how multiple Kinect devices, or devices of
similar technology, as pointing devices in localisation experiments.
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A.4.1 Existing technologies

A tracking system, or pose sensor, is a position-sensing device that translates a
person’s or object’s real-world movements and orientation into data[166, 167,
168]. A pointing device is a subcategory of a tracking system, at which a
specific part of the body, such as the hand or head, is tracked.

There are various tracking systems that could be used as pointing devices.
These are using different technologies that are based on different measurement
principles such as electromagnetic, mechanical, optical, ultrasonic and inertial.
Each of these technologies has its own advantages and disadvantages that lies
mainly on the limitations of the physical medium (jitter, drift), the existing
environment (size of room) and the signal processing techniques (calibration
procedure).

Every tracking system has a device that generates a signal, a sensor that detects
the signal and a control unit that sends the data to a processing device such
as a computer. Quite often the control unit and the signal generator are on
the same unit device, such as the Kinect device that will be discussed in the
next section. Most of the time the systems require the sensor component to be
attached to the user (Fig. A.9a), while the signal generator is at a fixed position
in the environment. Some systems are configured the other way around, with
the user wearing the emitters while surrounded by sensors attached to the
environment.

Another common feature is the number of degrees of freedom (DoF) that a
tracking system can support (Fig. A.9a). The highest number is 6DoF that
correspond to 3DoF in respect to a translation X, Y, Z in the Cartesian coordi-
nate system, and 3DoF in respect to a rotation around to the axis X (rolling),
Y (pitching) and Z (yawing).

Furthermore each tracker is characterised by its performance which includes
resolution, accuracy, jitter, drift, latency and update rate. The accuracy of the
tracker represents the difference between the object’s actual position and the
recorded measurement of the tracker, while resolution is the minimum change
that the sensor can detect in a tracked object. The jitter represents the change
in tracker output when the tracked object is at a fixed position, e.g. from a
noisy tracking sensor, while the drift is the change of data that a tracker is
producing as time passes. Finally the update rate represents the number of
datasets that a tracker can report every second.
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(a) (b) a

Figure A.9: a) A coordinate system at the hand of the subject with 6DoF. The
origin of the coordinate system can be located theoretically at any point on
the body, such as the head, but it is being mainly restricted by the tracking
system. b) The Kinect sensor is a low cost optical tracking system with 6DoF
that is using infra-red technology.

Electromagnetic tracking systems are noncontact position measurement
devices that are using the magnetic field produced by a stationary trans-
mitter in order to determine the position of a moving receiver element.
The transmitter has three coiled wired antennas arranged in a perpendic-
ular orientation to one another that corresponds to x, y and z Cartesian
axes. The receiver consists of three small orthogonal coils such that their
voltage is influenced as the location or orientation is changed. These
changes are sent to a control device which can be connected to a com-
puter. In case that more than one part of the body needs to be measured,
then more receivers need to be attached.
The main advantage of the electromagnetic tracking systems is low cost,
with low levels of latency. However, its main dissadvantage is that if there
is any unshielded metallic object that can interfere with the magnetic field
of the device then the measured position of the sensor is affected. Some
new technological electromagnetic tracking systems are provided by the
Polhemus tracking devices, such as the portable G4 with 6DoF.

Ultrasonic tracking systems are similar to the the electromagnetic track-
ing systems but instead of an electromagnetic field they use ultrasonic
sound waves to determine the position and orientation of a target. In
most of the cases the sensors are stationary (at least three microphones)
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while the ultrasonic emitter, produced by three ultrasonic speakers in a
triangular frame, is placed on the user. The system calculates the posi-
tion and orientation of the target based on the time it takes for the sound
to reach the sensors.
Although ultrasonic tracking systems do not have any metallic interfer-
ence and are much more cost effective than electromagnetic systems, they
have many disadvantages. As the temperature, humidity and pressure of
the environment changes the speed of sound, the system efficiency is af-
fected. Another dissadvantage is that the sound waves can be reflected by
objects in the environment which might alter their performance. IS-900
System of InterSesnse is a hybrid system of inertial-ultrasonic technology
50ms latency and 6DoF.

Hybrid inertial trackers are self-contained sensors that utilise two or more
technologies of inertial trackers, such as accelerometers, and gyroscopes,
and the other types of technologies to measure the orientation and posi-
tion of an object. For instance a gyroscope is an inertial tracker which is
machined on mutually orthogonal axes in order to measure through the
angular momentum the orientation of an object.
Inertial trackers have the significant drawback of drifting, however they
can provide a sourceless operation, and low jitter (sensor noise). The
InteriaCube sensors of InterSense, such as the InertiaCube3 combines ac-
celerometery, gyroscope and magnetometer for a 3DoF tracking, while the
IS-1200 of InterSense is a inertial-optical technology tracker with 6DoF.

Optical trackers are the most accurate contactless trackers, since they do not
suffer from measurement distortions such as the electromagnetic trackers,
and drifting and jittering problems such as the inertial trackers, but are
costly, they require a direct line of sight which degrades the performance
in case of multiple tracking objects, and they can be less effective in case
of ambient light or infrared radiation. The optical trackers use optical
sensors to determine in real-time the position and orientation of an ob-
ject. A very common configuration of trackers is to use the sensors, e.g.
photodiode or Charge-Coupded Device (CCD), at a fixed position and
some light emitters, e.g. a LED, are placed on the users, while in more
modern technologies the emitter might be built on the same device as the
sensor. The V120-duo, or ARTTRACK System of OptiTrack are optical
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tracking devices which can be used in combination with more than one
camera in order to give a 6DoF object tracking to cover a wide range of
space in a room.

Other trackers can also be used to indicate the location of an object by
the use of virtual reality and a pointer on a screen. For instance the
SpaceMouse pro of 3Dconnection is a 3D navigation device that offers a
6DoF sensor in order to navigate virtual objects in 3D space. Although
such a device can offer a very high performance for the indication of
the position of an object, it requires a development of the corresponding
virtual environment and a training session from the user side in order to
be able to map the real position of the indicated location with the virtual
space.

A.4.2 Kinect

The Kinect sensor is a low cost optical tracking system with 6DoF that uses
infrared (IR) technology to track the movement of an object (Fig. A.9b). The
device incorporates one IR emitter, which emits IR light beams, one depth sen-
sor which reads the reflected beams and converts them into depth information
by measuring the distance between the object and the sensor5, an RGB camera
for capturing a colour image, a multi-array microphone, which includes 4 micro-
phones that records audio and can find the direction of the sound source, and
a 3-axis accelerometer that can be used to find the orientation of the Kinect.
In this way it is possible to use Kinect in Virtual Reality applications that
includes 3D motion identification and voice recognition.

The Kinect is produced with two versions, the Kinect for Windows and Kinect
for Xbox360. The differences is that Kinect for Windows offers some more
features due to upgrades of the firmware of the chip such as the ability of iden-
tification of objects from 40cm distance instead of 1.2m, however the cameras
and the directional microphones are of the same quality. The Kinect for Win-
dows v2 offers even a more enhanced fidelity of the depth camera permitting
more skeletal joint identification and a much more stable depth image.

5The depth map are are 640×480, 320×240, or 80×60 pixels in size, with each pixel
representing the distance, in millimeters.
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A.4.2.1 Prerequisites

Different application program interfaces (APIs) exist for the development of
Kinect applications such as the open source OpenNI which supports a variety
of programming languages, such as the Visual Studio, C++, C, Python and
Java to name a few, and it can run on Linux, Windows and MAC OS, and sup-
ports more object tracking. However it lacks good documentation and support
compared to the official software development kit (SDK), which runs only on
Windows and supports only the Visual Studio Suite.

During the course of the project presented in this dissertation is a configuration
of three Kinects have been used as a pointing device. A GUI interface was
developed using Matlab 2013, or later versions, and the Image Acquisition
Toolbox, that provides its own API for the Kinect device in Windows, while
the drivers were provided by SDK 1.8. Nevertheless a similar interface could
also be developed in other programming languages such as Visual C++ which
would make the software more efficient with regard to speed and data aquisition
in real time.

The GUI provides a mean for handling multiple Kinects and recording the
indicated location of a listener. In Fig. A.10 there is an example of the con-
figuration of three Kinects consisted of two at the front and one at the back
of a listener who is indicating the position of an object at 57◦ azimuth and
34◦ elevation angle in the spherical coordinate system. On the right side of
the interface there is a map of the location of the Kinects on a unitary sphere,
the stretched hand of the listener and the indicated position which has been
recorded by the Kinect No.2. On the left side of the interface it is possible to
choose the Kinect of interest and the caputered picture of either the colour or
the depth map with the tracked locations of the hand.

The procedure of tracking the indicated position of a listener is divided into two
steps. In the first step, a calibration process is necessary to find the position of
each Kinect separately relative to a reference point which is the origin of the
unitary sphere, while the second step is the actual tracking procedure. It is not
necessary for the listener to be seated but it is necessary for the listener to be
within the range view of the Kinects.
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Figure A.10: a) The GUI that has been developed for the Kinects in Matlab
2013 in order to use it as a tracking pointing device. Kinect No.2 has tracked
the position of the hand indicating at at 57◦ azimuth and 34◦ elevation angle,
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A.4.2.2 Calibration Procedure

The calibration procedure is a necessary step for the connection of multiple
tracking systems, in order to relate a point referred to the coordinate system
of the tracking device to a global reference system. The key points in this
procedure are the translation of the origin of the local coordinate system to the
global reference system and the change of the orientation of the local coordinate
system to match the orientation of the global reference system.

Consider a point on a sphere Pk = (xk, yk, zk) and the origin of the global
reference system O = (xo, yo, zo) relative to the local coordinate system of the
tracking device. Furthermore, assume that θx, θy and θz are the Euler angles of
the local coordinate system that describe the orientation of the local reference
system relative to the global reference system. Then the point P = (x, y, z)
relative to the global reference system is described by:


x

y

z

 = Rz(θz)Ry(θy)Rx(θx)


xk − xo

yk − yo

zk − zo

 (A.24)

where Rx(θx), Ry(θy) and Rz(θz) are the rotation matrices

Rx(θx) =


1 0 0
0 cos θx sin θx

0 − sin θx cos θx

 , Ry(θy) =


cos θy 0 − sin θy

0 1 0
sin θy 0 cos θy



Rz(θz) =


cos θz sin θz 0

− sin θz cos θz 0
0 0 1

 (A.25)

Although the order that the rotation matrices are being placed in eq. A.24 is
not important, it should be consistent in the calculation of the transformation
of the point Pk of the local coordinate system to point P of the global reference
system, as changing the order of the rotation matrices by using the angles of
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another order would result in different resultant orientation. In the current
case the rotation is first about the x axis, then about the y axis and last on
the z axis.

From eq. A.24 is possible to find the position of the Kinect device and the
actual location of the tracking point relative to the global reference system.
The calibration procedure is actually necessary for the estimation of the Euler
angles θx, θy and θz, as the tracking system is able to give Pk and O of two
tracking points and P can be given by the known dimensions of an object
placed at the centre of global reference system. As Matlab is giving an API
for tracking the human body, the human centre of the surface of the head has
been used as a reference origin for the estimation of the Euler angles.

The Euler angles have been estimated by considering the following assumptions.
Firstly, as the origin of the global reference system O = (xo, yo, zo) relative to
the Kinect has been taken the centre of the surface of the head while as Pk =
(xk, yk, zk) the right shoulder. Both of these coordinates are being given the
API of Matlab. Secondly, we have considered that θx = 0 as this angle indicates
a rolling rotation, which means that the yz surface of the local coordinate
system is always perpendicular to the floor of the room and as a consequence
parallel to the global reference system. Secondly, the Kinect device is able to
control the θy angle though a tilt motor and as a consequence is considered
known. Finally, we have assumed that the human body is parallel to the zy

reference system and since the centre of the face is the origin of the system
x = 0.

In this way eq. A.24 is simplified to


0
y

z

 = Rz(θz)Ry(θy)


xk − xo

yk − yo

zk − zo

 (A.26)

which gives

tan(θz) = −cos θy(xk − xo) − sin θy(zk − zo)
yk − yo

(A.27)
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y = − sin θz[cos θy(xk − xo) − sin θy(zk − zo)] + cos θz(yk − yo) (A.28)

z = sin θy(xk − xo) + cos θy(zk − zo) (A.29)

From eq. A.27 the θz angle can be estimated by

θz = π − arctan cos θy(xk − xo) − sin θy(zk − zo)
yk − yo

(A.30)

if the Kinect resides at the front of the listener.

θz = − arctan cos θy(xk − xo) − sin θy(zk − zo)
yk − yo

(A.31)

if resides at the back of the listener.

while from the eq. A.28 and eq. A.29 is possible to validate the estimation of
θz by comparing the calculated y, z with the measured distance of the centre
of the surface of the head to the right shoulder.

The above procedure is repeated for each of the tracking devices connected
to the system. For the current example three sets of origins On and Eθn ,
n = {1, 2, 3}, have been calculated.

A.4.2.3 Results and Considerations

Having estimated all the Euler angles and the location of each of the Kinect
relative to the global reference system, it is possible to estimate the indicated
location by calculating the elevation and azimuth angle of the section between
the unitary sphere and the line of stretched hand of the listener. The last can
be determined by linear regression of the tracked shoulder, elbow, wrist and
palm.

In Fig. A.10 is shown an example of how Kinect No.2 located at the front of
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the listener has tracked his hand. On the right side of the figure is depicted
the intersection between the line of the hand with the unitary sphere.

In Fig. A.11 is shown another example at which both Kinect No.2 and No.3
have tracked the hand of the listener. However there is a divergence on the
estimation of the values of the indicated location, as there is a 10◦ difference in
the azimuth angle and 1◦ difference in the elevation angle of the two Kinects.
The reason of the divergence that multiple Kinects give different indicated
locations lies mainly into two factors.

The first factor has to do with the assumption that has been made in the
calibration procedure, about the body being parallel to the yz plane as it is not
a plane but a curved suface and a slight movement can make this non parallel.
Furthermore, if the base of the Kinect device is slightly inclined this means that
the θx angle is not zero. All these difficulties can be removed by replacing the
object used in the calibration procedure with a solid cube of specific dimensions.
However such an approache requires further development in Matlab through
pattern recognition techniques as Matlab’s API does not support this, although
it is supported by openNI. Furthermore, an improvement can be made on the
estimation and validation of the Euler angles by the use of the accelerometer
featured with Kinect, which gives further information on the orientation of the
Kinect relative to gravity with 1◦ to 3◦ of accuracy depending on the operating
temperature of the room.

The second factor has to do with the physical limitation of the technology
that is being used in Kinect devices and the interference that is created when
multiple Kinects are working together. The depth sensor is able to determine
how far or close objects are by the use of structured light created from the IR
emitter. In Fig. A.12 dark colours of the depth map indicate that the object is
closer while brighter colour that it is far away. The structured light is a pattern
of pixels of known characteristics that is projected to a scene. The depth map
is extracted from the deformation of the patterns on the surface of scene as the
light scatters on the surfaces. The downside of this approach is that in case
of multiple Kinects there is an interference of the patterns of one Kinect with
the other. One way that has been proposed which works quite well is the by
use of small vibrators on the surface of the Kinect, which although improve the
accuracy of the depth map it blurs the colour image.
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Figure A.11: a) Both Kinect No.2 and No.3 have tracked the position of the
hand. However there is a divergence of the indicated location, as Kinect No.2
shows an azimuth angle at 35◦and an elevation angle at 21◦ while Kinect No.3
shows an azimuth angle at 45◦ and an elevation angle at 22◦ elevation angle.
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Figure A.12: The interference of the depth maps in between multiple Kinect
results in gaps (black spots) which degrade the estimation of the tracked points.
For the specific example Kinect No.3 has a lot of interference with the other
Kinects, which is being indicated with a lot of black spots in the depth map.
Each black spot indicate a zero value in the map which is translated to high
uncertainty

A.5 Experimental Data

In the following subsections the experimental data for each of the three types
of stimuli are presented. Each stimulus had 800ms duration, a level of 65 dBA,
a logarithmic fade-in at 10ms and fade-out at 6ms. The first type of white
noise has been bandpass filtered between 100Hz and 20kHz (the broadband
stimulus), the second type between 100Hz and 3kHz (low frequency bandpass
stimulus) and the third type between 3kHz and 20kHz (high frequency bandpass
stimulus).

Furtheremore from the 16 subjects No. 2, 3, 7, 11 and 12 have been charac-
terized as “good” listeners with No. 3 being the best, subjects No. 6, 8, 10,
15 and 16 had been characterized as “poor” listeners with No. 10 having the
worse general localisation performance, and subjects No. 1, 4, 5, 9, 13 and 14
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have been characterized as “average” listeners
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