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Kurzfassung

Personenspezifische kopfbezogene AuBenohriibertragungsfunk-
tionen (engl. head-related transfer functions, HRTFs) sind
von entscheidender Bedeutung fiir personalisierte binaurale Au-
diowiedergabe. Bisher gibt es allerdings noch keine zugingliche
Methode, die eine HRTF-Erfassung ohne hochspezialisierte Ein-
richtungen und Gerite ermdglicht. Fotogrammetrische Rekon-
struktion (FR) kann die Geometrieerfassung vereinfachen, so-
dass personenspezifische HRTFs berechnet werden konnen, aber
die notwendige geometrische Genauigkeit von menschlichen
Ohrmuscheln (lat. Pinnae) kann nur mit groBem Aufwand
erreicht werden. In dieser Arbeit wird ein Ansatz zur
Verbesserung der Qualitit von fotogrammetrisch rekonstruierten
Pinnae vorgeschlagen; Dessen Prinzip besteht darin, die Ge-
ometrie einer Ohrmuschel so zu verformen, dass sie mit einer
personenspezifischen Ohrmuschel iibereinstimmt. Es werden
zwel Methoden zur Verformung beschrieben: zum Einen nicht-
parametrische, nichtrigide Registrierung und zum Anderen ein
parametrisches Pinnamodell. = Die Fihigkeit der Methoden,
eine Pinnageometrie mit hoher und niedriger Qualitdt anzu-
passen, wurde sowohl im geometrischen, akustischen als auch
psychoakustischen Bereich bewertet.  Die psychoakustische
Evaluierung erfolgte mit Hilfe eines auditiven Modells und iiber
ein Experiment zur Schalllokalisierung. Die Ergebnisse deuten
darauf hin, dass die Anwendung des parametrischen Modells eine
hohere Lokalisationsgenauigkeit ermoglichte. Zukiinftige Unter-
suchungen sind notwendig, zum Beispiel um den notwendigen Pa-
rameterraum abzustecken oder mégliche Uberschneidungen zwis-
chen einzelnen Parametern zu beriicksichtigen.



Abstract

Listener-specific head-related transfer functions (HRTFs) are cru-
cial when it comes to personalised binaural virtual audio. How-
ever, there is no method yet enabling an acquisition of person-
alised HRTFs without the need for highly specialised facilities
and equipment. Photogrammetric reconstruction can alleviate the
problem of geometry acquisition such that personal HRTFs can
be numerically calculated, but the necessary geometric accuracy
of the pinnae can be achieved only with great effort. In this the-
sis, shape deformation is proposed in order to improve the qual-
ity of photogrammetrically reconstructed pinnae. The principle
of shape deformation is used to deform a high-quality but non-
individual template pinna such that it matches a low-quality but
individual target pinna. Two proposals are described, namely
the non-parametric non-rigid registration and a parametric pinna
model. The performance of these proposals was evaluated on both
high-quality and low-quality meshes in the geometric, acoustic,
and psychoacoustic domain. In the psychoacoustic domain, both
an auditory model was used and a sound-localisation experiment
was conducted. Results suggest that the parametric pinna model is
more likely to achieve lower localisation errors than the selected
non-rigid registration algorithm. However, further investigations
of the parametric pinna model are required such as the examina-
tion of the parameter space and potential overlap between param-
eters.
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Chapter 1

Introduction

Millions of people use headphones on a daily basis — to listen to music, watch movies,
or simply to make a telephone call. Signals played back over headphones are typically
perceived within the head, instead of from the actual sound-source position, that is, out-
side of the head. This phenomenon is commonly accepted, but mostly because of the
lack of alternatives. The growing use of augmented reality (AR) and virtual reality (VR)
in various systems emphasizes the necessity of using realistic sound reproduction over
headphones. This motivates the ultimate goal of this thesis: Investigating new methods to
improve realistic headphone playback outside of controlled laboratory conditions.

A realistic headphone playback of sound has been made possible for some time under
controlled laboratory conditions. Personalised binaural sounds can be generated enabling
a person to perceive the sounds in a natural way — outside their head. This is what is called
binaural virtual acoustics (BVA). A major contribution to the personalisation quality of
a BVA system comes from the pinna shape, because listener-specific binaural signals are
acoustically created by the filtering of the sound with the torso, head, and pinnae, with the
latter being strongly listener-specific. This filtering is described as head-related transfer
function (HRTF). A binaural pair of HRTF describes the filtering of a sound source
considering its position relative to the listener.

Listener-specific HRTFs are essential for BVA systems to replicate natural sound sources
convincingly. Unfortunately, classic HRTF acquisition requires highly sophisticated lab-
oratory equipment: Multiple loudspeakers (with a mostly flat frequency response) are
placed in an sound-proof chamber, miniature microphones (with a mostly flat frequency
response) are placed in the entrances of both ear canals of the listener, and impulse re-
sponses from hundreds of different sound-source directions are measured acoustically.
This HRTF acquisition method is cumbersome, and thus, one of the reasons as why per-
sonalised BVA systems are unavailable to consumers.

There are, however, alternatives to the acoustical measurement of HRTFs: The acoustic
influence of the geometry of a listener (torso, head, both pinnae) on the sound field arriv-
ing at the entrance of the ear canal can be simulated using a computer. With this method,
HRTFs can also be numerically calculated. Because it is not necessary to place miniature
microphones in ear canals of human listeners, this method is classified as non-invasive.



The numerical calculation of HRTFs — details of which are further elaborated in Sec. 1.3 —
is possible given an adequate description of listener-specific head and pinnae geometries.
However, one obstacle to access high-quality numericall calculated HRTFs is the 3D ge-
ometry acquisition, especially in those of the pinnae, which are most important. Out of all
the possible geometry acquisition methods, photogrammetrical reconstruction (PR) is the
focus in this thesis, because it is considered easy to access for a wide range of people. In
this approach, many photos of listener-specific pinnae are made, from which a 3D pinna
model is calculated and represented as point cloud and mesh. PR is most likely to be inte-
grated in a user-friendly system utilising HRTF calculation, because there are basically no
high-level requirements or equipment: photos can be made with a customary camera, and
the construktion of the point cloud or mesh as well as the HRTF calculation can be exe-
cuted on a common computer. Section 1.4 provides a detailed overview of state-of-the-art
mesh acquisition by means of photogrammetry.

User-friendly PR has been integrated in applications using personalised HRTF. However,
the results do not sound convincing, because PR typically results in pinna meshes con-
taining errors, such as missing points (holes) in occluded areas, wrongly assigned points
not actually part of the geometry of interest (noise and outliers), e.g., vellus hair or points
outside the pinna geometry. Listener-specific HRTFs require a high accuracy of the 3D
representation, and a manual sculpting of the pinna meshes requires a time-intense man-
ual postprocessing. Reasons for the faulty pinna meshes may be the complex folds of the
pinna which are partially occluded and impossible to be captured using a camera. To my
knowledge, there are no reliable state-of-the-art methods for improving the PR of pinnae
besides manually sculpting the shapes using 3D computer graphics software. Addition-
ally, it is unclear how potential improvements to meshes, HRTFs, and, lastly, the realism
of binaural signals affect AR/VR systems.

In this thesis, several systematic investigations were conducted in order to answer the
following research question:

How can non-rigid deformation methods improve photogrammetric reconstruc-
tions for HRTF personalisation?

In order to answer this research question, two non-rigid deformation methods are pro-
posed: Non-rigid registration and a parametric pinna model (see Sec. 1.5). Both proposals
use the same principle: The deformation of a high-quality (but generic) pinna template
using transformation 7 such that it matches a PR-based (but listener-specific) pinna tar-
get. Registration is the process of deforming a template such that it matches a target.
Figure 1.1 shows this principle. The goal of pinna registration was the preservation, or
replication, of listener-specific details in the pinna shape, while maintaining the high qual-
ity of the template. If these criteria are met, the resulting mesh is ideal for the numerical
calculation of personalised HRTFs.

The investigations in this thesis were performed by systematically varying relevant pa-
rameters with the focus on the contribution of various pinna regions encoding directional
information in HRTFs. Evaluations on the registration success were performed in three
different domains: the geometric domain, the acoustic domain, and the psychoacoustic
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Figure 1.1: Workflow proposal of the dissertation. Deform a high-quality non-individual
template ear using a low-quality individual target obtained via photogrammetry such that
the output is a high-quality individual ear. 7 describes a transformation performed by the
two proposals, non-rigid registration (NRR) algorithms and the parametric pinna model
(PPM).

domain using both an auditory model and a behavioural experiment for selected condi-
tions. Insight in the applicability of NRR algorithms and the PPM is an essential output
of this thesis forming an essential step towards realistic sound reproduction in person-
alised AR/VR systems.

Section 1.1 gives a detailed overview of the fundamentals of HRTFs, and Sec. 1.2 elabo-
rates on the discretisaion of HRTFs.

1.1 Head-related transfer functions

The sound produced by a sound source arriving at the eardrums is filtered in time, fre-
quency, and distance by the listener’s anatomy. Humans are able to locate sounds in the
physical space around them, i.e., they can map the filtered sounds arriving at the eardrums
to direction and distance of perceived auditory events [1]. This acoustic filtering can be
summarised as HRTFs. Humans use HRTFs to build an internal model of their natural
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Figure 1.2: Coordinate systems typically used in the HRTF acquisition and representa-
tion. The dashed line represents the interaural axis, and the arrow represents the viewing
direction. (a) Spherical coordinate system with the azimuth and elevation angles. (b)
Interaural-polar coordinate system with the lateral and polar angles obtained by rotation
the poles of the spherical system [3]. (¢) Modified interaural-polar coordinate system with
the lateral and polar angles corresponding to the azimuth angle in the horizontal plane and
the elevation angle in the median plane [4].

environment and with it span an auditory space [2].

Despite a spherical coordinate system being ideal to describe positions of sound sources
from the listener’s perspective in space, it makes much more sense to shift the poles on the
top and bottom of the sphere to the left and right instead, where the ears are. Figure 1.2
summarises the transition from the spherical over the interaural-polar to the modified
interaural-polar coordinate system, in which the lateral angle corresponds to the azimuth
angle in the horizontal plane and the polar angle corresponds to the elevation angle in the
sagittal planes. The polar angle describes the position of a sound source along a sagittal
plane, i.e., planes that are parallel to the median plane. The lateral angle describes the
position of a sound source along the horizontal plane.

Depending on the usecase, it can be advantageous to use one of the three coordinate sys-
tem. Various software in research, e.g., the SOFA toolbox [5, 6], binaural renderers such
as [7, 8], or the auditory modeling toolbox (AMT) [9, 10], use these coordinate system to
visualise HRTFs, render sounds with HRTFs, or use HRTFs in auditory modelling.

Various parts of the human body interact with the incoming sound wave, each affecting
HRTFs in different frequency regions. HRTFs can be separated into binaural and monau-
ral cues that each become dominant in different frequency ranges [11]. For lower frequen-
cies up to the equivalent wavelength of the listener’s interaural distance, i.e., on average
14.49 cm [12], the dominant binaural cue is the interaural time difference (ITD). The
ITD describes the time difference between ipsilateral and contralateral ear and can vary
between listeners of up to =80 us due to the head width variation [12]. For frequencies
higher than the equivalent wavelength of the interaural distance, the dominant binaural
cue is the interaural level difference (ILD). The ILD describes the level difference be-
tween the two ears due to shadowing effects of torso and head [13, 14, 15, 16, 17]. Using
these two cues, humans already can distinguish sound sources in the horizontal plane [18].
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However, there are specific instances of sound source positions which result in the same
ITD and ILD, these positions lie on the rim of the so-called cone of confusion [19]. The
cone of confusion corresponds to a circle on the sagittal planes, see Fig. 1.2b. When us-
ing the modified interaural-polar coordinate system, sound sources with a constant lateral
angle and various polar angles have (approximately) the same ITD And ILD and their
monaural spectra can be compared independent of binaural cues.

The confusion could trivially be resolved dynamically by turning the head such that ITDs
and ILDs get nonzero. However, in static conditions, humans are able to resolve the con-
fusion using another — a monaural — cue: The pinnae are complex shaped geometries,
designed to not only focus the incoming sound into the ear canals, but also spectrally
filter it [20, 21, 22]. Additionally to resolving front-back and up-down confusions, these
monaural spectral features have been identified as the main contributor to distance percep-
tion and vertical localisation. The state-of-the-art understanding is that these monaural
spectral cues are responsible for externalisation of sound sources, i.e., the perception of
sound sources in their natural position outside of the head [23]. Monaural cues become
dominant for frequencies above approximately 4 kHz, for resolving the cone of confusion,
and for the perception of elevated sound sources [24, 23, 14, 25, 26, 27]. The pinnae are
unique for every person, and can yield inter-individual variation in the HRTF of up to
20 dB [11], thus HRTFs are listener-specific, or, individual [19, 28, 29, 24, 23, 14, 25, 26,
27,30, 31]. As an example, Fig. 1.3 shows individual ear shapes and individual HRTFs.



(b)

Figure 1.3: Pinnae and, thus, HRTFs vary drastically among listeners. (a) Pinnae of eight
listeners and (b) corresponding HRTFs in the median plane. Abscissa shows increasing
frequency from left to right (linear scale), ordinate shows the lateral angle from bottom
to top between -180 and 180°. Each horizontal line represents an HRTF from a specific
direction on the horizontal plane. Colour shows normalised magnitude between -50 and
0 dB.

Listener-specific HRTFs are essential in order to achieve good localisation performance,
because HRTFs heavily depend on the individual geometry of a listener [31]. While the
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head geometry can be approximated using a sphere [32], the relationship between pinna
geometry and HRTF is far more complex and currently subject to research, e.g., [16].
Already small changes of the pinna geometry can result in significant changes in the
HRTF. Because of their concave shape, Cavum and Cymba conchae play an important
role for localisation, and a high-quality geometry acquisition of these areas are out of the
question [17].

HRTFs can be obtained currently with three different approaches: acoustical measure-
ment, personalisation, and numerical calculation [33]. The gold standard in state-of-the-
art HRTF acquisition is the acoustical measurement. Traditionally, the acoustical measure-
ment is designed as recording of the impulse responses between source and receiver in an
(semi-)anechoic chamber. Each of these impulse responses describe the transmission path
from a sound source in a specific position to the listener’s ears [11, 34]. Li and Peissig
have recently published an extensive overview of various state-of-the-art acoustical mea-
surement techniques [35]. Acoustic HRTFs measurements typically are long procedures,
because of the high number of necessary measurement directions (in the range of a few
hundred different directions). Using highly sophisticatd equipment, HRTFs can be acous-
tically measured for one direction in about 5 to 20 minutes [36]. However, the acquisition
of multiple distances requires a tremendous effort [37] and is impractical for commercial
usage. For distances of more than approximately 1 m, monaural cues in HRTFs change
marginally. In this thesis, similar to typical scenarios when HRTFs are used in applica-
tions, only farfield HRTFs are considered.

A second approach for HRTF acuigqisition is personalisation, which can be performed
in an objective or subjective way, both describing the altering of an existing geometric
shape or HRTF. Objective personalisation deals with measuring anthropometric data of
a listener and then adapt either a geometric model of ears (and, sometimes, head) [38,
39, 40, 41, 42, 43] or a non-individual, sometimes a dummy-head, HRTF to the listener-
specific data [31, 44, 45, 46, 47, 48, 42, 49, 50, 51, 52, 47]. Also, a lot of neural net-
work approaches have been applied to solve the problem in both geometric and spectral
domain [53, 54, 55, 56, 57, 58, 59, 60, 61, 62]. Subjective personalisation deals with con-
fronting listeners with various HRTFs and selecting the best such that some form of error
is minimised given feedback from the listener [28, 63]. This error function is typically
a localisation error, i.e., the difference between target (rendered sound source position)
and response (perceived sound source position). Objective and subjective personalisation
approaches can also be combined, e.g., anthropometric data of a listener can be used to
frequency-warp the HRTFs prior to a subjective personalisation [64, 65, 66]. Addition-
ally, psychoacoustic models can help in finding a close-to-individual HRTF, or clustering
a set of HRTFs in order to study the spectral nuances between similar HRTFs and fur-
ther reduce the personalisation procedure duration [67, 68, 63, 69]. A lot of work has
been done to find a link between the listener-specific morphology and their corresponding
HRTFs [17, 70, 71, 72, 73, 74, 46]. However, this link is not fully understood yet, likely
due to the high dimensionality of the problem at hand.

A third HRTF acuiqisition approach, numerical calculation, simulates the acoustical mea-
surement using a sound source grid and a three-dimensional (3D) representation of a
listener’s geometry. In previous work, I summarised several approaches, i.e., the finite el-



ement method (FEM), the finite discrete-time domain method (FDTD), and the boundary
element method (BEM) [75]. In this thesis, I cover the BEM only, as it is the method I
am using for the numerical calculation of HRTFs [76]. Three advantages of the numer-
ical calculation are the fact that the listener does not have to travel to a facility with an
(semi-)anechoic room and special equipment to get their HRTFs measured, that the lis-
tener does not move or fatigues during the measurement, and that the inter-subject levels
of HRTFs are in the same amplitude range compared to acoustically measured ones [77].
However, despite previous research showing no perceptual differences by means of local-
isation errors between acoustically measured and numerically calculated HRTFs [78], the
necessary quality of the 3D representation of the listener’s geometry can only be achieved
when using expensive medical imaging (CT of a cast [79], MRI [40], etc.).

HRTFs are continuous functions in time, frequency, and space, but in order to actually
use them in applications, discretising HRTFs is inevitable. The next section focuses on
the parts of HRTFs that can be omitted by exploiting physical, theoretical, and perceptual
criteria.

1.2 Discretisation of HRTFs

A listener-specific HRTF given a sound-source position x (encoding distance and direc-
tion) can, in signal processing terms, be described as

H(x,s, f) = plx.s, /) 1.1)

p0(07 f)

where H describes the HRTF of one ear, s describes the listener-specific geometry, f
describes the frequency, p describes the sound pressure at the ear canal entrance, and pg
describes the reference sound pressure, i.e., the pressure in the middle of the interaural
axis (inside the head) with the listener being absent in the sound field. An HRTF is typi-
cally acquired for both ears in a spatially discretised way. Several properties of auditory
perception in humans can be exploited in the discretisaion of HRTFs. First, the frequency
range can be limited not only to the boundaries of human hearing, i.e., 20 Hz - 20 kHz,
but also to between 90 Hz and 16 kHz. The lower boundary can be introduced because
previous investigations showed that frequencies lower than 90 Hz do not contribute to
sound lateralisation, i.e., left-right localisation within the head [80]. The upper boundary
can be introduced because previous investigations showed that frequencies higher than
16 kHz do not contribute to sound localisation outside the head [1]. Second, previous
investigations have shown that the dynamic range is up to 50 dB [11]. Figure 1.4 shows
the magnitude spectra of two listeners’ HRTFs in the defined frequency range. For each
listener, the left column shows HRTFs of the left ear, and the right column shows HRTFs
of the right ear; The top row shows HRTFs in the median plane, and the bottom row shows
HRTFs in the horizontal plane. Note the high variation in level between front/back and
left/right for frequencies above 4 kHz for each listener and the high variation between the
two listeners.
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Figure 1.4: Normalised HRTF magnitude spectra for both ears of two example listeners
of the ARI database [4] (a) NH236 and b) NH257). Columns show left and right ear. Top
row shows HRTFs in the median plane, bottom row shows HRTFs in the horizontal plane.
The HRTF magnitude has been normalised to full scale.

Third, the temporal duration can be restricted to 5 ms [81]. Figure 1.5 shows head-related
impulse responses (HRIRs) — the time-domain equivalent HRTFs — of the same listeners
as Fig. 1.4 in the horizontal domain.

1
3

4 5 [ 1 5 3
Time (ms) Time (ms)

Figure 1.5: Normalised HRIR magnitudes in the horizontal plane for both ears of listeners
(a) NH236 and (b) NH257. Note the decay within the first 5 ms.

Fourth, the spatial resolution can be drastically limited exploiting the ability of a lis-
tener to evaluate changes in binaural and monaural cues, i.e., the minimum audible angle
(MAA) [82]. The MAA depends the type of signal and the sound-source position. Con-
clusively, broadband signals can be localised with the highest precision of 1-4° in front
and behind the listener, and 10-20° for lateral or elevated positions [1, 83, 84, 44, 85, 86,
87, 88, 89, 90, 91, 92, 93, 94]. This thesis only covers static sound-source localisation,
where neither the listener nor the sound source move.



1.3 Numerical calculation of HRTFs

Numerical calculation provides a feasible alternative to the acoustical measurement of
HRTFs: Using numerical methods, the acoustic sound pressure is calculated at the ear
canal entrance of a listener-specific mesh. These numerical methods are widely known
and evaluated, thus, do not pose a challenge for practical applications. Already in 2001,
the boundary element method (BEM) was used to numerically calculated HRTFs [95],
albeit computationally limited to 8 kHz. By coupling the BEM with the fast-multipole
method (FMM) [96], the calculation limit could be extended to higher frequency ranges
relevant for spatial hearing [97]. Nowadays, HRTFs can be calculated within one hour, if
parallel computation is used with Mesh2HRTF [76, 78, 98].

The listener’s geometry can be stored in a non-parametric representations such as a dis-
crete and finite set of vertices, further denoted as “point cloud”, or a point cloud extended
by the relationship between points, i.e., a surface, further denoted as “mesh”. To this end,
typical 3D dataset formats are used, e.g., OBJ, PLY, or STL. These format are widely
used in computer graphics and thus easily accessible by many corresponding applications.
It is advantageous if the faces of a mesh are triangular in order to calculate HRTFs us-
ing Mesh2HRTF, because the face normal is unambiguous. This is not the case for other
polygons typically used in computer graphics, e.g., quadrilaterals.

The requirements on the mesh are restricted by computational and perceptual aspects.
Computationally, the BEM typically requires the average edge length (AEL) between
vertices to be at least a sixth of the smallest wavelength [99], which corresponds to an
AEL of 3.5 mm for frequencies up to 16 kHz. However, from a perceptual point of view,
this resolution does not render the pinna geometry sufficiently accurate, the AEL of the
elements in the mesh needs to be to be around 1 mm [79]. Figure 1.6 shows the same
pinna in all panels, represented by meshes with increasing AELs from left to right.

Figure 1.6: Pinna meshes demonstrating the effect of average edge length (AEL) [79].
From left to right: AEL of 1 mm, 2 mm, 3 mm, 4 mm, and 5 mm. Note how the represen-
tations of the helix and fossa triangularis degrade with increasing AEL.

In order to reduce the computational cost, the mesh may undergo a so-called remesh-
ing [100], which resamples the head mesh dependent on the curvature, thus results in
a higher resolution around the pinna regions. In this thesis, the hrtf-mesh-grading
tool was used for remeshing' [101]. Larger anatomical parts like the head and torso can
additionally be approximated by simple geometric shapes, e.g., a sphere for the head, a

"https://sourceforge.net/projects/mesh2hrtf-tools/
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cylinder for the neck, and a rectangular cuboid or an ellipsoid representing the torso [32].
However, torso reflections and head shadowing can be applied as part of a low-cost post-
processing step to an HRTF [4].

In order to calculate HRTFs with sufficient spectral accuracy, the number of elements
needs to be in the range of several tens of thousands, which might be important for the
requirements on the computational power. Such large numerical problems usually require
large amount of memory being in the range of Gigabytes. Mesh2HRTF calculates HRTFs
for each frequency independently, and thus, the calculations can be performed in parallel,
especially using large computational clusters. This reduces the calculation time to one
hour for HRTFs with 128 frequencies covering the full hearing range based on a mesh of
several tens of thousands elements.

In general, the BEM underlying Mesh2HRTF describes a specific numerical method for
solving the wave propagation using the Helmholtz equation. By selecting a specific set
of ansatz functions, the computation boils down to solving a system of linear equations.
The challenging part, however, is the dimension of the problem: For each face midpoint,
the sound pressure is calculated. Within Mesh2HRTF, this problem is tackled by two
methods: Separating the mesh into clusters of varying size, and exploiting the Helmholtz
reciprocity theorem. The clustering is used to simplify the equation system by separat-
ing it into clusters. The Helmholtz repciprocity theorem states that the observed sound
pressure is not changed when source and receiver positions are switched. Applied to
HRTF calculations, this means that the virtual loudspeakers are placed at the blocked ear
canals [78] and the real loudspeaker grid around the listener is switched to a grid of vir-
tual microphones. Using these two methods to reduce the dimensionality problem, the
computationally expensive part of the BEM, i.e., solving a linear system of equations to
calculate the sound pressure at the surface, needs to be done once for each ear.

As a boundary condition, it assumes the 3D geometry to be sound hard, i.e., all sur-
faces having infinite acoustic impedance. With respect to localisation performance, this
boundary condition yields to only small perceptual differences to acoustically measured
HRTFs [78]. However, the impedance of various regions such as skin and hair may in-
fluence the direction-independent HRTF properties and cause changes in the perceived
timbre [102, 103, 104, 105].

The BEM has been widely used to calculate HRTFs [97, 95, 106, 107, 108] analysing
the computational process from various perspectives. When applied on an accurate and
high-resolution representation of the pinna geometry, the BEM can yield similar results to
the acoustic HRTF measurements by means of sound localisation performance [78, 76].

1.3.1 Comparison to acoustical measurements

Besides the practical advantages of numerical calculations which include travelling of the
listener, listener fatigue and the need for elaborate equipment and facilities, the numerical
calculation of HRTFs is briefly compared to its acoustically measured counterpart. This
Section cover a brief evaluation whether the numerical calculation of HRTFs is trustwor-
thy and sufficiently accurate [109, 110].

11



A traditional approach for such an evaluation lies in the comparison of the numerically
calculated results with an analytically computated solution. No analytical solution for
an HRTF has been found yet due to the complex shape of the pinna. However, several
investigations have compared numerical and analytical computations for the pressure dis-
tribution on a sphere [98, 111, 110], which yielded a maximum error of 1 dB for the
whole frequency range and all positions on the ipsilateral side. For the contralateral side,
the magnitude error reached up to 6 dB because the contralateral side shows an average
edge length of approximately 5 mm. However, the relatively large error is still negligible
as the contribution of the contralateral ear to an HRTF is little [112].

Additionally to the comparison with an analytical solution, Ziegelwanger et al. compared
the localisation performance in acoustically measured with numerically calculated HRTFs
in a sound-localisation experiment. In this investigation, the AEL of the mesh in the pinna
regions was systematically varied and the sound-localisation performance of three partici-
pants was compared to the acoustically measured reference. Specifically, AELs of meshes
in the pinna region varied between 1, 2, 3, 4, and 5 mm. In this behavioural experiment,
the authors found no significant differences between the acoustically measured HRTFs
and the numerically calculated HRTFs with 1 mm average edge length [78].

Within the scope of this dissertation, I was involved in the maintenance of the Mesh2HRTF
software package at the Acoustics Research Institute. While the BEM core was improved
to be able to calculate multiple frequencies or frequency ranges in parallel [98, 113], I
rewrote the Matlab script responsible for assembling the calculated sound pressure into
an HRTF and formatting it as SOFA file [5, 6].

1.4 Mesh acquisition by means of photogrammetry

A pinna geometry can be captured via numerous approaches [114]: a laser scan [115], a
structured-light scan [116], medical imaging techniques such as magnetic resonance imag-
ing (MRI) [117, 118, 119] and computer tomography (CT) of a cast [79], or photogram-
metric reconstruction [120]. Laser, MRI, and CT scans yield high-resolution meshes
offering a small geometric error, but in turn need a special and often expensive equipment.
In the medical imaging approaches, different downsides arise: Acquiring the pinnae ge-
ometry via MRI is not a trivial process, because the ears are flattened by the head support.
This leads to two separate MRI measurements of each ear, having to be stitched to a head
mesh. The anatomy is captured in “slices” that can be stitched together in the postpro-
cessing. The CT captures the anatomy in a similar way, but due to the high radiation
exposure, such scans are usually not done with human subjects but with (silicone) mould-
ings of the listener’s ear. The overall procedure may take more time than an acoustic
HRTF measurement and require the listener to either manufacture a moulding or meeting
rather specific criteria for the scanning equipment (e.g., no tattoos, piercings, or implants).
The structured-light scans are based on line-of-sight propagation and are able to measure
short distances with an accuracy of up to 0.01 mm. The downside of line-of-sight prop-
agation is that the manifolds of the pinnae are not easy to capture. As an easy-to-use
alternative, recent advances have been made for more widely applicable approaches such
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as photogrammetry [121, 38]. Photogrammetry is not only non-invasive, but it also can
be done with a widely available equipment, e.g., a smartphone or digital camera, without
having the listener to travel to a specialised facility. The overall process of the photogram-
metrical approach works across applications as follows: a video or a set of photographs
from different directions is made for each ear [120, 122, 123], then, the camera posi-
tions are estimated by analyzing mutual features across the photographs [124, 125, 126].
A 3D point cloud is constructed, and a 3D mesh is created by connecting the points in
the cloud. This method requires no special hardware, because a common photocamera,
e.g., from a smartphone, can be used. This method, however accessible, yields inaccu-
rate pinna meshes which require extensive amount of manual postprocessing. Figure 1.7
shows a screenshot of a reconstruction software (Metashape version 1.6.5, Agisoft LLC)
containing the reconstructed point cloud surrounded by the estimated positions of each
photograph.

L |

Figure 1.7: From features extracted from photos (shown as IMG_ followed by a 4-digit
number), the original position of the camera is estimated. With the triangulation, a point
cloud of the pinna is estimated and its shape is reconstructed. Screenshot from Metashape
version 1.6.5 (Agisoft LLC).

Note that the qualities of the reconstruction varies vastly among photogrammetry meth-
ods. Approaches using elaborate camera arrays or other professional equipment were
discarded in this thesis, because the overall goal of the thesis was to improve photogram-
metric reconstruction with minimal cost. Figure 1.8 shows the results of three different
PR methods, highlighting the quality divergence.

Currently, manual corrections (e.g. smoothing to reduce noise, filling holes) are still
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Figure 1.8: photogrammetrical reconstruction (PR) varies drastically in quality and de-
pends on the effort of pre- and postprocessing of the point cloud. (a) High-quality PR
using extensive pre- and postprocessing, (b) high-speed PR using a minimum amount of
postprocessing, and (¢) a PR result with no information on the methodology.

required to reach the high quality of the meshes required for accurate HRTF calcula-
tions, even for high-quality photogrammetry scans [123]. This is due to various problems,
such as subsurface scattering of human skin [127, 128, 129], occlusion in various areas,
direction-dependent shadows due to lighting conditions, the caption of vellus hair as part
of the geometry, and (quasi-)evenly distributed skin colour.

In order to achieve a high-quality photogrammetry reconstruction without the use of niche
or expensive equipment, pre- and post-processing steps can substantially contribute to
more detail. The problems of subsurface scattering and (quasi-)evenly distributed human
skin colour can be counteracted by applying a matte spray also used in theatre [123, 130].
This additionally adds a stochastic component to the pictures, which support the feature-
matching procedure in the photogrammetry algorithm. However, the spray attaches to
Vellus hair and has to be smudged after directly applying. Direction-dependent shadows
can be avoided when using diffuse lighting or shooting outside when the weather is cloudy.
Blurring of the 2D material can be avoided if no video is shot, but rather photographs from
multiple angles [114]. The only thing that cannot be tackled is occlusion. The pinna is
a complex geometry, and with optical 3D scanning methods such as photogrammetry —
even high quality one — a few regions remain where no camera can point. This is where
the photogrammetry algorithm either leaves holes or interpolates.

Once the mesh has been reconstructed, the occluded areas that have been left open or
interpolated, have to be closed or sculpted manually, respectively. The overall surface
of the mesh may be smoothed, but at the same time, the personal details of the pinna
shape should remain present. This requires a cumbersome process of manual sculpting
combined with smoothing, potentially using the photogrammetry source material as ref-
erence.
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1.5 Shape deformation

This thesis proposes shape deformation as one solution approach to the problem of low
quality in high-speed PRs. Two proposals are made, the first one covers non-rigid regis-
tration algorithms, with the motivation stemming from medical image processing, and the
second one covers the parameterisation of the pinna geometry, with the motivation stem-
ming from computer animation. Both proposals are thoroughly evaluated in this thesis in
Chapters 3 and 4.

1.5.1 Proposal I: Non-rigid registration

NRR algorithms are methods to register one point cloud (template) to another point cloud
(target) [131]. The registered point cloud (result) should be as close as possible to the tar-
get while maintaining the high quality (no noise, outliers, or holes) of the template. NRR
is a generalisation of the rigid registration, in which only linear transformations, i.e., trans-
lation, rotation, scaling, are allowed. NRR, however, allows additional global changes,
i.e., shearing and anisotropic scaling, and local changes, i.e., region-based deformation.
Chapter 3 gives an overview of the literature research of state-of-the-art NRR algorithms.
These methods play an important role in medical image processing, computer(-assisted)
vision, or pattern recognition. One method has to be emphasised here: In coherent point
drift (CPD), the template is interpreted as the means of a Gaussian mixture model (GMM),
and the target is interpreted as observations from said GMM. In a temporal process, the
movement of the means towards the observations is modelled in an alternating fashion
between estimating the point correspondence and minimising a cost function while as-
suming coherence in the movement of proximal points. The velocity coherence allows
a smooth transition between single iteration steps of the registration. CPD has been ex-
tended and developed further since its first publication in 2010. However, since the ap-
plicability of NRR algorithms on pinna geometries has not yet been investigated, several
state-of-the-art algorithms were compared.

1.56.2 Proposal Il: Parameteric pinna model

The second proposal approaches the deformation a template ear such that it matches a
target ear by parameterising the pinna surface. This proposal aims at significantly re-
ducing the dimensionality of the registration problem. In contrast to the first proposal, the
parameterisation of the pinna geometry has been investigated thoroughly using various de-
composition methods, such as the principal component analysis [40, 132] or active shape
models [133, 40, 134, 132]. These previously suggested PPMs based on various decom-
position methods have one common disadvantage: They depend on the dataset underlying
the decomposition, and thus, these appraoches struggle with several — and potentially un-
known — biases. Although other approaches use anthropometric parameters as basis for
template deformation [135, 32, 136], they oftentimes face the problem that not all regions
considered important for localisation are covered using conventional anthropometric pa-
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rameters and thus, the resulting HRTFs yield significantly different sound-localisation
performance as the acoustically measured ones.

The proposed PPM tries to unify the knowledge from previous PPMs but implementing
them in a creative way, that is, motivated by computer animation. The PPM is then man-
ually deformed to various target pinnae and its registration is evaluated in the geometric
and behavioural domains.
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Chapter 2

Perceptual relevance of outer ear
regions

Evaluating HRTFs is a difficult process: The contribution from the head is typically de-
scribed by broadband interaural cues, i.e., interaural time and level differences, which can
be evaluated using binaural lateralisation models, e.g., [137]. The contribution from the
pinna (monaural spectral cues) can be evaluated using a sound-source localisation model
for sagittal planes [67]. In this model, sound-localisation errors from the evaluation HRTF
set are compared to actual sound-localisation errors. The contribution of interaural spec-
tral cues can be evaluated using externalisation models, e.g., [138, 139]). Non-spatial
aspects such as, e.g., differences in timbre of HRTFs are often modelled as amplitude dif-
ferences (e.g., spectral distortion [140]). However, state-of-the-art research showed that
these models are limited in the description of timbre perception (see [49]).

Finally, auditory modelling can only provide a proof of concept, or a preselection of
potential HRTF set candidates because not all aspects of spatial hearing are considered in
auditory models. Thus, spatial aspects of HRTFs must be evaluated also in behavioural
experiments [4]. While realistic scenarios consider controlled dynamic head movements
in order to evaluate, e.g., changes in interaural time differences, static conditions (without
dynamic head movements) are required for rigorously testing HRTFs. This provides a
correct assessment of the quality of spectral cues in an HRTF in a worst-case scenario
(see [141]).

Crucial for the success of pinna personalisation is whether the regions important for sound
localisation are well-matched to the target. Several investigations covered this topic be-
fore, e.g., [12, 136, 71, 135, 52, 134], all resulting in various parameter sets describing a
pinna and the importance of specific pinna regions for sound localisation. The pinna is
a complex shape and has a variety of regions described with technical terms. Figure 2.1
shows the pinna shape including technical terms. Takemoto and Mokhtari have analysed
resonance frequencies in the HRTF in [16, 142, 17] and concluded that the cavum con-
chae and cymba conchae are the major contributors to the resonances associated with
vertical sound-localisation accuracy. Middlebrooks et al. concluded that the ear canal
does not contribute to direction-dependent cues which justifies the HRTF being aqcuired
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at the blocked ear canal [143]. Most of the studies that numerically calculated HRTFs
covered specific frequencies only, either because of high computational costs at that time
or because of the limited availability of high-resolution meshes of individual listeners.

In order to establish in which regions of a photogrammetricically reconstructed pinna
the geometrical detail should increase in order to improve HRTF personalisation, the fol-
lowing investigations were conducted. First, the effect of isolated deformation of pinna
surface regions was investigated. Second, the effect of including the ear canal transfer
function was investigated by comparing HRTFs calculated at the blocked ear canal and
the eardrum.

Crus superius anthelicis
Fossa tl'iangularis\

. . . Helix
Crus inferius anthelicis G

Cymba conchae Q ——— Scapha

Crus helicis ~—

Insicura anterior _ Antihelix
lecs \\ Cavum conchae

Insicura intertragica

Antritragus \

Lobulus

Ear canal

Figure 2.1: The human pinna including technical terms.

2.1 Effect of pinna surface regions

Previous research showed that not all regions of the pinna are equally contributing to an
HRTF and whether anthropometric parameters could predict acoustic features [16, 144,
145, 65, 17] or even behavioural performance [135]. The consensus of previous works is
that the concave regions — boiling down in literature to cavum conchae and cymba conchae
— contribute the most to elevation perception. This aligns with an investigation in which
participants got earmolds inserted that decreased the depth of the cavum conchae and
cymba conchae, resulting in the collapse of elevation perception and adaptation to heavily
altered monaural spectral cues [146, 147]. However, there are three aspects I did not find
in the literature. First, other concave regions than the cavum and cymba conchae were
not investigated yet — however, there is a lot of individual detail in other concave regions
as well, e.g., the Fossa triangularis and the Scapha. Second, no previous investigation
covered the backside of the pinna, but it is important in the light of photogrammetry
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whether or not the backside of the pinna is necessary to be captured in precise resolution.
And third, the depth of the cavum conchae and cymba conchae was decreased in previous
studies, but there was no non-invasive way yet to increase depths of pinna regions.

2.1.1 Methods

In order to understand which regions of the pinna mesh are important to be captured in pre-
cise resolution, the perceptual relevance was investigated by changing a specific region in
the mesh, calculating HRTFs, and evaluating the sound-localisation performance using an
auditory model. Using only calculated HRTFs, it was practical to deform the ears as much
as possible in a non-invasive way. For this investigation, ten publicly available meshes of
the SYMARE databse were used [118], consisting of head (including pinnae) and torso
meshes of 10 listeners. The head and pinnae scans without torsi provided enough geo-
metrical information to calculate HRTFs because the effect of the torso is negligible for
frequencies above 4 kHz. Several anatomic regions were deformed in a systematic way:
The depths of the cavum conchae and cymba conchae were increased, the depths of the
fossa triangularis, scapha, and helix, were increased and decreased, and the backside of
the pinna was completely flattened. Figure 2.2 shows the geometric change in the pinna.
Note that the geometric deformation could not be applied with the same extent for all the
listeners, as various regions sometimes were already prominent in some way, and the de-
formities were applied the left ear only. In the acoustic domain, spectral differences have
been calculated.

As error metric in order to evaluate the divergence between two point clouds in the ge-
ometric domain, the smallest distance ¢ was calculated between a point x; in one point
cloud X and every point y; in the other point cloud Y) by applying

£ (xi,Y) = min {[[x; = y;ll2} (2.1)
where || - ||2 denotes the Euclidean distance between two points. Note that this distance is

not commutative, i.e., £ (x;, Y) # ¢ (y;, X). In this thesis, this distance measure is further
denoted as smallest pointwise distance. The smallest pointwise distance was computed
and visualised on the mesh surfaces in order to emphasize which regions were influenced
to which extent. Additionally, median(¢) was calculated.

Further, HRTFs have been calculated for the reference and deformed meshes for 1,550
positions on a sphere with 1.2 m radius using Mesh2HRTF v1.0 [76, 113]. The HRTFs
were compared in the acoustical domain using the log-spectral difference between the
HRTF calculated from the reference mesh and the HRTF calculated from the mesh with
one region geometrically altered. The log-spectral difference S was calculated as follows:

H
S (Hy, Hy) = 20 - logyg (:HID , (2.2)
2

where | H| denotes the absolute value of the complex pressure of a calculated HRTF. In
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Figure 2.2: Examples of geometric deformation on the left pinnae of the two subjects 1
((a)-(e)) and 5 ((f)-(g)). Coloured geometries show the smallest-distance distribution on
the reference geometry from blue (no deformation) to red (maximum deformation). (a)
Increased depth in fossa triangularis. (b) Increased depth in cavum conchae. (¢) Increased
depth in cymba conchae. (d) Increased depth in helix. (e) Increased depth in scapha. (f)
Original backside, and (g) deformed backside.

this investigation, [1; denotes the HRTF calculated from the geometrically altered mesh,
and H, denotes the reference HRTF. The log-spectral difference can be calculated for
each position and frequency bin. Typically the log-spectral difference is calculated be-
tween directional transfer functions (DTFs), because a direct component of +20 dB would
yield a log-spectral difference of 20 dB without changing the spectral cues. However, in
this investigation, the log-spectral difference was calculated between HRTFs, which had
two reasons. The first reason was that the geometric modifications were negligibly small
compared to the overall size of the mesh, hence the direct component of the signals would
not change significantly. The second reason was that the geometric modifications might
impact direction-independent cues and, hence, might have an influence on the spectrum
of the sound-source signal.

In the psychoacoustic domain, an auditory model that predicts sound-localisation perfor-
mance in sagittal planes [67] was used to calculate sound-localisation errors, namely the
quadrant error rate and local polar RMS error [44]. This model, implemented as the func-
tion baumgartner2014 in the Auditory Modeling Toolbox (AMT) ! [10], estimates how a
listener would perform in a sound-localisation experiment given a template HRTF serving
as the internal reference and being confronted with sounds convolved with a target HRTF.

"https://amtoolbox.org/
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Default parameters were used for the model, except a limited frequency range between 4
and 16 kHz. HRTFs were converted to DTFs and transformed into the time domain us-
ing the functions SOFAhrtf2dtf and SOFAconvertConventions from the SOFAtoolbox
v2.0. Quadrant error rate and local polar RMS error were calculated from the estimated
sound-localisation performance. The quadrant error rate describes the amount of stimuli
localised in a wrong quadrant, summarising up-down and front-back confusions. The lo-
cal polar RMS error, as implemented in the AMT v1.0, describes the root mean square
(RMS) polar error for targets whose lateral angles are in the range of +30° around the
median plane, excluding the responses already categorised as quadrant error. These local-
isation errors were calculated because they reflect the major impact the pinna shape has
on HRTFs, i.e., the median plane.

2.1.2 Results and Discussion

Figure 2.3 shows the magnitude spectra of the numerically calculated HRTFs of a lis-
tener’s left ear in the horizontal and median plane. Figures 2.4 to 2.9 show the log-spectral
differences between that reference and the left-ear modifications for one listener. In gen-
eral it can be observed that even the geometric modifications in smaller regions, e.g., the
fossa triangularis, have a significant impact on spectral cues from 700 Hz, affecting both
direction-independent and direction-dependent cues. For all listeners, log-spectral differ-
ences in the range of +£40 dB were found.
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2
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Figure 2.3: HRTF magnitude spectra for the reference ear of listener 1 in the (a) horizontal
and (b) median plane.

Figures 2.5 and 2.6 show the log-spectral differences for the cavum and cymba conchae,
respectively. These regions were the ones modified by silicone molds in other studies, in
which the depth was decreased [146, 147]. In this investigation, the depth was increased
only, and the log-spectral differences were the highest for these two regions at around
440 dB. This indicates that both increasing and decreasing the depth of the relatively
large concave regions drastically influences the spectral cues.
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Figure 2.4: Log-spectral differences of HRTF magnitude spectra for fossa-triangularis
modifications of listener 1 in the horizontal (left) and median (right) plane. Top row
shows resulting differences when increasing the depth and bottom row shows resulting
differences when decreasing the depth.
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Figure 2.5: Log-spectral differences of HRTF magnitude spectra for cavum-conchae mod-
ifications of listener 1 in the (a) horizontal and (b) median plane.
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Figure 2.6: Log-spectral differences of HRTF magnitude spectra for cymba-conchae mod-
ifications of listener 1 in the (a) horizontal and (b) median plane.
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Figure 2.7: Log-spectral differences of HRTF magnitude spectra for helix modifications
of listener 1 in the horizontal (left) and median (right) plane. Top row shows resulting
differences when increasing the depth and bottom row shows resulting differences when
decreasing the depth.
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Figure 2.8: Log-spectral differences of HRTF magnitude spectra for scapha modifications
of listener 1 in the horizontal (left) and median (right) plane. Top row shows resulting
differences when increasing the depth and bottom row shows resulting differences when
decreasing the depth.
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Figure 2.9: Log-spectral differences of HRTF magnitude spectra for decreasing the pinna
backside of listener 1 in the horizontal (left) and median (right) plane.
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Figure 2.10 shows median(¢) together with the changes in the sound-localisation errors.
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Figure 2.10: Median geometric error median(¢) in mm (left y axis, circles) and (a) quad-
rant error rate differences in percentage points and (b) polar error differences in deg (right
y axis, triangles).

A mazx (L) of up to 13 mm occured for increased depth of cavum conchae, cymba conchae,
and the backside. For the first two regions in the concha, these geometrical deformations
resulted in large global errors with an increase of the quadrant error rate of up to 14 %,
which is in line with literature [16, 17, 147]. For the pinna backside, the geometrical
deformations influenced the quadrant error rate in a negligible way (less than 5 %). Re-
garding the local polar RMS error, none of the geometrical changes had a perceptually
relevant influence, as the largest change in the localisation error was less than 6 °, i.e.,
close to the MAA for static sound-source localisation in normal-hearing listeners in the
vertical plane [84].

In conclusion, pinna deformations only affected the quadrant error rates in a perceptually
relevant manner. Small increases of the depth of the cavum conchae, cymba conchae, and
the scapha resulted in a non-negligible increase in the quadrant error rate for the majority
of simulated listeners. Large pinna deformations in the backside had a negligible effect
on the quadrant error rate. Changes in other geometric regions, such as, e.g., the fossa
triangularis, did not affect the simulated sound-localisation errors much.

2.2 Effect of the ear canal

An HRTF is defined as the sound pressure at the ear canal entrance normalised by the
sound pressure in the middle of the head [11]. However, this definition leaves out the
transfer path between the ear canal entrance and the eardrum, which is typically simplified
as a ¥ resonator [143]. Whether the HRTF changes drastically or whether the ear canal
has any direction-dependent component has been studied using acoustic measurement [34,
143] using measurements at the blocked ear canal and 10 mm inside the ear canal. In the
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previous study from Middlebrooks, HRTFs of 6 listeners at 356 sound-source positions
sampled on a sphere around the listener were used.

The IHA database was released in 2021 containing meshes of ten human listeners includ-
ing torso, head, and pinnae including the ear canal up to the eardrum [119]. This opened
up the possibility to numerically calculate an HRTF at the eardrum without an invasive
procedure and investigate the directional effects of the complete ear canal and extend
Middlebrooks’ study by ten virtual listeners and HRTFs with a higher spatial resolution.

2.2.1 Methods

The IHA database was used to calculate HRTFs at the blocked ear canal and at the eardrum
of 10 listeners. Torsi were removed from the meshes, because only frequencies above
3 kHz were of interest and the torso geometry would add unnecessary computational cost.
For the blocked ear canal condition, the ear canal was removed and blocked. The meshes
were processed using Blender v3.1.4 [148], HRTFs were calculated using Mesh2HRTF
v1.0 [76, 113]? and the SOFAtoolbox v2.1 [6]3.

In the acoustic domain, HRTFs were compared using the log-spectral difference between
the HRTFs calculated at the blocked ear canal and at the eardrum as in the previous
investigation (see Eq. 2.2).

In the psychoacoustic domain, the quadrant error rate and the local polar RMS error were
calculated using the auditory model simulating median-plane sound localisation from the
AMT v1.6 [67, 10]. The DTFs at the eardrum were selected to be the internal template
(reference), because they were considered cloest to “natural” ones.

2.2.2 Results and Discussion

Figure 2.11 shows the stages of mesh preprocessing: the full mesh as in the IHA database,
the head mesh (torso removed manually), and the graded head mesh for accelerated HRTF
calculation [101]*°. Figure 2.12 shows the virtual microphone placement in the two con-
ditions blocked ear canal and at the eardrum.

Zhttps://mesh2hrtf.org/
3https://github.com/sofacoustics/SOFAtoolbox
“https://github.com/cg-tub/hrtf_mesh_grading/
>https://mesh2hrtf-tools.sourceforge.io/
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(b)

Figure 2.11: Geometry of listener IHAQ9: (a) raw including the torso, (b) without the
torso, and (c¢) remeshed for the calculation of the left-ear HRTF.

(a) (b)

Figure 2.12: Geometry of listener IHAO9 from inside the head and the microphone posi-
tion (red dot). (a) Including the ear canal (microphone position in the estimated centre
of the eardrum) and (b) with a blocked ear canal (microphone position in the estimated
centre of the ear canal).

Figures 2.13 and 2.14 show the magnitude spectra of HRTFs and DTFs, respectively,
calculated at the blocked ear canal and the eardrum for listener IHA09.
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Figure 2.13: Spectral magnitude of the HRTFs (in dB) calculated (a) at the blocked ear
canal and (b) at the eardrum.
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Figure 2.14: Spectral magnitude of the DTFs (in dB) calculated (a) at the blocked ear
canal and (b) at the eardrum.

Figure 2.15 shows the log-spectral differences for one listener (IHA09). The direction-
independent resonances of the ear canal are the dominant differences for frequencies be-
low 12 kHz. Between 15 and 20 kHz, there are various direction-dependent differences,

but it is questionable as to how much these cues would influence localisation performance,
if at all.

Figure 2.16 shows the sound-localisation errors from a simulated experiment. Indeed, the

ear canal seems to contribute only a little in a direction-dependent way, which the model
suggests to be negligible, in line with [143].
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Figure 2.16: Quadrant error rate differences (square, filled) and polar error differences
(circle, open) estimated for 10 listeners using the DTFs of the eardrum as the template in
the auditory model.

It was apparent that the ear canal is responsible for a high direction-independent reso-
nance at around 2.8 kHz and for an attenuation of higher frequencies, especially for the
contralateral ear, leading to high spectral differences in HRTFs [110, 149]. However,
when looking at the magnitude spectra of DTFs, there is negligible spectral difference
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between the blocked ear canal and eardrum spectrum. Additionally, the model uses a
Gammatone filterbank that imposes smaller weights on higher frequency regions. Thus,
the model suggests negligible perceptual differences.

In conclusion, the ear canal does contribute to direction-dependent cues in a HRTF such
that it would impact sound localisation in sagittal planes, despite its transfer function
adding a substantial amount of energy to the ¥4 resonance.

2.3 Conclusions

In conclusion, not all regions of the pinna affect HRTFs equally [22], but the concave ones,
i.e., cavum and cymba conchae, fossa triangularis, and scapha, can be considered most
important for vertical sound localisation. Figure 2.17 shows the overview of technical
terms of pinna regions from Fig. 2.1 again, this time highlighting the ones important
for sound localisation [16, 144, 145, 135, 65, 17]. Basically, the convex curvatures of
the pinnae contribute to focusing the incoming sound waves towards the entry of the ear
canals, comparable to a satellite dish [75]. The cavum conchae, cymba conchae, scapha
and fossa triangularis all contribute to sound-source localisation, because they showed a
relatively large change in quadrant error rate for relatively small geometric changes, thus,
these regions contribute strongly to resolve front-back confusions.

These findings indicate that the concave regions of a pinna should be captured with pre-
cise resolution. Increasing the depth of the scapha showed a higher quadrant error rate
than decreasing the depth of the scapha. Even when completely flattened, the backside of
the pinna did not seem to contribute substantially to sound localisation, which suggests
that its geometry does not need to be captured precisely. Thus, in photogrammetric recon-
struction, it may not be necessary to use hairbands in order to reveal the backside of the
pinnae. Besides the known direction-independent ¥s4-resonance of the ear canal, direction-
dependent differences were found in the spectra of HRTFs. However, these differences
are smaller in DTFs, and the auditory model predicting median-plane sound localisation
suggested that these differences are negligible.
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Figure 2.17: Various pinna regions including technical terms. Highlighted regions are
considered important for localisation.
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Chapter 3

Proposal I: Non-rigid registration

Non-rigid registration (NRR) describes the process of deforming a template point cloud
such that it matches a target point cloud by means of a geometric fit. It extends affine
registration, that is, translation, rotation, scaling, and shearing, by deforming local areas
of a shape independent of its global features. An important assumption underlying the
used NRR algorithms is motion coherence theory (MCT), which states that proximal
points move together coherently [150]. MCT is an adequate assumption, because it is
highly probable that points that are close to each other belong to the same part of a shape
and, thus, tend to move in a similar way. Note that, this assumption is sensible if the
template and target shape describe the same kind of object, i.e., in this case, both are
human pinnae.

The motivation to incorporate NRR algorithms in auditory modelling stems from medical
image processing. In medical image processing, such algorithms are often used when
it comes to registering organ shapes — mostly complete volumina, not just surfaces — or
bones [151]. There are also other fields of study where NRR algorithms play an impor-
tant role, such as computer graphics [152], animation [153], and personalised shoe de-
sign [154]. This chapter investigates whether the application of various NRR algorithms
to human ear shapes helps in HRTF personalisation. After several proof-of-concept in-
vestigations, however, an additional assumption is introduced, namely that that the tem-
plate is a high-quality but non-individual pinna and the target is a low-quality but indi-
vidual pinna. It was investigated whether NRR could preserve the high-quality of the
non-individual template while adopting individual features from the low-quality target in
the registration.

This chapter is structured as follows: Section 3.1 gives an overview of the literature re-
search on NRR algorithms and explains the concept of four selected algorithms that fit
specific criteria. The rest of this chapter deals with investigations in order to answer the
main research question of how this proposal can help improving photogrammetric pinna
reconstructions for HRTF personalisation.

The effect of high-quality photogrammetry on the pinna geometry was investigated in
Sec. 3.2, systematically classifying artefacts appearing in pinna geometries due to PR.
The effect of systematically distorting a target geometry using isolated artefacts was in-
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vestigated in Sec. 3.3. These investigations were important in order to evaluate the results
of the selected algorithms being applied to clean and synthetically distorted ground-truth
point clouds. However, these investigations were performed using isolated conditions
which — in real-world scenarios — occur in various combinations. Additionally, the tem-
plate and target pinnae were taken from the same listener, because the investigations fo-
cused on the robustness of the algorithms against artefacts from the PR, not the algorithms’
abilities to personalise a pinna. Thus, in Sec.3.4, the effect of the template was investi-
gated, and targets were both ground-truth and photogrammetrically reconstructed point
clouds. In Sec. 3.5, it was investigated whether a specific algorithm is able to deal with
holes in the target, as this is common in photogrammetrically reconstructed pinnae. Fi-
nally, in Sec. 3.6, it was investigated whether additional metadata obtained from the PR
can improve the registration.

3.1 Algorithms

The algorithms were selected according to the following criteria: First, the algorithm must
be applicable to at least three dimensions, as human pinnae are three dimensional objects.
Second, the code of the algorithm must be freely accessible and available. Third, the code
must be supported by a scientific publication. And fourth, not essential but definitely
to my advantage, the code of the algorithm must be implemented in Matlab and can be
edited.

One key algorithm that fit the criteria is coherent point drift (CPD), in which the point
clouds are interpreted in a probabilistic way and the registration is formulated as den-
sity estimation problem. The other selected algorithms are extensions of CPD, details of
which are described in the respective subsection of the algorithm.

There are other extensions of CPD that unfortunately do not fit the criteria. Golyanik et al.
extended CPD with correspondence priors in a closed form and optimal sampling [155],
similar to Zhou et al. who defined the prior probability as Dirichlet distribution [156].
Savalcalvo et al. extended CPD by utilising colour information of each point [157]. This
approach was promising at first, however, when considering, e.g., just the brightness of
points in the pinna (in order to be independent of human skin colour): Regions with strong
inflexion can still be brighter than regions with low cartilage and high tissue concentration.
Figure 3.1 shows two pinnae that fall into this category. From this observation I concluded
that neither brightness nor colour necessarily correlate with depth information, thus, this
CPD extension was not used.
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(b) (© (d)

Figure 3.1: Two pinnae [158, 159] with disambiguous brightness information. (a) & (d)
Including colour information and (b) & (d) grey scaled.

Serafin et al. took point normals into account [160], similar to the algorithm described
in Sec. 3.1.2. Alexa et al. recently introduced blending whole shape volumes rather than
their surfaces [153]. This “as-rigid-as-possible” shape interpolation is rigid by means of
preserving local volumes.

Of course, there are NRR algorithms that are not extensions of CPD. Some are based on
the iterative closest point (ICP) algorithm [161], as, e.g., Hirshberg et al., who defined a
regularisation term for smooth and locally rigid shape deformation in combination with
landmarks [162]. Some algorithms tackle the high dimensionality with various interpra-
tions of the problem. One approach is based on the thin-plate spline algorithm with robust
point matching (TPS-RPM), in which the shape is projected to a 3D grid, and the trans-
formation of the grid deforms the shape respectively [163]. Peng et al. combined the
shape deformation with a principal component analysis (PCA) [164]. In multiple other
algorithms, the point clouds are downsampled before the registration is performed, and
upsampled afterwards [165, 154, 166]. This has been done in order to minimise the de-
grees of freedom in the point cloud registration.

In the remainder of this chapter, I use the following notation: X denotes the target point
cloud, Y denotes the template point cloud, and 7 (Y) denotes the non-rigid transforma-
tion 7 applied to the template in order to register it to the target.

3.1.1 Coherent point drift

The coherent point drift (CPD) algorithm formulates the transformation 7 of a template
point cloud Y to a target point cloud X as a probability density estimation problem. The
template is interpreted as the mean values of a GMM with isotropic covariances and
the target is interpreted as observations, i.e., data points, from the same GMM. Point
correspondences are estimated and the covariance is minimised, i.e., the points of the
template are moved with respect to the MCT by updating the GMM’s parameter set. These
two steps are executed in an alternating fashion, because they depend on one another and
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cannot be optimised at the same time. Once at least one criterion is met, the registration
is finished. There are three possible criteria: First, the maximum number of iterations
is reached, which can be set by the user. I chose a maximum number of 100 iterations.
Second, a threshold is met that specifies the difference between movement steps of the
template, it can as well be set by the user. I chose this tolerance threshold to be 1076,
which corresponds to 0.1 mm for the point clouds in this thesis. Third, the isotropic
covariance falls below a certain threshold, which is fixed at 107, which corresponds to
0.01 mm for registrations in this thesis. This criterion can not be changed without editing
the programme code.

Additionally, there are three parameters in CPD that can be set by the user: First, the
amount of noise, w, present in the point clouds can be defined; It is normalised between
0 (all the noise is in the target) and 1 (all the noise is in the template). Second, the width
of a smoothing Gaussian (spatial) filter, 3, can be defined. The higher value f is set to,
the closer strong curvatures will be fitted. Third, a trade-off parameter, A, can be defined
that balances the accuracy of the maximum likelihood estimation and the regularisation
of the registration following the MCT. The regularisation can be interpreted as spatial
lowpass filter, as it is defined in the Laplace domain [167]. Per default, w = 0.1, 5 = 2,
and A\ = 3. Empirical testing has shown that § = 0.5 and A = 1 are ideal for registering
human pinnae. The parameter w has been set to 0, because only ground-truth point clouds
were used as template which did not contain any noise and all the noise was assumed to
be in the target.

3.1.2 Preserving global and local structures

Preserving global and local structures (PRGLS) extends CPD by a classifier that accounts
for curvature in geometrical structures [168]. This classifier is implemented as fast point-
feature histograms (FPFH), which yield information about local structures in both tem-
plate and target, and thus make the point correspondence estimation more robust against
outliers [169]. The result of FPFH is then incorporated into the GMM as an additional
membership probability.

There are six point features included in FPFHs: A local coordinate system of a point and
three angular variations to a neighbouring point [170]. The angular variations describe
the rotation of the local coordinate system to the neighbouring point. These six point
features are calculated for each point in both point clouds and neighbouring points within
a specific number of radii (ten per default). The number of radii can not be changed
without editing the programme code.

Parameters that can be set by the user were done so as follows: Parameters that overlapped
with those of CPD were chosen to be the same, e.g., 5 = 0.5 and A = 1, the amount
of noise w = 0, the maximum number of iterations was set to 100, and the tolerance
was set to 1075, Because calculating the FPFHs for a single iteration was taking more
than 30 minutes even on a computational cluster and because the template moved only
marginally between two iterations, the FPFH calculation was set to be happening at every
20" iteration.
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3.1.3 Bayesian coherent point drift

In CPD, a velocity function following the MCT is chosen as the regularisation term for
the registration. Bayesian formulation of coherent point drift (BCPD) uses a different
approach for following MCT, i.e., by introducing a prior distribution using Bayesian in-
ference. One advantage of BCPD is that it combines the rigid and non-rigid CPD, indeed,
BCPD is a generalised form of CPD [171].

Parameters that can be set by the user were done so as follows: w was set to 0, it describes
an outlier probability. [ was set to 1.2, it describes a Gaussian function’s width which
controls the range in which deformation vectors are smoothed. A was set to 100, it con-
trols the expected length of deformation vectors (smaller number corresponds to longer
vectors). -y was set to 0.1, it controls a weight on the accuracy of the initial alignment.
K and J were set to 100 and 300, respectively. They define two constraints for solving
integrals discretely. ¢ was set to 107°, it describes the convergence tolerance as the one in
CPD. n was set to 300, it describes the maximum number of iterations.

Although BCPD is not implemented in Matlab, the definition of parameters and function
call are. This enabled me to apply BCPD despite the algorithm being implemented in
C++.

3.1.4 Geodesic-based Bayesian coherent point drift

From the same author as BCPD, there was another NRR algorithm implementation called
geodesic-based Bayesian formulation of coherent point drift (GBCPD). This algorithm —
unlike previous algorithms — does not depend on the Euclidean distance between points
but takes the geodesic distance into account, i.e., the surface of the shape, respectively
the connection between points. This property sounded promising regarding two problems
that arose in investigations: First, holes in the target could be interpolated instead of
replicated with the deformed template, because the points in the template are connected.
Second, when calculating a mesh from the point cloud, the relationship between points is
already clear as it did not change during the registration process and did not have to be
recalculated.

Parameters that can be defined were mostly the same as used in BCPD, and also set to
the same values. Additionally, the flag —ux was included in order to specify that shapes
are roughly registered globally. tau was set to 0, it controls the balance between geodesic
and Gaussian kernels. Finally, the last argument controls downsampling and interpolation
acceleration outside the Bayesian framework and was flagged as -DB,8000,0.02.

3.2 Error assessment in high-quality photogrammetry

In this section, the effect of a high-quality PR approach on the pinna geometry was inves-
tigated in order to understand what problems NRR algorithms have to face in improving
PR. If an NRR algorithm is unable to register a target with artefacts at the minimum, it is
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likely unfit for the task of improving low-quality PR in which artefacts occur in varying
combinations and to varying extent. In this investigation, three different high-quality PR
instances of the same listener served as benchmark PRs, and the ground-truth mesh of this
listener was available in order to classify and quantify the geometric artefacts.

3.2.1 Methods

Photogrammetrical reconstruction

In order to obtain the three PR point clouds, three sets of photos were taken as follows.
First, the ear canal was blocked via colored foam earplugs (Classic II, E-A-R). Then, the
earplugs were marked with a black marker dot in the middle of it to provide a unique
landmark. To reduce the noise in the captured geometry caused by the listener’s vellus
hair, the vellus hair was shaved using a nose trimmer (NE3450, Remington). A white
matte spray (3D Laser Scanning Spray, Helling) was used on the pinna to increase the
contrast and to avoid subsurface scattering [114]. The pinna was evenly lit with the help of
diffuse light sources; however, in PR set 3, a flash was used. An analog zoom was applied
such that the depth of field was minimised. The camera’s sensitivity was set to ISO 1600
and the aperture and shutter speed were chosen to be as small as possible [123]. Then,
photos were taken along the surface of a vertical hemisphere with the pinna in the centre
using a compact camera (DSC-WX200, SONY). These photos served as input to the PR
software (Metashape version 1.6.5, Agisoft LLC). This software aligned the photos and
extracted features [125], creating a sparse cloud. Then, it calculated a dense cloud using a
reconstruction quality set to “high” and a depth filtering set to “mild”. The dense PR point
clouds were then affinely registered to the GT pinna using the Align tool (Meshlab, version
v2022.02, Visual Computing Lab of ISTI-CNR) [172], such that their global properties,
1.e., translation, rotation, and scaling, were approximately the same. Figure 3.2 shows the
ground-truth point cloud and three such high-quality PR point clouds of the same listener.

ground truth PR 1 PR Z PR3

Figure 3.2: Ground-truth and three high-quality PR point clouds of the same listener
(NHS).
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Problem analysis

In general, the following problems with photogrammetrically reconstructed meshes were
identified. First, the global features — location, orientation, and scaling of the head and
pinnae — were unreliably estimated. Thus, the photogrammetrically reconstructed point
cloud or mesh has to be aligned globally to a reference. Second, every pinna reconstruc-
tion resulted in a different number of points in the point cloud. Even the same method
executed repeatedly does not yield even approximately a similar point cloud size. Third,
it occured that the vellus hair on the pinna was reconstructed as part of the geometry,
but it is an unwanted part for the purpose of HRTF calculation, because the noise in the
mesh increases. Fourth, artefacts from the PR may result in outliers. And last, possi-
bly in combination with problems three and four, the PR algorithm may interpolated the
geometry in regions where only a small amount of features could be identified in the im-
ages. Interpolating holes is a delicate matter in human pinna geometries and depends on
the number of features found and the size of the hole. As the available PR software is
shape-agnostic, the decision on when a hole should stay a hole, e.g., when the Lobulus
of a listener is stretched because the listener wears a tunnel piercing, was made based on
software-internal penalties, likely to be distance-based.

The first problem — global alignment — was disregarded because local deformation of the
pinna were the focus of this thesis, and global alignment is typically a preprocessing step
in non-rigid registration [151]. The last problem — interpolation — consisted of too many
unknown, and possibly dependent, variables which can be altered in a systematic way.
This problem was likely to be solved only within a PR algorithm and, thus, discarded in
this thesis. This left the classification covered in this investigation to be different number
of points, noise, and outliers, which were quantified in the remainder of this investigation.

Artefacts quantification

The difference in point cloud size was calculated as a ratio between the number of points
in the reference and the number of points in the pinna region of the sparse and dense point
clouds, and the inverse ratio of the two point cloud sizes.

¢, a “one-sided” measure (see Eq. 2.1), was used in order to classify the points in the
PR point clouds. It was calculated between the reference and each PR, and between
each PR and the reference. Note that, previous studies could show a maximum /¢ of
far below 1 mm [128, 129, 130]. However, these studies performed a photogrammetric
reconstruction of a KU100 dummy head and compared it to a structured-light scan. This
is problematic in the sense that, photogrammetric reconstructions of dummy heads tend to
be more accurate due to several problems of human skin and missing parts of anatomy and
behaviour (moving, blinking, etc.), as an extensive study on optical scanning methods has
found [114]. In this thesis, the focus lies on photogrammetric reconstruction of real-life
human pinnae.

Two thresholds for ¢ were defined in order to separate the three artefacts categories: All
points showing a distance smaller or equal 1 mm were considered as correctly registered,
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because these distances lie within the resolution of the reference mesh, and previous in-
vestigations have deemed 1 mm to be a reasonable solution for the pinna region in order to
calculate plausible personalised HRTFs [78]. Points showing a distance larger than 3 mm
cannot represent the pinna geometry correctly anymore, because the average thickness of
skin and cartilage in the pinna region is approximately 3 mm [173]. Thus, these points
were considered as outliers and were quantified by outlier rates in %. Consequently, all
points showing a distance between 1 and 3 mm were considered as noise and were quan-
tified by noise rates in %.

3.2.2 Results and Discussion

Table 3.1 shows the number of photos taken, the resulting PR point cloud sizes for the
sparse and the dense cloud, the latter separately for the whole reconstruction and in the
manually segmented pinna region only. The ratio between point cloud sizes was 1.5, 0.6,
and 0.5 when comparing the reference to the sparse point clouds in the pinna region, and
0.008, 0.01, and 0.01 when comparing the reference to the dense point clouds in the pinna
region.

Table 3.1: Number of photos and resulting size of the three PR point clouds. For compar-
ison, the reference point cloud consisted of 8,973 points.

PR1 PR2 PR3

Number of photos used for the PR 54 77 125
Number of points in the sparse point cloud | 20,108 | 54,774 | 63,725

... in the pinna region only 6k 15k 18k
Number of points in the dense pointcloud | 7.5M | 5.5M | 49 M
... in the pinna region only I.1M | 860k | 833k

Figure 3.3 shows the classification of points on the point clouds and by means of his-
tograms. Between 40.9 and 66.7 % of the points were classified as correctly registered,
between 2.5 and 7.8 % of the points were classified as outliers (median 4.3 %), and be-
tween 30.7 and 52.0 % of the points were classified as noise (median 43.6 %).
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Figure 3.3: /¢ for three PR instances of the same listener, visualised on the pinna shape
(top row) and as histograms (bottom row). Less than 1 mm were defined to be correctly
registered (yellow), between 1 and 3 mm were deemed to be noise (purple), and points
with a distance higher than 3 mm were deemed to be outliers (black).

In this investigation, three artefacts that occur in high-quality PRs were identified: point
cloud size difference, noise, and outliers. Without the usage of professional equipment,
the size and quality of pinnae PR point clouds varied tremendously, thus, outlier and
noise rates are likely to be higher than those found in this investigation. It is suggested
that wider ranges than found for noise and outliers and several intermediate ratios than
found for point cloud size difference should be applied systematically. The results of this
investigation were used in order to systematically apply distortions to pinna geometries
and investigate the robustness of the NRR algorithms against these artefacts.

3.3 Effect of systematic geometry distortions

In Sec. 3.2, three artefact categories have been identified. The next step was to apply these
artefacts with systematically varying severity to ground-truth target point clouds and to
investigate the robustness of the four NRR algorithms. The template and target point
clouds were from the same listener for each registration in order to observe the robustness
of the algorithms separated from personalisation.

41



3.3.1 Methods

Evaluation measures

The quality of the registration was evaluated by means of three geometric errors calculated
between the registered template 7 (Y) and the respective target X. First, the Hausdorff
distance h [174, 175] was calculated:

h(X,7 (Y)) = max { supl (x;, 7 (Y)), sup £(T (y:) ,X)} : (3.1

x;€X vi€T (y5)

Second, the balanced average Hausdorff distance h [176] was calculated:

R 1 N M
i=1 j=1

where 1/2n is used to account for a hidden error in ranking. Note that, in contrast to

Eq. 2.1, Egs. 3.1 and 3.2 are two-sided metrics. Several other extensions of the Hausdorff

distance exist [177, 178], but i was deemed the one appropriate for this investigation.

Third, the Jaccard index J [179] was calculated:

J(XﬂY))—‘X”T(Y):, 0<J<1 (3.3)

CXUT(Y)
by voxelising both pinnae and evaluating intersection over union of said voxel grids. The
voxel size was defined as 2.0 mm to be sensitive for a distance of 1.0 mm between points,
i.e., roughly the distance between points considered to result in an accurate pinna point
cloud. Note that the pinna point clouds used in this thesis described surfaces, not complete
volumina.

Tested conditions

The effects of the artefacts based on the results in Sec. 3.2 were investigated by systemat-
ically distorting pinna geometries and applying the four NRR algorithms to them.

The point cloud size of the target and template was varied. These were two separate
conditions, because the results of the previous investigation showed that the reference
point cloud was not always the smaller point cloud (see number of points for sparse PR,
in pinna region), and because there is an ambiguity in point correspondence for differently
sized point clouds. When the target is smaller than the template point cloud, there is a
chance that different points in the template are registered to the same single point in the
target. And when the template is smaller than the target point cloud, there is a chance
that the registered template will include non-uniformly spatially distributed points. In the
target size condition, the number of points in the target was reduced and the template size
was constant. In the template size condition, the number of points in the template was
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reduced and the target size was constant. The reduction was achieved by removing 1, 2,
5, 10, 20, 40, 60, 80, 90, and 95 % of the points in the corresponding point cloud in a
randomized fashion based on a uniform distribution. In this investigation, the point cloud
size difference is given as relative ratio, which can be interpreted as how much % of the
points were removed in either the reference or the target and it was separated in rounded
step sizes. Additionally, a reference condition of removing 0 % was included. Note
that the largely reduced point clouds do not represented the pinna geometry sufficiently
accurate for plausible HRTF calculation, but the algorithms were to be tested beyond the
threshold of the resolution considered sufficiently high.

To investigate the effect of outliers, 5, 10, and 20 % of points were added to the target
point cloud. Note that by doing so, the target size increased with the amount of outliers.
The outliers were drawn from a 3D Gaussian distribution with a mean representing the
arithmetic centre of the point cloud and a standard deviation of half the dimensions of the
point cloud’s bounding box. Again, a reference condition with O % outliers was included.

To investigate the effect of noise, 20, 40, 60, 80, and 100 % of points in the target point
cloud were randomly displaced. Note that by doing so, the target size did not change. The
displacement was modeled by a 3D Gaussian distribution with zero mean and a standard
deviation of 10 % of the point cloud’s bounding box. A reference condition of 0 % noise
was included.

Added points in the outliers condition and the selected points in the noise condition were
distributed evenly over the target pinna point cloud. Although some regions — especially
occluded ones — might experience a higher probability of noise and outliers present, these
regions are not in the same position or of the same size for all PRs (see Fig. 3.3). Note
that, for a proof of concept, the NRR algorithms have been applied to left ears only.

In the evaluation, the goal was the evaluation metrics to reflect the success of the regis-
tration despite the distortion in the target. Thus, for the conditions different target point
cloud size, noise, and outliers, the registered point cloud 7 (Y) was compared with the
respective GT point cloud Y. For the conditions different template point cloud size, the
registered point cloud 7 (Y) was compared with the respectively sized target point cloud
X.

Computational aspects

CPD, BCPD, and GBCPD used up to 2 GB peak memory, and PRGLS used up to 160 GB
peak memory. CPD’s runtime was around 10 to 20 minutes, for all tested conditions.
PRGLS’ runtime, however, varied vastly depending on the condition. For reduced target
size, it was between 4 and 10 days, while for the remaining conditions (reduced template
size, noise, and outliers), it was between 5 minutes and 3 hours. BCPD and GBCPD had
a runtime between 30 seconds and 3 minutes, for all tested conditions. The reason for
the large runtime differences may be the algorithms’ implementations: CPD and PRGLS
were implemented in Matlab mostly; BCPD and GBCPD were implemented in C, and
Matlab was used only as interface to specify command line parameters and programme
calls.
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3.3.2 Results and Discussion
General analysis

The four applied algorithms behaved differently across conditions, and albeit independent
of the pinna shapes involved, systematic differences in the performance of the algorithms
have been observed and can be summarised in this section.

As an example for the general analysis, Figure 3.4 shows the point clouds before and after
a registration using the four algorithms in the condition target size reduction by 10 %. In
the top row, template and target pinna are shown. The zoom-in shows that the overall
shape of the pinna looked the same, but the number of points was different. The bottom
row shows the point clouds after applying the four algorithms to the template. From
this visual inspection, PRGLS performed worst, and GBCPD performed best, with the
latter yielding a good-quality point cloud from which a mesh and furthermore individual
HRTFs may be calculated. CPD and BCPD did not yield well-registered results, with a
lot of details lost in the helix rim and concha.

(b) Target

(c) CPD (d) PRGLS (e) BCPD (f) GBCPD

Figure 3.4: Effect of a target size reduction by 10 %. (a): Template point cloud. (b):
Target point cloud, i.e., template point cloud reduced by 10%. Registered templates by
(c) CPD, (d) PRGLS, (e) BCPD, and (f) GBCPD.

Table 3.2 shows the corresponding geometric error metrics obtained for the same registra-
tions. h indicates that the registration using PRGLS failed, as does h. ¢ does not indicate
the magnitude of the shape differences as its values around 1 mm suggest similar registra-
tion results with all four algorithms. The discrepancy between the quantity value and the
corresponding point-cloud quality was the reason this error measure was discarded in the
further evaluation. J indicates the PRGLS registration as a failed one, CPD and BCPD as
approximately of the same quality, and GBCPD as the best-performing algorithm. This
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general analysis served as an example of the magnitude of the error measures used and
that they are good indicators for the geometric quality assessment of a registration.

Table 3.2: Effect of a target size reduction by 10 % for registrations with the four tested
algorithms. ¢ represents the median of /.

CPD | PRGLS | BCPD | GBCPD
h (inmm) | 4.41 | 25.30 3.48 1.58
h (inmm) | 0.56 3.59 0.47 0.36
¢ (inmm) || 0.48 1.12 0.44 0.39
J 0.72 | 0.08 0.79 0.87

The following figures present the results of the registrations for different conditions, al-
gorithms, and listeners, in order of the geometric error measures introduced in Sec. 3.2.
They all have the same structure: The panels represent the four investigated conditions
(target size reduction, template size reduction, noise, outliers). Each panel contains the
geometric error resulting from the registration for each listener (color) and each algorithm
(symbol). The results for listener NHS are highlighted as this listener covers large parts
of the investigations in this chapter.

Figure 3.5 shows the Hausdorff distances h obtained for the tested conditions. h seemed
to fluctuate almost randomly and present high levels, even within the same algorithm and
listener, which might be because of this metric being highly sensitive to single distant
points. This is a clear problem of h, because an accurate mesh can result from registration
despite containing single distant points which would be discarded in a mesh construction
anyway.
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Figure 3.5: Hausdorff distance & (in mm) for all tested conditions. CPD is depicted by a
circle, PRGLS by a triangle pointing up, BCPD by a square, and GBCPD by a triangle
pointing down. The results for the three pinnae are shown colour-coded, with NHS5 shown
as filled symbols.

Fig. 3.6 shows the balanced average Hausdorff distances h. h showed smaller fluctua-
tions across the levels of deformation. However, its interpretation raises questions. For
example, all four algorithms moslty yield h below the required threshold of 1 mm, but the
resulting point clouds differed highly in quality when visually compared (see Tab. 3.2 and
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Fig. 3.4). This issue rendered h inadequate for further analyses.
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Figure 3.6: Balanced average Hausdorff distance h in mm for all tested conditions. Con-
ventions as in Fig. 3.5.

Fig. 3.7 shows the Jaccard indices J. This distance measure showed little fluctuations
across the levels of deformations and allowed interpretation of the success of the registra-
tion. Thus, these results were selected for statistical testing and general interpretation.

A Shapiro-Wilk normality test was performed and showed that the data was not normally
distributed (p < 0.05). Then, a Kruskal-Wallis rank sum test was applied on the Jac-
card index with the factors algorithm (CPD, PRGLS, BCPD, GBCPD) and pinna (NHS5,
NH130, NH131). This test revealed a significant effect of the algorithm (p < 0.05), but
not a significant effect of the pinna (p = 0.60). This indicates that the NRR algorithms
performed differently but their performance did not depend on the pinna shape used.
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Figure 3.7: Jaccard index J for all tested conditions. Conventions as in Fig. 3.5.

In the general analysis, the registrations by means of three error measures were investi-
gated. Additionally to the three error metrics, ¢ was included, the median of the pointwise
smallest distance /. It was shown that this metric was useful for a pointwise classifica-
tion, but its median did not indicate unambiguously whether a registration was actually
successful. It was also shown that h and 1 were fluctuating, thus sensitive to noise and
outliers, and their interpretation seemed to be inconcistent. Finally, the Jaccard index J
was selected as an appropriate metric in order to evaluate the registration performance in
the geometric domain.

Condition-specific analysis

The following analysis was based on the results presented in Fig. 3.7, complying with the
structure of the figure: The conditions were analysed independently from each other in
the order of the figure panels.

In the rarget size condition, Js obtained with PRGLS were lowest, especially when the
target had much less points than the template. This may originate in incorporating the
additional information of the FPFHs [169] for each point and various radii. In detail,
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when calculating the point cloud correspondence, a linear equation system of dimensions
number of points in template X number of points in target X 60 is set up and solved using
the “Hungarian™ algorithm [180]. In the target size condition, this equation system has
the dimensions number of points in target X number of points in target x60; its first
dimension has non-zero entries from 1 to the number of points in the template and is
padded with a small positive float number (double precision) to the size of the target,
adding rows and thus yielding an equation system without a unique solution. This might
be the reason for failed registrations, an example of which is shown in Fig. 3.4d. These
results indicate that, in future applications of PRGLS, the target size needs to correspond
to that of the template. GBCPD performed best, yielding Js of more than 0.8 for target
size reductions of up to 60%, rendering GBCPD the favorite candidate in the target size
condition.

In the template size condition, CPD and BCPD showed the lowest Js. PRGLS yielded
excellent Js for small reductions, but performed poorly for a reduction by more than
10%. This can be explained by the size of the linear equation system within PRGLS
having a size of number of points in template X number of points in template x60, its
second dimension being padded to the size of the target with a small positive number,
thus offering a less ambiguous solution. GBCPD yielded excellent Js for a reduction by
up to 40%, rendering GBCPD the favorite candidate in this condition.

In the noise condition, CPD and BCPD showed Js between 0.7 and 0.8. GBCPD showed
Js around 0.9, and PRGLS showed the highest Js. This renders PRGLS as the favorite
candidate in the noise condition being robust against noise.

In the outliers condition, CPD showed the lowest .Js, which may be due to CPD as-
suming uniform probability for point correspondence and not including any existing a-
priori information about the point clouds other than their 3D coordinates. BCPD and
GBCPD yielded good results, showing Js above 0.8, with BCPD performing slightly bet-
ter. PRGLS showed the highest Js, which might be explained by the FPFHs being able
to identifying outliers easily: For small enough radii, FPFHs were identical for all points
but the outliers. The high Js suggest that PRGLS is an algorithm insensitive to outliers
and render PRGLS the favorite candidate in the outliers condition.

Taken together, independent of the applied algorithm, a similar point cloud size for both
template and target seemed to be advantageous. This can be achieved by resampling the
point clouds to the same size before applying an NRR algorithm. Interestingly, PRGLS
yielded an excellent registration for up to 20% noise, but failed when points were missing
in either the template or target. This may be due to the FPFHs containing misleading
information about the local coordinate systems for points with missing neighbours.

For different target or template sizes, GBCPD is the preferred candidate. However, when
the target and template sizes were matched, PRGLS outperformed the other algorithms
by means of robustness against noise outliers.

In summary, the registration results were evaluated using three geometric error measures:
the Hausdorff distance, the balanced average Hausdorff distance, and the Jaccard index.
The comparison across these measures indicates that the Jaccard index provides a clearer
picture when analyzing the registration results than using the other two measures. The
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statistical analysis performed on the Jaccard index showed that the NRR algorithms per-
formed significantly different and that their performance did not depend on the pinna
shape.

Overall, the investigated NRR algorithms showed high Js when registering ground truth
(GT) point clouds. Based on the results of the categorization of artefacts, GT pinna point
clouds were synthetically distorted in a systematic way with varying artefact severity and
the performance of the four NRR algorithms — CPD, PRGLS, BCPD, and GBCPD — was
evaluated. In addition to effects of noise and outliers, the effects of the mismatch between
the sizes of the template and target point clouds were investigated as well.

PRGLS showed a good robustness to noise and outliers, however, it was sensitive to
differences in point cloud sizes, indicating that PRGLS requires similar template and
target sizes. CPD was sensitive to noise and outliers. I concluded that BCPD and GBCPD
were the two algorithms fit for the registration task, because they yielded the highest Js
when compared across all tested conditions.

3.4 Effect of the template

The previous investigation covered isolated conditions in which — albeit systematically
evaluated — the template was from the same listener as the target, and the targets were
synthetically distorted GTs. The investigation in this section extends the pool of templates
by an average pinna and a non-individual GT pinna, and the pool of targets by GTs of
non-individual listeners and high-quality PRs of NHS (previously used in Sec. 3.2). This
section is separated by templates used. Note that, for the last template, only BCPD is
applied because for the first two templates, BCPD yielded highest Js out of the four NRR
algorithms and was thus considered the best fit. For the first template, 24 registrations
have been done: four algorithms were each applied to three GTs and three PRs. For the
second template, 24 registrations have been done: four algorithms were each applied to
three GTs and three PRs. And for the third template, three registrations have been done:
one algorithm was applied to three PRs. In total, 51 registrations were done.

The GT point clouds used in this investigation were the same as in the previous investi-
gation, i.e., listeners NH5, NH130, and NH131 from the ARI database. Three PR point
clouds were the same as in Sec. 3.2. Newly introduced in this chapter was AVG, which
is the mean pinna point cloud derived from a principal component analysis (PCA) of
structured-light scans of 119 listeners [40]. In this investigation, the open ear canal of
AVG was blocked, and the point cloud was resampled to match the resolution of 1 mm
and to guarantee a regular distribution of points. The number of points of the targets were
reduced to match the number of points to the respective template, because of the better
performance for quasi-equally sized point clouds.

Selecting an adequate template may be essential for the NRR algorithm, as it is reason-
able to assume that an a priori high similarity between template and target may lead to
better registration results by means of geometric error. However, equally reasonable is
the selection of an average pinna, as it is “closest to most” pinnae. In this section, three
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templates were used: the individual GT (NHS), AVG, and a GT from a different listener.
The effect of the template choice on the registration results was investigated using GTs
from three listeners (NHS, NH130, and NH131) and three high-quality PRs of listener
NHS as targets.

For the remainder of this chapter, three types of conditions were covered: Validation, per-
sonalisation, and robustness. Validation describes a condition in which the template and
target are the same point cloud, which is the same as the 0% reference condition in the
previous section and is included in this section for comparison. Personalisation describes
a condition in which the target pinnae are from different listeners than the template. Ro-
bustness describes a condition in which the target pinna is a PR point cloud containing
previously investigated artefacts to varying degree of severity. Note that, these three con-
ditions cannot be completely separated, e.g., when a template ear from one listener is
registered to PR targets from a different listener. In this example, the conditions personal-
isation and robustness are combined.

In order to evaluate the registration performance, the Jaccard index J was calculated be-
tween the unregistered template Y and the target X, then, the registrations were per-
formed, and, finally, the Jaccard index .J was calculated between the registered template
T (Y) and the respective target X. A .J higher after the registration suggests that the regis-
tration improved the similarity between the point clouds, which was the desired outcome.

3.4.1 Template I: individual ground-truth
Validation

The left part of Figure 3.8 shows Js before and after the registrations in the validation.
PRGLS was the only algorithm that showed J = 1, which suggests this algorithm did not
deform the template at all. This is likely because of the membership probability rooted in
the FPFH calculation, which yielded the same features for each point. BCPD and GBCPD
showed Js of 0.94 and 0.90, respectively, and deformed the pinna slightly. CPD showed
a J of 0.73 and deformed the template considerably. This poor result might be because
CPD assumes the point corrspondence to be uniformly distributed and covariances to be
isotropic within the GMM. Hence, this validation renders PRGLS as the only algorithm
able to detect when template and target were the same point cloud.

Personalisation

The right part of Figure 3.8 shows Js before and after the registrations in the personalisa-
tion. Before registration, the comparison between NHS5 and GTs of listeners NH130 and
NHI131 yielded Js of 0.23 and 0.19, respectively. After registration with BCPD, the Js
increased to 0.86. GBCPD yielded Js of 0.79 and 0.71 for NH130 and NH131, respec-
tively. The slightly poorer performance was surprising because by taking the relationships
between points into account, GBCPD was expected to perform better. CPD yielded Js
of 0.25 and 0.21, almost unchanged compared to the .Js prior to registration. PRGLS
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improved J a lot for NH131 (J = 0.90), but only a little for NH130 (J = 0.64). For the
personalisation, BCPD is rendered as the favorite candidate to register a template from
one listener to GT pinna point clouds from a different listener.

' ' ' @® crD
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Figure 3.8: The effect of validation and personalisation with NH5 GT as template and the
GTs of NH5, NH130, and NH131 as targets. J was computed between the unregistered
template and the respective target before registration (open symbols), and between the
registered template and the respective GT of the target after registration (closed symbols).
Symbols denote the four algorithms: CPD (circle), PRGLS (triangle facing upwards),
BCPD (square), and GBCPD (triangle facing downwards). The vertical line separates the
validation (left) and the personalisation (right).

Robustness

Figure 3.9 shows the PR-based registrations using the NHS template for a detailed inspec-
tion of the template, targets, and registered point clouds. Figure 3.10 shows .Js before and
after the three registrations in the robustness. The comparison between the unregistered
template NHS and the three PRs of NHS showed Js of 0.29, 0.35, and 0.43. After the reg-
istration, PRGLS improved the Js to be > 0.95 for all registrations, because it deformed
the template only slightly. CPD also improved the .Js to 0.65, 0.56, and 0.54. However,
the resulting point clouds are not a good basis for a calculation of a plausible ear manifold,
because points with opposing normals drifted towards each other in thin regions, e.g., the
helix. Although BCPD showed Js similar to CPD, those BCPD-obtained point clouds are
a better basis for the calculation of a plausible ear manifold. Additionally, these resulting
point clouds visibly showed a higher detail in smaller areas, e.g., the fossa triangularis
and the cymba conchae (see Fig. 3.9). GBCPD improved the Js only marginally (Js of
0.31, 0.34, and 0.47, respectively), although the resulting point clouds seem to be plau-
sible and a plausible manifold might be calculated easily as well. The small Js may be
explained by “ripples” on the helix or errors in the global registration of the pinna. For
the robustness, PRGLS is rendered as the favorite candidate to register a template from
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one listener to PR targets of the same listener.

NHS template

PR;

CPD(PR;)

PRGLS(PR))

BCPD(PR;)

GBCPD(PR;)

Figure 3.9: Registration results using NHS5 as template. First row: Template ear. Second
row: Target ears, i.e., PR scans of NH5. Other rows: Registration results.
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Figure 3.10: The effect of robustness with NHS5 GT as template and three PRs of NHS as
targets. Conventions as in Fig. 3.8.

3.4.2 Template Il: average pinna

In this section, the effects of personalisation and the combination of personalisation and
robustness using an average pinna shape as template were investigated.

Personalisation

Figure 3.11 shows Js before and after the three registrations in the personalisation. The
comparison between the unregistered template and the three GT point clouds of NHS5,
NH130, and NH131 showed Js of 0.12, 0.09, and 0.15, respectively. This is lower than
the Js obtained for the personalisation using NHS as template (Sec. 3.4.1), indicating that
AVG shares less personal shape details with NH130 and NH131 than NHS5 does.

BCPD improved the Js substantially to 0.80, 0.80, and 0.83, respectively. CPD improved
the Js to 0.71, 0.71, and 0.76, respectively. It was observed that points with opposing
normals drifted towards one another, providing no useful basis for the calculation of a
plausible ear manifold from the registered template. GBCPD improved the Js to 0.63,
0.63, and 0.59, respectively. These Js indicate that the geodesic distance underlying
GBCPD might not be an appropriate criterion for pinna registration when using AVG as
template. PRGLS showed Js at a poor level, which indicates that PRGLS did not modify
the template much. Hence, BCPD seems to be the preferred candidate when it comes to
the personalisation of AVG.
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Figure 3.11: The effect of personalisation with AVG as template and the GTs of NHS,
NH130, and NH131 as targets. Conventions as in Fig. 3.8.

Personalisation and robustness

Figure 3.12 shows the PR-based registrations using the AVG template for a detailed in-
spection of the template, targets, and registered point clouds. Figure 3.13 shows Js before
and after the three registrations in the combination of personalisation and robustness. The
comparison between AVG and the three PR point clouds of NHS showed Js of 0.12,
0.20, and 0.13, respectively. These Js were less than the ones using NHS as template
(Sec. 3.4.1), indicating that AVG shares less personal shape details with the PRs than the
GT of NHS5 does, most prominently the pinna rotation angle.

CPD, BCPD, and GBCPD all yielded similar improvements by means of Js (around
0.4), but the resulting geometries appeared to be rather different. BCPD and GBCPD
yielded point clouds which might be a good basis for the calculation of a plausible ear
manifold (see Fig. 3.12). These two algorithms seemed to have registered, e.g., the con-
cha accurately, but not the fossa triangularis. This emphasizes the problem of setting the
parameters (3 (the width of a spatial Gaussian filter) and A (the weighting of the regulari-
sation of point movement), as the pinna contains regions with strongly varying curvatures.
GBCPD exhibited artefacts in the helix that may be the cause of the low .J. CPD, having
the inherent effect of points drifting to opposing sides, yielded a plane surface instead of
a manifold with a front and back side being close to each other as it can be observed, e.g.,
around the helix, in the CPD registration to PR;. Additionally, the height and width of the
pinna and the helical fold of PR3 have been registered well, but the inner parts (concha,
fossa triangularis, crus inferius and superius anthelicis) were poorly registered. PRGLS
showed Js similar to no registration, which indicates that PRGLS deformed the template
only slightly.

In summary, CPD and BCPD yielded the best Js regarding personalisation and robustness
using AVG as template. Despite the similar .Js, CPD registrations showed an unwanted
effect of “flattening” areas in the pinna that are crucial for the calculation of personalised
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HRTFs, because points of opposing sides drifted towards each other. This rendered BCPD
as the preferred candidate in the combination of personalisation and robustness using AVG
as template and PR-based point clouds as targets.

AVG template

PR;

CPD(PR,)

PRGLS(PR;)

BCPD(PR;)

GBCPD(PR))

PR,

Figure 3.12: Registration results with AVG as template. Conventions the same as in
Fig. 3.9.
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Figure 3.13: The effect of personalisation and robustness with AVG as template and three
PRs of NHS5 as targets. Convention as in Fig. 3.8.

3.4.3 Template lll: non-individual ground-truth

An additional condition was tested, that is, using the individual GT point cloud from a
different listener, NH131, as template, which was registered to the three PRs of NHS5.
Only BCPD was used because it seemed to be the best-performing algorithm so far. The
mesh of listener NH131 was used because it showed the lowest .J compared to the GT of
NHS, thus, seems to share the least personal details across the available GT templates.

First, the PRs were resampled to the same number of points as that of NH131, and then
BCPD was applied. Figure 3.14 shows the involved point clouds: The template (NH131),
the three PR targets, and the results from the registrations. All registered point clouds
show the personal details of NH131 without any obvious artefacts. Additionally, they
seem to provide a good basis for the calculation of plausible pinna manifolds. Figure 3.15
shows the corresponding Js before and after registration. For comparison, it also shows
Js obtained from registering the templates NHS5 (see Sec. 3.4.1) and AVG (Sec. 3.4.2).
Before the registration, the similarity between the NH131 and the PR-based clouds of
NHS was low, with Js at 0.17, 0.18, and 0.16, respectively. After the registration, all Js
increased to 0.44, 0.38, and 0.41, respectively. The similar .Js across the three registrations
indicate that BCPD was able to adapt the NH131 template to the personal details of the
NHS targets to some extend. When compared to the registration with other two templates,
the registration results were similar, indicating that registration results using BCPD were
independent of the used template.
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Figure 3.14: Registration results with NH131 as template. Convention as in Fig. 3.9.
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Figure 3.15: The effect of robustness with BCPD applied on various point clouds as
template and three PRs of NHS as targets. J are shown before (circle) and after (square)
registration. Templates: NHS (light grey), AVG (dark grey), NH131 (black).

Generally, the investigated NRR algorithms overall showed lower Js when registering
PR point clouds than when registering GT point clouds. This was not surprising, since
the PR-based geometries required the algorithm to be robust against a combination of
PR-inherent artefacts with varying severity.

For BCPD, the template pinna did not have a strong effect on the registration result. BCPD
also yielded the highest .J for the majority of the registrations, independent of the target
quality, i.e., GT or PR.
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3.5 Closing holes using Geodesic-based coherent point
drift

In Sec. 3.2, holes in general were neglected as part of the systematic error analysis, be-
cause holes depend on the preprocessing and the reconstruction algorithm, and a system-
atic analysis of this would have exceeded the scope of this thesis. However, in Sec. 3.3,
GBCPD was the algorithm that yielded highest /s in the highly reduced target point cloud
size conditions, which could be interpreted as an ability to close holes — or, put differently,
to preserve the surface of the template despite holes being present in the target. Addition-
ally, if the GBCPD takes the relationship between vertices into account, the chance that
points in the front and points in the back of the shape would switch direction — as observed
in Sec. 3.3 and 3.4 — is minimised.

3.5.1 Methods

In this investigation, GBCPD [181] registered the AVG pinna [40] to the PR of listener
NH789. The exact PR acquisition method was unknown, which was on purpose in order
to bring the proof of concept into one real-world application.

The registered (left) pinna was attached to a dummy-head mesh (Neumann KU100), and
the HRTF was calculated using Mesh2HRTF [76] v1.0. For the psychoacoustic evaluation,
a model for sagittal-plane sound-localisation [67] from the Auditory Modeling Toolbox
v1.2 [10] was used, and the quadrant error rate and polar RMS error were calculated [44].
Three conditions were investigated using the auditory model: The acoustically measured
HRTFs of listener NH789, the numerically calculated HRTFs of AVG registered to a PR
of listener NH789, and the acoustically measured HRTFs of a dummy head (KEMAR
with large ears). All HRTFs were transformed into the time domain and converted to di-
rectional impulse responses (DIR) using SOFAhrtf2dtf from the SOFAfoolbox [6] with
the default parameters. The auditory model’s sensitivity was calibrated such that select-
ing the acoustically measured individual HRTFs as template and target HRTF yielded a
quadrant error rate of approximately 8%.

3.5.2 Results and Discussion

In the geometric domain, the registered template presents a continuous surface with no
holes in it, which is a strong advantage over the PR and it means that individualised
HRTFs can be calculated. The “rippling” effect in the geometry could have two reasons:
Either, the parameters of GBCPD might not have been selected optimally, or, more likely,
the template should have been a GT from an existing pinna instead of AVG, because of the
stronger similarity of curvatures in template and target. Figure 3.16 shows the template,
target, and registered template meshes. Note that the number and size of holes varies
strongly across the shape in Fig. 3.16b.
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(b)

Figure 3.16: Registration of (a) WiDESPREaD template (AVG) to (b) the target
NH789 acquired via photogrammetry using geodesic-based Bayesian coherent point drift
(GBCPD), resulting in (¢) the registered result.
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Figure 3.17: Right-ear HRTF magnitude spectra in the horizontal plane of (a) listener
NH789 (acoustical measurement) and of the (b) GBCPD-registered AVG (numerical cal-
culation).

Figures 3.17 and 3.18 show the measured and calculated right-ear HRTFs in the horizontal
and median plane, respectively. The first notch of the ipsilateral region in the horizontal
plane of the calculated HRTF is close to the measurement. However, for frequencies
above 10 kHz, the calculated HRTF shows a high deviation from the measurement, likely
due to the ripples in the registered template. For the median plane in the calculated HRTF,
the first notch at around 6 kHz was close to the measurement for elevation angles of —30
to 0°, but, again, for frequencies above 10 kHz, the calculated resonances for low eleva-
tion angles deviated from the measurement, most probably also due to the ripples in the
registered template. The jittered geometry around the helix, scapha, and fossa triangularis
could be the reason for the larger errors in high frequency bands (see Fig. 3.16¢). The first
notch of the ipsilateral region was higher in the calculated HRTF than in the measured one.
This may be because of the smaller cavum conchae region in the GBCPD-registered pinna,
i.e., the antihelix of the template has not been registered sufficiently accurate to the target.
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Figure 3.18: Right-ear HRTF magnitude spectra in the median plane of (a) listener NH789
(acoustical measurement) and of the (b) GBCPD-registered AVG (numerical calculation).

Table 3.3 summarises the results in the psychoacoustic domain using the acoustically
measured individual HRTFs as internal template. The target differs in each row: the
target in the first row was the acoustically measured HRTF. The target in the second row
was the numerically calculated HRTF from the template registered to the PR point cloud
using GBCPD. The target in the third row was the acoustically measured HRTF from a
KEMAR dummy head [182].

Table 3.3: Effect of GBCPD: Quadrant error rates and polar error for listener NH789 in
a simulated sound-localisation experiment. Internal template HRTF in all conditions was
the acoustically measured individual one.

quadrant error rate [%]

polar error [°]

acoustically measured (ref) 8.05 32.98
GBCPD 52.09 52.26
KEMAR 40.39 51.70

Results from Ziegelwanger et al. [78] suggested negligible perceptual differences between
numerically calculated HRTFs and acoustically measured HRTFs. However, their numer-
ical calculations were based on ground-truth meshes, which were unavailable in the cur-
rent investigation. The high sound-localisation errors could be rooted in the difference
between numerically calculated and acoustically measured HRTF, or in the fact that the
auditory model is sensitive to small spectral differences. The mismatch of the notches
and peaks between 8 and 12 kHz in the median plane may heavily influence the estimated
sound-localisation performance in the model [183, 21].

In conclusion, GBCPD was indeed able to close the holes in the target, i.e., the regis-
tered template preserved the surface of the template. However, the registered template
contained ripples which influenced spectral cues above 8 kHz. In a simulated sound-
localisation experiment, acoustically measured HRTF of a KEMAR dummy head showed
a lower quadrant error rate than the numerically calculated HRTFs of the registered tem-
plate. These results suggest that using acoustically measured dummy-head HRTFs yields
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a better sound-localisation performance than using numerically calculated individualised
HRTFs from a pinna with a rippled surface.

3.6 Filtering PR targets by point confidence levels

Despite BCPD being chosen as the best-fitting NRR algorithm for pinna registration,
GBCPD yielded the best registration results for different target sizes and was able to
yield a closed surface in the previous investigation. Evidently, GBCPD may be able to
close holes that have been introduced in the target point clouds using additional informa-
tion from the PR. In the high-quality PR approach, the software can output additional
information for each point, i.e., a “confidence level”. The confidence level for each
point corresponds to the number of stereo images used to estimate the point’s position.
The more stereo images used, the higher its confidence level. Confidence levels are not
normalised in the software, so the maximum strongly varies between PRs of the same
ear [184]. Figure 3.19 shows three PR instances of the same listener and corresponding
point confidence levels. Note the different maxima of 28, 57, and 74, respectively and that
the confidence levels in this figure are displayed as absolute values; For the remainder of
the investigation, normalised confidence levels (between 0 and 100%) were used.

Figure 3.19: Confidence levels obtained from the photogrammetric reconstruction of a
pinna. The colourbar shows the confidence level, that is, the number of depth maps of
image pairs which where used to reconstruct the respective point in 3D.

3.6.1 Methods

In the used software (Metashape version 1.6.5, Agisoft LLC), “confidence levels” de-
scribe how many depth maps of image pairs were used in the reconstruction of the corre-
sponding point in the point cloud. This additional value for each point was utilised in order
to introduce a threshold to the registration. Regarding the PRs in this investigation, 54,
77, and 125 photos of the left ear of NHS were taken around a vertical hemisphere, details
of which are described in Sec. 3.2 [123]. The resulting point clouds yielded confidence

62



levels of up to 28, 57, and 74, respectively. The confidence levels were normalised sepa-
rately for each PR set such that the maximum number of depth maps used corresponds to
the respective maximum confidence of 100%.

As a registration template, the high-quality GT point cloud from NHS was used [114],
and GBCPD was used to register the template to the targets. As targets, three dense PR
point clouds of the same listener were used which contained the information of confidence
levels. In order to systematically investigate the influence of various confidence levels, the
target point clouds were filtered with confidence level thresholds at 25, 40, 50, 60, and
75%, including a control condition of 0%, i.e., including all points. The level thresholds
range from the complete number of points to a drastically reduced number of points.

3.6.2 Results and Discussion

Figure 3.20 shows the drastic change in point cloud size for the three PR instances of one
listener. Despite PR3 showing the highest confidence level maximum, PR1 was chosen for
this investigation, because especially for the higher filtering stages, PR1 had the highest
amount of preserved points. Note that the lowest filtering threshold already discarded
approximately 60 % of the points in the target.

100%e

80% -

60% -

40% +

20%

Relative point cloud size [%]

N
all >25% >40% >50% =60% > T75%
Confidence level threshold

Figure 3.20: The number of points in a point cloud when filtered by confidence level.

Table 3.4 shows the point cloud size for three PRs and the rapid decrease when points only
above various confidence level thresholds were considered, and Fig. 3.21 shows the result-
ing thresholded point clouds. Note that the point clouds including confidence levels below
40 % contain more information about the shape than point clouds including confidence
levels above 40 %, which resemble almost a 2D contour. For the confidence threshold
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above 75 %, the resulting point cloud does not even represent the bounding ellipse of
the individual ear, however, this condition was still included because I hypothesized there
was a chance that the shape of the template would be preserved and only the global size
was registered anisotropically.

Table 3.4: Point cloud size change with applied filtering by various confidence-level
thresholds.

Threshold PR1 PR2 PR3

> 0% (ref) | 1,075,135 | 860,035 | 833,082
> 25% 354,484 | 326,452 | 245,212
> 40% 238,134 | 206,405 | 155,172
> 50% 193,340 | 143,898 | 100,077
> 60% 113,334 | 77,863 | 52,992
> 75% 28,752 21,925 6,736

W

(a)all (b) > 25% (c) > 40% (d) > 50% (e) > 60% ) > 75%

Figure 3.21: Target point cloud (from PR) filtered by relative confidence thresholds for
above 0 (all points), 25, 40, 50, 60, and 75%, respectively.

Figures 3.22 and 3.23 show registered templates to the respective confidence-level thresh-
olded point clouds from two angles. The geometry of the registered templates seems to
“flatten” for confidence levels above 40%, likely because of the rapidly decreasing depth
detail in the target point clouds. Also already at a threshold of 25 %, e.g., the Crus helicis
shows a slimmer width in the registered template.

(a) all (b) > 25% (c) > 40% (d) > 50% (e) > 60% > 7%

Figure 3.22: Registration of NHS5 to PR1 using GBCPD for several relative confidence
level thresholds from the front.

GBCPD was expected to move the template towards the target with its global pinna shape
intact. This is true only for the unprocessed point cloud, i.e., if no threshold introduced
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(a) all (b) > 25% (c) > 40% (d) > 50% (e) > 60% ® > 75%

Figure 3.23: Registration of NHS5 to PR1 using GBCPD for several relative confidence
level thresholds from the side.

(Fig. 3.21). Already with a confidence level threshold of 25%, i.e., leaving out points
that are below the lowest 25% of the global confidence level, the registered template
was not sufficiently accurate in order to calculate plausible HRTFs. GBCPD seemed to
interpolate a flat surface over regions of missing points, especially for regions with large
spatial variations, i.e., the crus inferius anthelicis, the crus superius anthelicis, and the
helix rim.

In conclusion, discarding points with low confidence did not yield better registration re-
sults despite GBCPD being able to close holes in human pinna point clouds. GBCPD
was applied to a high-quality template point cloud in order to register it to three target
point clouds acquired with a high-quality PR. Even with a confidence level threshold of
25%, the quality of the registered point clouds decreased drastically and with increasing
thresholds, the pinna transformed more and more into a flat surface.

3.7 Conclusions

BCPD was the best NRR algorithm for pinna registration because it yielded the highest
geometrical similarity between the registered template and the target by means of the
Jaccard index J, as compared across four algorithms and a variety of conditions.

In Sec. 3.3, the effect of systematic distortions of the target geometry was investigated
after identifying and classifying them in Sec. 3.2. This investigation resulted in PRGLS
as a candidate being most robust to noise and outliers but sensitive to differently sized
point clouds, and yielded plausible pinna surfaces even when the target was reduced to
5 % of its original size. BCPD and GBCPD were the best candidates overall.

Then, in Sec. 3.4, the effect of the template was investigated while the targets were both
GT and PR point clouds. This investigation resulted in BCPD showing the highest geo-
metric similarity by means of J and plausible point clouds from which meshes could be
constructed for numerical HRTF calculations. The next-best algorithm was GBCPD.

In Sec. 3.5, it was shown that GBCPD was able to maintain a closed pinna surface even if
holes in the target were present. GBCPD was the applied algorithm, because it was robust
to point cloud size differences.
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In Sec. 3.6, the effect of filtering the PR targets by point confidence levels was investigated.
It was shown that already leaving out points with confidence levels smaller than 25 %
led to significantly worse registration results. In summary, GBCPD can be used for PR

targets with holes, but not if holes are created purposefully by applying confidence level
thresholds.

The mixed results from the non-parametric registration proposal and the open question
of having a template surface be deformed and registered to a target motivated me to ap-
proach the registration problem from a parametric perspective, which is described in the
following Chapter.
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Chapter 4

Proposal |l: Parametric pinna model
BezierPPM

A different way to deform a pinna is to parameterise the surface and control the shape
transformation via a set of parameters, leading to a significant decrease of the degrees of
freedom in the registration. Describing the pinna geometry with a finite set of anthropo-
metrically-informed parameters is by no means trivial. Investigations so far resulted in
data collections of anthropometric parameters, pinna meshes, HRTFs, and various com-
binations thereof [12, 185, 74, 186, 118, 187, 188, 103, 189, 121, 45, 116]. Based on
these collections and research emphasizing the convex regions of the pinna [16, 142, 17],
several parametric models of the pinna geometry have been proposed. Some of which are
based on anthropometric-agnostic approaches, such as the principal component analysis
(PCA) and active shape models (ASM) [133], e.g., [40, 134, 132]. Others are based on
anthropometric data, e.g., [135, 32, 136]. In contrast to pinnae parameterisation, other
human anthropometric data, e.g., bones [190] or faces [164, 191, 192, 193, 194], are
more extensively studied in the fields of image processing and medical image processing.
Inspired by the application to faces in [195, 196], one of the first idea for the parameteri-
sation was to develop a model that would imitate the growth process of a pinna [197, 198]
based on the antenatal development of the pinna. However, because there are several dif-
ferent interpretations of which parts in the pharyngeal arches develop into which part in
the pinna, this trajectory was discarded. The parametric solution proposed in this chapter
is based on the animation of digital human characters. Typically, in animation, characters
are created in a T-pose, standing upright with their arms laterally spread out. Then, the
character gets “rigged” [199, 200], which means that an armature is created by fitting an
imaginary skeleton to the mesh. Once the armature is connected to the mesh, the move-
ment of a character can be controlled by the parameters of the armature. Additionally,
predefined local changes can be applied to a mesh. In summary, when personalising a
character in a game, the user has a few parameters that they can tweak, such as head size
or the distance between the eyes. With these deformation methods stemmed from anima-
tion, I implemented a parametric pinna model (PPM) [201, 202, 203, 204]. This PPM can
be applied to either register the underlying template pinna to a target pinna or to deform
the underyling template pinna in order to generate plausible human pinnae. The former
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application is the focus in this chapter, the latter application can be used to generate large
pinna datasets, e.g., in order to train machine-learning algorithms on. In this chapter, |
investigate the applicability of the PPM and establish a proof of concept on ground-truth
target meshes.

4.1 Anatomical properties of the outer ear

The average thickness of a fully developed human pinna is approximately 3 mm [173].
Under the skin are cartilage and tissue, albeit not evenly distributed throughout the shape.
Figure 4.1 shows a schematic drawing of the cartilage shape underlying the tissue and
skin (from Fig. 2.2 in [205]). The cartilage is not connected directly between the tragus
and the helix, i.e., underneath the insicura anterior, and between the antitragus and the
helix. This might be relevant for different materials in numerical calculations of HRTFs
which consider the entire volume, e.g., the finite element method [206]. Note that, in this
thesis, the boundary element method is applied for numerical HRTF calculation, and the
surface is assumed to be sound hard [97, 98], i.e., different materials are not considered,
as Ziegelwanger et al. showed that this boundary condition does not seem to contribute to
sound-localisation performance in the end [78].

Figure 4.1: Cartilage (blue) underlying the tissue and skin (grey) in the pinna.

The pinnae start to form in the 5" week of development on the lower neck and move to-
wards their final lateral position until the 20" week of development, when the lower jaw
forms. Scientific consensus has been reached that the pinna develops from the so-called
six “hillocks of His” on the first and second pharyngeal arch [207, 208]. However, the
exact transformation of which hillock turns into which part of the ear is still an open ques-
tion [207, 209, 210, 211]. Figure 4.2 shows an excerpt of interpretations of the hillocks’
transformation from a review article [207] and highlights the discrepancy within the last
140 years from several investigations [212, 213, 214, 215, 216, 209, 217]. In this article,
the authors conclude that observations of the hillocks’ geometric movement on the pinna
surface may not be sufficient to understand the formation of the pinna. In a more recent
review, Veugen et al. concluded that the missing link is to be found in the two nerves un-
derlying the pharyngeal arches: The development of the trigeminal and facial nerve and
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their respective branches suggested that, likely, the tragus is formed by the mandibular
arch, and the protruding rest of the pinna is formed by the hyoid arch [218, 219, 208].

(a) (b) (© (d)

() ® (€9) (h)
Figure 4.2: Historical overview of various interpretations of the movement of hillocks
of His. (a) Embryonic hillocks, (b) His (1885), (¢) Streeter (1922), (d) Wood-Jones and

I-Chun (1934), (e) Midera (1982), (f) Davis (1987), (g) Karmody and Annino (1995), (h)
Park and Roh (1999).

In summary, the literature search towards the antenatal development of the pinna resulted
in discarding further efforts towards modelling pinna growth, because no connection
could be found on a morphological level. While the approach of modelling the pinna
growth was discarded, the antenatal development contributed to the idea to separate the
pinnae shape into concave and convex structures.

4.2 The BezierPPM

Inspired by the antenatal development of the pinna, its parameterisation was divided into
covering concave and convex parts of the shape. In a way, the convex parts were intended
to deform the shape in order to roughly match an individual pinna. The concave parts were
intended to change the shape in a more subtle way, because these parts are important for
localisation [16, 142, 17]. The former is implemented in Blender as so-called armature
consisting of bones, and the latter is implemented as so-called shape keys.
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In order to emphasize the underlying method that mainly transforms the template ear in
the PPM and in order to separate it from other PPMs, this PPM and its implementation is
further denoted as BezierPPM. The source code for the parametric pinna model based on
Beziér curves is made available in an online repository’.

An armature was defined along the countours of the pinna. For each part that had to be
considered separately, a Bendy bone and two control bones at the start and end of it were
placed, respectively. Shape keys can be described as a weighted local transformation of a
mesh. For example, if the depth of the cavum conchae should be increased, the weight of
its shape key was increased, and if the cavum conchae should be made flatter, the weight
of its shape key was decreased. Note that the number of bones and shape keys changed
significantly across the version history of the model. In the methods section, only the
latest version is presented, but the preceding versions of the model are discussed in this
chapter.

4.2.1 Mathematical description

Let X ppys € R¥*Y be an affine transformation applied to a template mesh X, described
as

XPPM - Xa (X()a XS) ) (41)

with X, being the affine transformation performed by the armature, and X, being the
transformation performed by shape keys.

Despite the development process of first defining the Beziér curves before defining the
shape keys, mathematically, it makes more sense to first look into the transformation
performed by shape keys, as the transformation performed by the armature is a function
of X,. Additionally, this is the way the shape transformation is implemented in Blender.

4.2.2 Shape keys

Shape keys can be described as a weighted transformation that affects each vertex in the
mesh:

—X
X, = Y Sf]TO+ S s (B — Xo) (4.2)

j=1...14,17 j=15,16

where X describes the resulting mesh after all N = 17 shape keys have been applied to
the template mesh X, B; describes the deformed limit mesh of X, for the j™ shape key,
and w; describes the weight for the 4" shape key. Because the weights of shape keys 1-14
and 17 are limited between [—1, 1], the factor 2 is introduced. The weight boundaries of

"https://github.com/Any2HRTF/PPM/
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shape keys 15 and 16 are [0, 1]. Note that, typically, the limit mesh B; deforms only a
local region of the mesh.

4.2.3 Armature

In the parametric pinna model based on Beziér curves (BezierPPM), the armature deforms
the convex regions of the pinna. It consists of nine cubic and one linear Beziér curve. A
cubic Beziér curve is defined as a function ¢; (k) : [0, 1] — R3:

ci(k)=(1-k)’po+3(1—k)?kpi +3(1—Fk)k*ps + k’ps, (4.3)

withi = 1...9and 0 < k < 1, po describes the start point of c; (k), ps describes
the end point of ¢; (k), and p; and p, describing the curvature of c; (k) in an implicit
way. A linear Beziér curve corresponds to a straight line between two points - this linear
interpolation is used for controlling the global transformation of the pinna and defined as
“parent” bone. Figure 4.3 shows the implementation of a bendy bone in Blender next to
the underling Beziér curve.

End bone Ps

; c(k) P
Bendy bone

P1

P
Start bone :

Figure 4.3: Implementation of a bendy bone with control bones in Blender (left) and
underlying Beziér curve (right).

Every Beziér curve is linked to local parts of the pinna mesh and can deform the mesh,
which corresponds to a linear transformation, V; : R3*N 5 R3*N_ This linear trans-
formation is applied to the mesh after the shape keys (see Eq. 4.2.1). Thus, the mesh
deformation from the armature can be formulated as:

9
X, =3V, (Xo+X,). (4.4)

i=1
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Each transformation V; consists of weights that control the influence of the displacement
of c; on each vertex. Similar to the shape keys, each Beziér curve controls vertices in
the proximity of its location, i.e., vertices closer to the Beziér curves are affected stronger
than vertices further away. Vertices that do not belong to a proximal connected anatomical
region, e.g., the Antitragus is not connected to the Crus superius anthelicis, were assigned
a weight of 0. These weights are assigned manually by a “weight painting” brush, because
of the curvature of many structures and to enable smooth transformations (see also Fig. 8
in [199, 220]). Figure 4.4 shows the Beziér curve c3 and its transformation heatmap (red
denotes a weight of 1, blue a weight of 0).

Figure 4.4: Beziér curve c3 (Helix middle) and its underlying transformation of the region
and proximal points as heatmap.

Note that in order to limit the parameter space somehow, the armature’s elements are
restricted to certain transformations. The parent bone may be translated, rotated, and
anisotropically scaled (9 degrees of freedom). Start and end bones (the control points of
a Beziér curve) may be translated and rotated, but not scaled at all (6 degrees of freedom
each). Bendy bones may be isotropically scaled only (1 degree of freedom each). Sum-
marising the degrees of freedom, the armature is controlled by 126 parameters. Adding
the 17 shape keys to it, the BezierPPM in total has 143 parameters that control the defor-
mation when using it manually.
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4.2.4 Template

Selecting an adequate template for the registration is important. It is reasonable to assume
that the choice of the template pinna influences the parameter space the BezierPPM has
to cover. Another unknown variable is the parameter range. Regarding the parameter
space the BezierPPM has to span, there is the obvious question of where the parameter
limitations of the model — and limitations in reality — are.

In order to symetrically control the shape key weights around zero, an average pinna —
further denoted as AVG — was chosen as template underlying the BezierPPM. AVG was
taken from 119 scans of individual pinnae acquired with a structured-light scanner [40],
and processed in the following way. The pinna was cut out such that the mesh only con-
tained parts of the pinna, without parts of the head. Then, the global properties of AVG,
i.e., position, orientation, and size, were set such that they represent average values of
height, rotation angle, and flare angle from the CIPIC database [12]. In order to avoid un-
wanted distortions, the ear canal edge was smoothed using a Boolean filter with a cylinder
on the interaural axis. And, lastly, the AVG mesh was resampled using a mesh grading
tool from the Mesh2HRTF pipeline 2 [101].

4.2.5 Implementation

The bones were chosen after identifying the structures that change the overall pinna shape,
analogous to pencil strokes when drawing contours of a pinna. The shape keys were de-
fined analogous to the remaining areas between contours. Figure 4.5 shows the armature
connected to AVQG, i.e., the final BezierPPM armature in its resting pose. Tables 4.1
and 4.2 show the Bezér curves and shape keys for the final model, respectively.

Table 4.1: Final Beziér curves for the BezierPPM.

Name
Lobulus
Helix low
Helix middle
Helix up
Antitragus
Antihelix
Crus superius anthelicis
Crus inferius anthelicis
Tragus
Parent

— 0 00 3 O\ Lt K WD =

)

’https://sourceforge.net/p/mesh2hrtf-tools/
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Figure 4.5: Final armature for the BezierPPM.

4.2.6 Registration

In order to register the template to a target pinna using the BezierPPM, the target mesh
has to be loaded into the same Blender workspace as the model. In a first step, the global
location, orientation and size of the parametric pinna model based on Beziér curves are
changed using the parent bone such that the template aligns with the target as close as
possible, with a focus on the pinna flare angle. Next, starting from the first Beziér curve,
every Beziér curve is aligned to match the convex shape of the target. Then, the shape
keys are changed such that the smallest median distance is minimised. In order to refine
the alignment, and because the armature and the shape keys influence each other, trans-
forming the armature and adjusting shape key weights is done in an alternating fashion,
representing an iterative process. The registration is finished once the 1 mm threshold for
the median of / is reached, and if ¢ is lowest in the concave regions. Figure 4.6 shows the
template (Fig. 4.6a, the final stage of the registration (Fig. 4.6b and the target (Fig. 4.6c).
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Table 4.2: Final shape keys for the BezierPPM.

] Name Weight range
1 Antitragus-Crease -1<w <1
2 Cavum conchae-Depth —1<wy <1
3 Cymba conchae-Depth -1 <w3 <1
4 Crus helicis-Prominence —1<ws <1
5 Upper helix-Depth -1 <w; <1
6 Middle helix-Depth —1<wg <1
7 Lower helix-Depth -1 <w; <1
8 Scapha-Depth —1<wg<1
9 Fossa triangularis-Depth —1<wyg <1
10 | Crus inferius anthelicis-Lower crease | —1 < wjp < 1
11 | Crus inferius anthelicis-Upper crease | —1 < wq; <1
12 | Crus superius anthelicis-Lower crease | —1 < w9 <1
13 | Crus superius anthelicis-Upper crease | —1 < w3 <1
14 Tragus-Upper dent -1 <wyu<l1
15 Crus helicis-Upper dent 0<w; <1
16 Crus helicis-Lower dent 0<we<1
17 Ear canal-Diameter —1<wy;<1

(a) NHS (template)

(b) NHS5 registered to NH131

(c) NH131 (target)

Figure 4.6: Pinna mesh of NHS5 (a) before and (b) after registering it to (¢) NH131.

4.3 Evaluation on ground-truth meshes

In order to evaluate the BezierPPM, it was registered to six target meshes.
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4.3.1 Methods

In the geometric domain, the smallest pointwise distance ¢ from Eq. 2.1 and its median
were used, i.e., the smallest Euclidean distance between every point of the target pinna
and the deformed template pinna. As commonly used so far, a threshold of 1 mm for
the median distance [78] was deemed adequate as the criterion to end the registration
process. In order to monitor this threshold, the toolbox PointCloudCompare was used,
which is implemented directly in Blender and calculates the median distance, among other
measures®.

HRTFs from the ground-truth meshes were numerically calculated and used as reference
HRTFs. After the alignment using the parametric pinna model based on Beziér curves, the
left pinna mesh was stitched back to the ground truth mesh and HRTFs were calculated
again. By doing so, it was guaranteed that the only change between the meshes, and
subsequently HRTFs, was due to the influence of the left pinna. HRTFs were calculated
using the the open-source software Mesh2HRTF*. All HRTFs have been converted to
DTFs in order to be used with the auditory model. This was done by using SOFAhrtf2dtf
from the SOFAToolbox v2.1 with default settings.

An auditory model for sagittal-plane sound localisation [67] was used from the AMT > [10],
and simulated sound-localisation errors quadrant error rate and local polar RMS error

were calculated. For the initial and the updated model, I used the AMT version 1.2, and

for the final model, I used the AMT version 1.5. Lateral errors were not evaluated, as the

change in HRTFs influences monaural spectral cues which have been shown to contribute

largely to sound-localisation in sagittal planes and only negligibly to sound-localisation

in the horizontal plane [86, 67]. The sensitivities of the auditory model have been set to

yield a quadrant error rate of approximately 8 % for the reference DTFs, and the internal

template always was the DTF calculated from the reference mesh.

4.3.2 Results

The six target meshes were acquired using two imaging methods, three from a CT scan of
a mold [79] and three from a structured-light scan [116]. The former three meshes were
already available in the ARI database during the development of the BezierPPM [4], the
latter three were added in the evaluation only. For all six listeners, HRTFs were calculated
of the reference meshes and reference meshes with the left ear swapped by the BezierPPM-
registered ear mesh. Figure 4.7 shows the smallest pointwise distance distribution on the
surface of the reference meshes for the six listeners.

Shttps://github.com/Any2HRTF/PPM/tree/PointCloudCompare/PointCloudCompare
*https://github.com/Any2HRTF/Mesh2HRTF
Shttps://amtoolbox.org/
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Figure 4.7: Pointwise smallest distances calculated between the BezierPPM-registered
mesh and the corresponding ground-truth mesh. Legends to the left of each pinna describe
distance distribution in mm, ranging from red (low distance) over green to blue (high
distance).

Figure 4.8 shows the quadrant error rate and local polar RMS error. In the paramet-
ric pinna model based on Beziér curves-registered condition, the quadrant error rate
was higher for the listeners NH1059, NH1060, and NH1061 than for the listeners NHS,
NH130, and NH131. Regarding the local polar error, all six listeners performed similar
as in the respective reference condition.
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Figure 4.8: Simulated sound-localisation errors (a) quadrant error rate and (b) polar error,
both calculated using an auditory model from the AMT.

4.3.3 Discussion

For all but one registration, a median ¢ of less than 1 mm was achieved. The one remaining
registration showed a median ¢ of 1.04 mm, i.e., close to the target threshold of 1 mm. Itis
evident that the BezierPPM was designed based on the pinnae from the ARI database (top
row in Fig. 4.7), as the largest geometrical errors on the pinna occur on the lobulus. Once
three pinnae from a different database were registered, the BezierPPM showed higher
geometrical errors in concave regions such as the fossa triangularis or the cymba conchae.
This suggests that the design of the BezierPPM was limited to available meshes, and the
parameter space the model spans can be extended when incorporating a large variety of
shapes.

In the psychoacoustic domain, the local errors did not seem to be affected by the geo-
metrical error in the fossa triangularis and cymba conchae. However, the quadrant error
rates were in fact higher in the newly added pinnae (bottom row in Fig. 4.7). The higher
quadrant error rates can have multiple reasons: First, the specific shape key defining the
depth of the fossa triangularis may not cover a rotation of the region. Second, the Beziér
curve connected to the crus superius anthelicis might affect the vertices close to the fossa
triangularis. And third, given the strong differences between the three new pinna shapes
and the — extensively used and heavily influencing the design of the PPM — previously
used pinna shapes, the fossa triangularis and the cymba conchae of the three new meshes
seem to be just outside the border of the parameter space the PPM spans.

To this end, there are two problems to identify when using the parametric pinna model
based on Beziér curves. First, the average ear template is based on a principal component
analysis (PCA) of structured-light scans of 119 people, who were randomly selected in a
specific area of the world, likely leading to a bias of the “average” in the population. Sec-
ond, the parameter space of the BezierPPM is unknown. Certainly, the weight painting
can be improved by exploring the dependencies between Beziér curves and shape keys
that cover the same parts. Finally, in order to support smooth boundaries in the defor-
mation process, cutting the oval edge of the pinna — where it can be attached to a head —
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using a Boolean filter with an ellipse would help in the stitching process.

The goal of the parametric pinna model based on Beziér curves proposal was to max-
imise the overlap of plausbile human pinna shapes with the shapes that can be modelled
with the parametric pinna model based on Beziér curves. One advantage the parametric
pinna model based on Beziér curves already in its current form has is, despite it being
based on an average pinna, the parameter space the parametric pinna model based on Bez-
iér curves spans is greater than, e.g., the parameter space a PCA spans [204]. It is not
known whether the chosen parameters would be normally distributed across the human
population. However, one possible application of the BezierPPM is not only to register
a template to a target, but also to deform the template in a way that a plausible pinna is
created [221, 191]. This would prove useful, e.g., to generate large datasets for machine
learning algorithms to use, albeit one could argue that a synthetically creasted dataset may
not be ideal in order to represent real-world data [222]. This would also - coming back to
animation - enable players to customize ears when personalising a character in a game.

4.3.4 Lessons learned during the development

Several changes in the design of the parametric pinna model based on Beziér curves were
made during its development, and for the sake of completeness the are mentioned in this
discussion.

Template pinna

In the first implementation of the parametric pinna model based on Beziér curves [201],
the underlying template mesh was a full head including both ears from a subject of the
ARI database [114].

However, the parametric pinna model based on Beziér curves should only the left ear, and
there were sharp edges on the boundary between the ear and the head when deforming the
armature. Because the used mesh was from a real person, it already showed individual
detail which was likely to not be average for the human population.

These disadvantages were the reason a pinna geometry detached from the head was used
in order to avoid rough edges on the boundary. This is the reason the average mesh of 119
individual structured-light scans was used for further implementations of the parametric
pinna model based on Beziér curves [40]. Using an average pinna helped in defining the
shape keys around the average such that a wider parameter space could be covered. Since
the first iteration of the parametric pinna model based on Beziér curves [202], the average
pinna of the WiDESPREaD database was used as template pinna (AVG). Figure 4.9 shows
the three different pinnae selected as template for the parametric pinna model based on
Beziér curves.
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(a) (b)

Figure 4.9: (a) For the first implementation of the BezierPPM, a full head mesh including
both pinnae was used, despite the deformations being applied to the left ear only. (b)
Updated BezierPPM. (c) Final BezierPPM.

Initial model

In the initial implementation of the parametric pinna model based on Beziér curves, the
armature consisted of nine bones and 32 distinctive shape keys, and the template was an
entire head mesh albeit the BezierPPM influenced vertices only in the pinna region. In
order to explore the implementation, the model was applied to the left ear only, as applying
it to a right ear would be the same process but mirrored. In the appendix, Tab. A.1 lists
the nine bones that formed the armature, Tab. A.2 gives an overview of the shape keys.
In that table, the weight range w; is given for each shape key. The weights for some
shape keys are within [0, 1], as the general formulation intended (see Sec. 4.2.1 for the
mathematical description). However, for some other shape keys it was more useful being
able to deform the mesh in “both directions”, i.e., increase or decrease the depth of the
Cavum conchae in the range of [—1, 1]. Because of the limitations of the template mesh,
i.e., the mesh being intersected with itself, [—1, 1] was not always possible, and thus the
outmost possible value was defined as the limit. Note that, for the Fossa triangularis depth,
arange of even [—2, 1] was possible to define.

Figure 4.10 shows what the armature looked like connected to the ear, in this case a high-
resolution head mesh including the pinnae with an average edge length of 1 mm [79].
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(a) (b)

Figure 4.10: First proposal of the parametric pinna model based on Beziér curves arma-
ture. (a) Attached to a full head mesh. (b) Pinna region in focus.

Figure 4.11 shows the distribution of the smallest pointwise distance on the surface of the
target showing a median value of 0.5 mm.

Figure 4.11: Smallest pointwise distance distribution, showing a median of 0.5 mm.

Figure 4.12 shows the localisation errors “quadrant error rate” (in %) and “local polar
RMS error” (in °) for several stages of the registration process. On the far left, the local-
isation performance of the target (NH131) is shown as the baseline. On the far right, the
localisation performance of the template (NHS5) is shown for reference. Then, localisation
performances from second from right towards the second from left: NH131 given NHS’s
ears; NH131 given NHS5’s ears registered manually given two 2D reference photos (from
the front and lateral); NH131 given NHS5’s left ear registered to the mesh of NH131 using
a preliminary version of the initial BezierPPM; NH131 given NHS5’s left ear registered to

81



the mesh of NH131 using the initial BezierPPM.
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Figure 4.12: Quadrant error rate in % and local polar RMS error in ° for baseline (far
left) and reference (far right), and several stages of registration (from second from right
to second from left).

Updated model

Several limitations were encountered during the evaluation of the first initial version of the
parametric pinna model based on Beziér curves. First, the border around the pinna did not
show a smooth transition to the rest of the head, which resulted in extensive smoothing af-
ter registration. Figure 4.13 shows a deformed template using the BezierPPM resulting in
discontinuous borders. This was solved by using a cutout pinna, without a head attached,
and attach it to a head after the registration.

Second, the template pinna for the initially proposed BezierPPM was an individual pinna,
already showing individual details that were above or below average values. For example,
the depth of the helix tunnel (shape keys 5-7) or the creases around the fossa triangularis
(shape keys 10-14) could only be changed in one direction, i.e., in the range of [0, 1],
because of the already distinct individual detail in the mesh.

Third, it proved to be impractical for the three Beziér curves Antihelix, Crus inferius
anthelicis, and Crus superius anthelicis, to share a control point. Because the movement
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Figure 4.13: One limitation of the initial BezierPPM: discontinuity on the boundary to
the head.

of the control point influenced all three bones which most of the time when registering
was not the intention and interfered with the registration. This was solved by introducing
three control points instead of one, one for each of the mentioned Beziér curves. The
three control points were initialised at the same position but nevertheless assigned to each
of the three Beziér curves, respectively.

Fourth, a majority of the shape keys overlapped with the output of the Beziér curves, so I
decided to reduce the number of shape keys to a minimum. Specifically, shape keys 20 to
22 were replaced by a control bone that is able to globally transform the pinna.

In summary, Tab. A.3 and Tab. A.4 list the updated Beziér curves and shape keys of the
updated BezierPPM; and both tables can be found in Appendix A. Figure 4.14 shows
the updated version of the parametric pinna model based on Beziér curves’s armature,
including the newly introduced ‘“Parent” bone highlighted in blue.
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Figure 4.14: Updated armature for the BezierPPM. The grey cuboid with a blue outline
represents the newly introduced parent bone.

The updated model was evaluated in the geometric and psychoacoustic domain. The
results in the geometric domain showed a median ¢ of under the threshold of 1 mm, i.e.,
0.81 mm for NHS5, 0.72 mm for NH130, and 0.83 mm for NH131. Table 4.3 shows the
results in the psychoacoustic domain by means of quadrant error rate and polar error.

Table 4.3: Sound-localisation errors calculated from the simulated sound-localisation ex-
periment using an auditory model for sagittal-plane sound localisation [67]. Internal ref-
erence for “acoustic” was the acoustically measured HRTF, for “calculated” and “PPM”,
the internal reference was the numerically calculated HRTF from the reference mesh.

quadrant error rate [%]

polar error [°]

NHS5 (acoustic) 2.70 25.60
NHS5 (calculated) 7.42 30.54
NH5 (PPM) 4.89 26.30
NH130 (acoustic) 2.50 23.27
NH130 (calculated) 4.75 28.15
NH130 (PPM) 5.29 27.16
NH131 (acoustic) 4.71 27.87
NH131 (calculated) 12.14 35.51
NH131 (PPM) 11.48 34.04
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When evaluating the updated model, another four issues were encountered: First, the
border of the cutout pinna was still too wide allowing for “folding” of the border when
deforming the armature. This was solved by cutting out the pinna even further. Second,
the global parameters of the template, i.e., position, rotation, and scaling, were not rep-
resenting average values as its primary use was the calculation of pinna-related transfer
functions (PRTFs). However, the BezierPPM should represent an average pinna as close
as possible, which led to globally transforming the pinna in Blender according to the av-
erage measures ds (pinna height), ¢, (pinna rotation angle), and 6, (pinna flare angle)
from the CIPIC database. Third, because the edge of the entrance of the ear canal led to
unwanted distortions, it was straightened using a Boolean filter in Blender with a cylinder
whose centre coincided with the origin of the coordinate system. Fourth, the sampling of
the WiDESPREaD pinna corresponded to the points of the PCA which was not uniformly
distributed across the shape. Not only for the application of the numerical calculation
of HRTFs it is favorable to have a quasi-uniformly sampled mesh, but also when training
machine learning algorithms on using the parametric pinna model based on Beziér curves,
a quasi-uniformly sampled mesh is preferrable. The resampling was done using the mesh
grading tool from the Mesh2HRTF pipeline ¢ [101].

4.3.5 Limits of the parameter space

Some ears that can be modelled may not exist in reality, and the model may be not able
to model some ears that exist in reality. A close and reasonable assumption would be to
divide the parameter space of plausible ear shapes into pathological and nonpathological
ears. However, this assumption is disputable, because not all pathological ears necessarily
show strong shape deformities. A few observations I have made shall be mentioned here
and are visualised in Fig. 4.15. The Cauliflower ear, or “wrestler’s ear”, is a deformation
of a pinna caused by fluid accumulation in the cartilage after a blunt trauma [223] not cov-
ered by the PPM, but since all of the regions important for localisation are nonexistent, it
is questionable whether the PPM should be able to model this pathological diagnosis at
all. Similarly, the preauricular sinus, a small dell at the start of the Helix tube above the
Tragus [224] is not covered by the PPM, but also likely does not influence localisation per-
formance at all. Tuberculum auriculare, also known as Darwin’s tubercle is a pathological
deformation of the ear which affects between 10 and 58% of the population depending
on ethnicity [225, 226]. The PPM covers this deformation partially, but may need an
extension in the weight painting on the transition between Beziér curves on the helix. A
deformation similar to the Darwin’s tubercle is the Stahl ear (in pop culture typically re-
ferred to as “Vulcan ear”, “elf ear”, or “Spock ear”), which the PPM covers as well only
partially and may be covered with the same changes to the PPM [227, 228, 229]. On one
listener, 1 observed two protrustions on the Crus helicis, which the first iteration of the
PPM covered. However, as I observed a lot more pinnae more closely, these protrusions
were not significantly prominent in other individuals, and I did not find any literature on
pathological defitinitions of these deformations.

®https://sourceforge.net/p/mesh2hrtf-tools/
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(a) (b)

Figure 4.15: Deformities of the pinna. (a) Cauliflower ear, taken from Fig. 1 in [223],
(b) Preauricular sine, taken from Fig. 1 in [224], (¢) Darwin’s tubercle, taken from Fig.
2b in [225], (d) Stahl’s ear, taken from Fig. 1 in [229], and (e) two protrusions along the
Crus helicis.

4.4 Conclusions

In this chapter, the development of a parametric pinna model (PPM) was described and
the model was evaluated geometrically and in a simulated sound-localisation experiment.
In the model, the pinna surface was divided into parts modeled by shape keys and parts
modelled using Beziér curves, the latter coining the name of the model, BezierPPM.

The parametric pinna model based on Beziér curves was able to describe a variety pinna
geometries using Beziér curves and local deformation (shape keys). The parametric pinna
model based on Beziér curves consists of an armature of Beziér curves, and a predefined
set of shape keys whose values can be set between -1 and 1. With these, in total 143,
parameters, the parametric pinna model based on Beziér curves was able to accurately
register ground-truth meshes from six listeners acquired with a structured-light scanner
or computer tomography. The median smallest pointwise difference for all six registra-
tions was roughly 1 mm. Sound-localisation errors calculated from a simulated sound-
localisation experiment showed similar performance as with the reference pinnae.

Because the parameter space of human pinnae is unknown, it was concluded that the best
template pinna for the parameterisation was an average ear taken from 119 structured-
light scans. This selection is in contrast to the template used in the NRR proposal, which
showed the best results when a non-individual but existing pinna was used as template.

As an additional aspect, common deformities of pinnae were discussed that would be
considered pathological from a medical point of view. However, some pathological de-
formities are not relevant to sound-localisation, e.g., the preauricular sine. Others may
be relevant to sound-localisation, e.g., Stahl’s ear, and could be covered by extending the
parameter space of the parametric pinna model based on Beziér curves. It could be shown
that the weight painting of shape keys — which is defined manually — is the main con-
tributor to the accuracy of concave structures. For example, the registrations to the three
meshes NHS, NH130, and NH131 that were used already during the development of the
parametric pinna model based on Beziér curves showed a smaller median smallest point-
wise distance than the three meshes from another lab. The limits of the proposed model
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may be unclear but the evaluation on ground-truth meshes suggested that the model is
able to result in plausible HRTFs for six listeners with distinctive target pinnae.

87



88



Chapter 5

Behavioural evaluation of the
proposals

In the psychoacoustic evaluation of investigations so far in this thesis, an auditory model
for sagittal-plane sound localisation was used from various versions of the auditory mod-
eling toolbox [67, 10]. Previously, I was able to show that the two proposals were able
to register human pinnae with small geometric error and negligible differences in sim-
ulated sound-localisation performance. The environment of the simulation was highly
controlleable and allowed close examination of systematic changes, which resulted in a
proof of concept for the two proposals. However, simulation is one thing, a behavioural
experiment with listeners is an entirely different story. In this chapter, the two registra-
tion proposals were applied to high-speed PRs and evaluated in a behavioural experiment.
Several investigations were conducted that will cumulatively strengthen the arguments
towards answering the research question of whether the two proposals can help in HRTF
personalisation. In a first step, it was examined whether templates that show a higher
similarity to the target have a higher chance to be registered closer to the target, because
the two proposals use different templates (NRR uses NH5 and PPM uses AVG). Then, it
was examined whether the PR scans show a higher or a lower similarity to the reference
meshes than the templates. Next, it was essential to investigate whether the proposals
improved the PR meshes in terms of the similarity to the reference. Finally, it was in-
vestigated whether the output of the two proposals yielded a higher similarity to the PR,
i.e., the low-quality targets the respective templates were actually registered to, or to the
references, i.e., the “hidden” and high-quality targets. In the acoustical domain, a crucial
feature was the modification of spectral cues in two scenarios. First, the influence that
the PR has on an HRTF compared to the respective reference. And, second, the influ-
ence that the two proposals have on the HRTF compared to the PR and the reference. In
the psychoacoustic domain, the following four conditions were evaluated in a behavioural
sound-localisation experiment: HRTFs numerically calculated from the reference, the PR,
and the two proposals (NRR and PPM) being registered to the PR. Various errors between
target and response angles were calculated.
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5.1 Methods

In this chapter, the relationship between two conditions was classified in the geometrical
and acoustical domain. In the geometric domain, the Jaccard index J (Eq. 3.3) was cal-
culated in order to quantify the similarity of two point clouds. In the acoustical domain,
the Spatial Audio Metrics (SAM) Toolbox [230]' was used to calculate the log-spectral
difference (Eq. 2.2) was calculated and averaged over frequency and position.

Results in this chapter abide by the following notation: One of the proposals applied to
a target was noted as proposal(target), e.g., NRR applied to PR was noted as NRR(PR).
If the error measure stated a comparison, e.g., between reference and the NRR algorithm
applied to the PR, the condition was noted as REF, NRR(PR).

5.1.1 Mesh acquisition

Four different meshes were obtained for each listener: A structured-light scan, a pho-
togrammetric reconstruction, and the two proposals applied to the PR.

The structured-light scan mesh was taken as a reference mesh from the SONICOM
database [116] and postprocessed in the following way: The watertight version of the
mesh, saved in the stereolithography (.STL) file format, was imported into the Blender
workspace (v3.6, Blender Foundation) [148]. Vertices that were not linked to the geome-
try were identified and deleted. The mesh was aligned to the coordinate system such that
the center of the head aligned with the origin, the centers of the ear canals were aligned
with the y-axis, and the tip of the nose was aligned with the x-axis. After the alignment,
the mesh was inspected for artifacts introduced by the scanning process, which were then
removed using the “simplify” brush. Next, the mesh surface was smoothed (using the
“smooth” brush) such that acute angles were flattened. In order to remove the wig cap
and compressed hair from the mesh, a Bézier curve was added to follow the head bound-
ary along the median plane and closed a loop above the head. Then, Blender’s knife
project tool was applied using the “cut through” option — which corresponds to applying
a Boolean modifier — and the introduced gap in the head was filled with faces and the new
surface was smoothed. Other sculpting brushes, e.g., “flatten” and “inflate”, were used
in order to make the mesh surface as smooth as possible without losing important detail
in the pinna region. Finally, a Boolean modifier was applied to the mesh with a plane
such that all parts below the neck were discarded. Due to the submillimeter resolution of
the scanner, the cleaned mesh was considered adequate to be used as reference, further
denoted as REF.

Photogrammetry can also be executed without the use of special equipment [128]. Albeit
previous studies [114, 231] concluded that taking a video results in worse scans than using
photos as input because of blurring between frames, I chose a video as source in order
to keep the process as easy and fast to execute as possible [128]. The photogrammetric
reconstruction (PR) was performed using the high-speed method described as follows:

"https://github.com/Katarina-Poole/Spatial-Audio-Metrics
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The (seated) listener was filmed in the following trajectory: Start in front of the listener’s
face, move the camera horizontally towards their left ear, follow a vertical circle around
the right ear, continue the horizontal trajectory towards the back of their head and their
right ear, repeat the vertical circle around the right ear, and finish at the starting point in
front of the listener’s face. The emphasis on the pinnae was done in order to have more
data on the pinna such that the PR would yield a higher resolution in these areas [232]. The
video was recorded in a lossy format (.MP4) using the built-in (20 Megapixels) camera
application of a smartphone (5T, OnePlus), and lasted about 30-40 seconds. The video
was exported as 100 frames in a lossy format (.JPG). To reconstruct a 3D mesh from the
photos, here the Educational version of Recap Photo was used (v24.0.0.231, Autodesk).
Figure 5.1 shows the source material and the result of the PR compared to the reference
mesh.

(b) (©)

Figure 5.1: (a) Frame of the source video for the PR, (b) PR mesh, (c¢) reference mesh.

After the reconstruction was finished, a watertight mesh was exported as .STL, globally
(position, orientation and size) aligned to the reference, and rudimentary cleaned up in
Blender using the software’s built-in add-on “3D-Print Toolbox™ and the “smooth” brush
used for the postprocessing of the reference scans. Note that the postprocessing here
was the bare minimum in order to prepare the mesh such that HRTFs can be numerically
calculated.

The first registration proposal, non-rigid registration, utilized the Bayesian formulation
of coherent point drift (BCPD) to register a template pinna to the target pinna such that
the distance between the two point clouds was minimized [171]. The left and right ears of
NHS from the ARI database were used as template pinnae, and the listeners’ left and right
ears cut out from the reference as well as the PR were used as target pinnae, respectively.
Note that this algorithm is applied to point clouds and not meshes, and the output is a point
cloud as well. In order to being able to calculate HRTFs, a mesh had to be calculated from
the point cloud. Thus, after the registration, the registered point cloud was imported to
Meshlab (v2023.12, Consiglio Nationale delle Ricerche) [172]. First, point normals were
estimated using Meshlab’s internal tool with the default parameters, taking into account
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the 10 nearest neighbouring points. Then, a mesh surface was reconstructed using the
Screened Poisson surface reconstruction with the default parameters [233]. If the element
normals pointed towards the inside of the geometry, their orientation was inverted such
that normals point outwards. Finally, the resulting mesh was exported as .PLY file.

The second registration proposal, the BezierPPM, was used to deform a template pinna
such that the distance between the surface of the template and the target was minimized
(v3.0 from [204]). In this method, the average ear mesh taken from the WiDESPREaD
database [40] was used as template pinna (further denoted AVG). As the BezierPPM is
available as a left ear only, the left ears from the target meshes could be registered as
they were. The right ears of the target meshes were mirrored around the median plane
before registration, and the registered BezierPPM mesh was mirrored back to represent a
registered right ear. The BezierPPM was aligned manually such that the Blender plugin
PointCloudCompare showed a median pointwise Euclidean distance of less than 1 mm.
After the registration, the deformed mesh was exported as .PLY file.

The NRR algorithm and the BezierPPM were applied to the PR ears, and the registered
ear meshes were stitched to the same head as the target, because this investigation focused
on the pinnae. For both registration methods, Blender was used to stitch the registered ear
meshes to the head of the PR mesh. All three meshes were imported into a clean Blender
workspace. The ears from the target head were removed, and one registered ear mesh was
joined with the PR head mesh. Then, the boundary of the joined ear and the boundary
of the respective hole in the target head were selected and connected. The process was
repeated for the other ear as well. Finally, the transition between ears and head was
smoothed again in order to ensure continuity between elements — again, with minimum
postprocessing effort. Figure 5.2 shows the four different meshes for one listener. Note
that, in order to compare the PR and its improvements to the reference, only the pinnae
were swapped — the head for these three conditions was the same, i.e., the PR head.

All head meshes were graded using curvature-adaptive mesh grading in order to speed
up the numerical HRTF calculation [101]. All HRTFs were numerically calculated using
Mesh2HRTF v1.1.1 [113], using the SONICOM grid and a frequency resolution of 129
bins equidistantly distributed between 0 and 24 kHz, such that the corresponding impulse
responses had a sampling frequency of 48 kHz.
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Figure 5.2: Obtained meshes shown for one listener. (a) Structured-light scan from SON-
ICOM database (REF), (b) photogrammetric reconstruction (PR), (¢) registration result
using the NRR approach, (d) registration result using the PPM approach.

5.1.2 Behavioural experiment
Signals

The stimulus presented in all conditions consisted of three consecutive noise bursts, cre-
ated as follows: a 300-ms white noise signal was windowed with three consecutive Hann
windows, each with a length of 100 ms. The experiment code was taken from [234], and
HRTFs were rendered using the 3D Tune-In Toolkit in Unity (v2020.3.42f1, Unity Tech-
nologies) [7]. Figure 5.3 shows three screenhots of the user interface as displayed in the
VR goggles.
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(a) Startup canvas. Listeners had to select their participant ID using the
controllers.

head 1o the center

(b) Listeners had to align the green crosshair with the green circle in the
front so that the stimulus would play.

(c) In the familiarisation phase, the real position of the sound source was
revealed and visualised as blue sphere.

Figure 5.3: Screenshots of the sound-localisation experiment in VR.
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Participants and apparatus

Nine listeners (three female) without any self-reported hearing loss from the SONICOM
database participated. The room was the same in which the SONICOM dataset was ac-
quired, and the whole experiment was deployed on a Meta Quest 2 over direct headphone
playback with a pair of Sennheiser HD599. The volume of the Quest 2 was calibrated
using an EARS (MiniDSP, Hong Kong) headphone calibrator with attached pinnae, such
that a sine played at 1 kHz filtered with the HRIR from the front ([azi,ele] = [0, 0]°)
would yield 65 dB(A) in the measurement programme “Room EQ Wizard” (v5.20.13,
John Mulcahy). Figure 5.4 shows a listener participating in the experiment and the room
in part.

Figure 5.4: Listener participating in the experiment.

The sound-source grid was constructed at 42 positions distributed in four rings around a
sphere with a radius of 1.2 m in order to match the distance of the SONICOM grid. The
four horizontal rings were at elevations of -30, 0, 30, and 60°, consisting of 12, 16, 12,
and 2, respectively, equi-distantly spaced directions starting at an azimuth of 0°.

Procedure

Prior to the experiment, a pre-test was conducted in which four listeners participated in.
This pre-test made sure that the setup was working properly and that the test was sensitive
to differences between individual and non-individual HRTFs. In order to familiarise the
listener with the virtual user interface and controls, the pre-test started with 100 trials
using KEMAR HRTFs acoustically measured with small ears. For the first 30 trials, the
sound source was visualised only, in order to familiarise the participant with the VR
equipment. A trial ended when the participant indicated a response by pressing a button on
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the controller and realigned their head to the centre in the front (as illustrated in Fig. 5.3b).
For the subsequent 70 trials, a static sound was played, during which the listener was not
allowed to move their head. After the response of the perceived sound-source location was
given by the listener, visual feedback was given on the actual position of the sound source
while the sound source emitted continuous Gaussian noise. During the continuous noise
playback, dynamic head movements were allowed until the listener pressed the button
again. After the listener realigned their head to the centre of the coordinate system, the
next trial started. The rest of the pre-test was divided into blocks of 100 trials, after which
participants were given the opportunity to take a short break. In the remaining part of the
pre-test, no feedback was given on the true sound-source position, and for each trial the
stimulus was played once, during which the listener was not allowed to move their head.
There were two conditions in the pre-test: individual (acoustically measured) HRTF, and
the (acoustically measured) HRTF of a KEMAR dummy head with large ears. The order
of the blocks was randomised. There were 300 trials per condition, yielding 600 trials in
total. The total test duration was approximately 30 minutes.

In the main experiment, there were four conditions: PR, NRR registered to the PR, and the
PPM registered to the PR, and the REF. The experiment design was similar to the pre-test:
The experiment started with a familiarisation phase using the HRTF of a KEMAR head
with small ears. The first 10 trials were silent using only visual feedback of the sound-
source position. For the remaining 90 of in total 100 trials, the stimulus was played, the
position of the sound source was revealed after the listener submitted their response, and
the sound source emitted continuous Gaussian noise until the next response submission.
After the listener realigned their head to the centre of the coordinate system, the next
trial started. The rest of the experiment was divided into blocks of 100 trials, after which
participants were given the opportunity to take a short break. After the familiarisation
phase, no feedback was given on the true sound-source position, and for each trial the
stimulus was played once, during which the listener was not allowed to move their head.
The order of blocks was randomised. There were 300 trials per condition, yielding 1,200
trials in total. The total experiment duration was approximately 1.5 to 2 hours.

From the mismatch between target and response angles, the following sound-localisation
errors were calculated: Lateral bias and error, quadrant error rate, and polar bias and
error (excluding the responses classified as quadrant errors). These errors were calcu-
lated using the AMT v1.5 [10]. Contrary to previous investigations, lateral bias and error
were included in the evaluation of the behavioural experiment, because it was evaluated
whether using the PR head would influence binaural cues.

5.2 Results

5.2.1 Geometrical domain
Similar to the CT scan reference case, the point cloud sizes were distinguishably different

between the reference and the PR. Table 5.1 shows the difference in point cloud size
between the reference and the PR for each listener.
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Table 5.1: Differences in point cloud size for each listener’s between the reference scan
and PR.

pID reference | PR

P0001 9,251 3,690
P0006 | 8,404 | 1,840
P0031 8,871 3,728
P0107 | 8,073 | 3,803
PO121 8,518 | 4,300
PO172 | 7,413 | 2,440
PO181 8,136 | 3,455
P0204 | 8,312 | 2,341
P0205 | 9,474 | 3,513

In this approach, the whole head mesh was reconstructed, which allowed for a compari-
son of head measurements to the reference. These measurements were performed within
the Blender workspace. A Boolean filter was used between the head mesh and a planar
mesh in the horizontal plane, yielding the cross section of the head. In order to calcu-
late the circumference of the head, the edge lengths of the cross section were summed
up. Blender’s “measure” tool was used to calculate the furthest distance between left and
right (head width), and front and back (head depth). Because hair easily gets captured as
part of the shape by the PR, it was likely that the head measures were larger in the PR
meshes than in the reference despite the ear contours being aligned. Figure 5.5 shows the
differences in head measures in cm between the reference and the PR for all nine listeners.
Positive values indicate that the reference was higher, negative values indicate that the PR
was higher. One reason PO031 shows such a large difference in the PR may be that the
listener had a prominent haircut, which was not altered by wearing a headband.

Table 5.2: Differences of head measurements between the reference and the PR by means
of average 1 and standard deviation +o.

p(cm) | o0 (cm)
circumference -3.26 3.29
depth -0.67 1.07
interaural distance | -1.27 0.51
width -2.03 0.9
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Figure 5.5: General impact of the PR on head measures (circumference, depth, interaural
distance, and width).

Figure 5.6 shows Js between the reference meshes and the respective templates for NRR
(NHS template) and PPM (AVG template), between the reference and the PR, between the
PR and the proposals applied to the PR, and between the reference and the proposals ap-
plied to the PR. The median values of J between the reference meshes and the templates
for NRR were 0.26 and for PPM 0.29, between the reference and the PR 0.18, between the
PR and the proposals applied to the PR 0.65 for NRR and 0.30 for PPM, and between the
reference and the proposals applied to the PR 0.22 for NRR and 0.24 for PPM. A Shapiro
test rejected the Null hypothesis and showed that the data was not normally distributed
(p < 0.05) and a Kruskal-Wallis rank sum test rejected the Null hypothesis and showed
that the data was likely not drawn from the same distribution (p < 0.05). Thus, pairwise
comparisons were conducted using a Wilcoxon rank sum exact test. These comparisons
showed significant differences between PR, NRR(PR) to all other conditions (p < 0.05),
significant differences between PR, PPM(PR) and REF, NRR(PR), REF, PPM(PR), and
REE PR (p < 0.05). Table 5.3 shows the p values for the pairwise comparisons, signifi-
cances are highlighted in bold.
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Figure 5.6: Jaccard index .J between the reference meshes and the respective templates
for NRR (NH5) and PPM (AVGQG), between the reference and the PR, between the PR and
the proposals applied to the PR, and between the reference and the proposals applied to
the PR.

Table 5.3: Pairwise comparisons between Js using Wilcoxon rank sum exact test.

& é.f, 2 & - &
Z N = < S ~
& . . S A e
= N N < - N
& . = S S =
Ny Ny > >
PR, PPM(PR) | 0.00086 - _ - ] _
REF, NH5 0.00086 | 0.37515 - - - -
REFE, NRR(PR) | 0.00086 | 0.01604 | 0.35216 - - -
REF, PPM(PR) | 0.00086 | 0.00691 | 0.76100 | 0.76100 - -
REE, PR 0.00086 | 0.00123 | 0.03307 | 0.46956 | 0.14192 -
REE AVG 0.00086 | 0.76100 | 0.76100 | 0.19548 | 0.16882 | 0.06199

5.2.2 Acoustical domain

Figure 5.7 shows the HRTFs of one listener in the median plane for the reference, the PR,
and the two proposals being registered to the PR. Note the compressed dynamic range of

the HRTF in the PR and NRR(PR) conditions.
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Figure 5.7: PO172’s HRTFs in the median plane, calculated from (a) REF, (b) PR, (c)
NRR registered to the PR, (d) PPM registered to the PR.

Figure 5.8 shows the log-spectral difference between the PR and the proposals applied
to the PR, between the reference and the proposals applied to the PR, and between the
reference and the PR. The log-spectral difference between the reference and the used
templates (NHS, AVG) could not be calculated, because AVG was only the pinna without
a head attached to it. This rendered a numerical calculation of an HRTF impossible.
The median log-spectral difference between the PR and the proposals applied to the PR
was 2.0 dB for NRR and 3.8 dB for PPM, and between the reference and the proposals
applied to the PR 5.7 dB for NRR and 5.4 dB for PPM, and between the reference and
the PR 5.9 dB. A Shapiro test rejected the Null hypothesis and showed that the data
was not normally distributed (p < 0.05), and a Kruskal-Wallis test rejected the Null
hypothesis and showed that the data was likely not drawn from the same distribution
(p < 0.05). Thus, pairwise comparisons were performed using the Wilcoxon rank sum
exact test, yielding significant differences between REF, NRR(PR) and PR,NRR(PR) and
PR, PPM(PR), between REF, PPM(PR) and PR,NRR(PR) and PR, PPM(PR), and between
REE PR and PR,NRR(PR), PR, PPM(PR), and between PR, NRR(PR) and PR, PPM(PR).
Significances are not shown in the figure due to readability. Table 5.4 shows the p values
for the pairwise comparisons, significances are highlighted in bold.
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Figure 5.8: Log-spectral difference (averaged over frequency and position) between reg-
istrations to the PR and the reference, registrations to the PR and the PR, and between

reference and PR.

Table 5.4: Pairwise comparisons between log-spectral differences using Wilcoxon rank
sum exact test.

PR, NRR(PR)
PR, PPM(PR)

. IREE, NRR(PR)
. IREF, PPM(PR)

PR, PPM(PR) | 0.02254 _
REE, NRR(PR) | 0.00066 | 0.00099 -
REE, PPM(PR) | 0.00041 | 0.00041 | 0.77302 -

REE, PR 0.00066 | 0.00099 | 0.77302 | 0.66726

5.2.3 Behavioural domain

Figure 5.9 shows the lateral accuracy and precision error for the sound-localization ex-
periment in the median plane. For the lateral accuracy error, a Shapiro test rejected the
Null hypothesis and showed that the data was not normally distributed (p < 0.05). A
Kruskal-Wallis test accepted the Null hypothesis that the data was drawn from the same
distribution (p > 0.05), thus, no significant differences between groups were found. For
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the lateral precision error, a Shapiro test accepted the Null hypothesis (p > 0.05) followed
by a Bartlett test that accepted the Null hypothesis as well (p > 0.05). Thus, an analysis
of variance (ANOVA) was performed, showing no significant differences between groups
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Figure 5.9: (a) Lateral accuracy and (b) precision error of the sound-localization experi-
ment.

Figure 5.10 shows the quadrant error rate from a simulated sound-localization experiment
in the median plane. A Shapiro test accepted the Null hypothesis (p > 0.05), followed
by a Bartlett test that also accepted the Null hypothesis (p > 0.05). Thus, an ANOVA
was performed, and yielded significant differences between groups (p < 0.05). A Tukey
multiple comparisons of means revealed significant differences between the reference and
NRR, and between the reference and PR. Even when the outlier in the PPM condition was
discarded, no significant differences between the reference and the PPM condition could
be shown.
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Figure 5.10: Quadrant error rate in % for NRR- and BezierPPM-registrations to the PR,
and the reference.

Figure 5.11 shows the polar bias and error from the sound-localisation experiment in the
median plane. For the polar accuracy, a Shapiro test accepted the Null hypothesis and
showed that the data was normally distributed (p > 0.05), followed by a Bartlett test
that also accepted the Null hypothesis and showed that equal variances (p > 0.05). An
ANOVA yielded no significant differences between groups (p > 0.05). For the polar
precision error, a Shapiro test accepted the Nully hypothesis (p > 0.05), as well as the
Bartlett test (p > 0.05). A subsequent ANOVA revealed significant differences between
groups (p < 0.05), followed by a Tukey multiple comparison of means that showed
significant differences between the reference and NRR and between the reference and
PPM.
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Figure 5.11: Polar (a) bias and (b) error for NRR- and BezierPPM-registrations to the PR,
the PR, and the reference.

5.3 Discussion

In the geometrical domain, J was highest for PR, NRR(PR), i.e., between the NRR regis-
tration to the PR and the PR. This indicates that the NRR approach was able to register
a target closer, which may in general be desirable for registrations to high-quality targets,
but may not necessarily be desirable for the high-speed PR scans. Resulting in a mesh
with a high J to the PR suggests that the acoustical results, and likely the behavioural
results as well, will not be significantly different than those of the PR. Both registration
methods - NRR and PPM showed a higher J when registered to the PR than between
the reference and the PR. This indicates that both registration approaches improved the
similarity to the reference despite only having the sparse shape information of the PR. It
is worth noting here that the shape keys in the PPM registrations were set to their low end
in order for the concave structures to be as close as possible to the PR, i.e., flatter than to
the reference. One thing to consider is whether shape keys would be necessary to change
at all - because having a bit of concave detail albeit non-individual may be better than
having little to no concave shape at all.

In the acoustical domain, the log-spectral difference was highest for comparisons to the
reference, without significant differences between the three conditions, i.e., between REFE,
NRR(PR), REE, PPM(PR), and REF, PR. The log-spectral difference in the conditions PR,
NRR(PR) and PR, PPM(PR) was less than 5 dB, in case of the former resulting in a median
log-spectral difference of 2.0 dB. The fact that the log-spectral difference between PR and
NRR is less than 3 dB for the majority of listeners and because there were no significant
differences found between REF, NRR(PR) and REF, PR suggests the sound-localisation
performance of NRR will be similar to the PR condition. This is in line with the find-
ings in the geometrical domain, in which J was high in the case of PR, NRR(PR), which
strengthens the argument of PR and NRR(PR) resulting in similar sound-localisation per-
formance. Unlike the NRR-related log-spectral differences, the PPM-related log-spectral
differences do not suggest similar sound-localisation performance to the PR.

In the behavioural domain, the sound-localisation errors observed in general are rather
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high, especially in the Sagittal planes, but comparable to naive and untrained listen-
erst [235, 4]. The response angles were corrected by the polar accuracy, because the
PR head alignment may have introduced a polar bias, however, this changed the results
marginally.

The lateral accuracy, i.e., the lateral bias, shows a range typical for naive and untrained
listeners [4]. This error on average is approximately close to or slightly below 0°, some
participants show a lateral accuracy error of more than +5°. This could have multiple
reasons, e€.g., a mismatch between the reference mesh alignment to the coordinate origin
and the head orientation of the participant in real life, or the blocking of the virtual ear
canal introducing a mismatch in the interaural time difference (ITD), or the unfamiliarity
of participants with sound-localisation experiments in general, or the usage of VR equip-
ment, e.g., pointing by using the VR controllers. Similar aspects can be said for the lateral
precision error. Additionally, participants performed far below the chance rate of 54 %.
For both lateral errors, no significant differences could be found between conditions. Re-
garding the lateral precision errors, the results seem quite high compared to other static
sound-localisation experiments with (longer) sound-localisation training but comparable
to naive and untrained listeners’ results [4].

The quadrant error rates are high for a sound-localisation experiment (chance rate at 64%),
but comparable to previous experiments lacking a training phase [235, 4]. The familiari-
sation phase with the dummy head showed a quadrant error rate of 28.6 =+ 7.7%. The
fact that the familiarisation phase resulted in similar quadrant error rates between the own
and a dummy-head HRTF suggests that the familiarisation phase may have been too short
with 100 trials, as the quadrant error rate after training should be at around 8 % [31, 4].
The REF condition shows the lowest quadrant error rates and significant differences be-
tween the PR and the NRR condition. The quadrant error rate in the REF condition does
not show significant differences to the PPM condition, however, neither does the PPM
condition to NRR or PR. The fact that the latter difference is not significant prevents me
from drawing conclusions on the performance of the PPM proposal. However, if a train-
ing phase to the own (calculated) HRTFs would be introduced to the experiment, I would
expect the quadrant error rate in the REF condition to decrease drastically, and in the
PPM condition to decrease more than in the PR or NRR condition as these two conditions
contain far less spectral cues.

The polar accuracy did not show significant differences between conditions. For the ma-
jority of participants, the polar accuracy is nonzero in all conditions, and for some even
close to the chance rate of 14°. Because not all listeners show the lowest polar accuracy
for the reference condition, the alignment of the PR head mesh is unlikely the reason for
the polar bias. One explanation might be that the participants have been familiarised with
dummy-head HRTFs instead of their own during the first 100 trials, another explanation
could be that the loudspeaker rig they were sitting in was introducing a visual upwards
bias albeit the loudspeaker rig was not used in the experiment and not mentioned to the
participant. In the polar precision, significant differences were found between the refer-
ence and the two proposals. No significant differences between the reference and the PR,
but also no significant differences were found between the PR and the two proposals. This
suggests that the two proposals contain local spectral information that is different from the
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reference, but it is peculiar that the polar precision for the PR condition did not show sig-
nificant differences to the reference condition. Many of the participants performed close
to the chance rate for the polar precision of 36°. This suggests that there was a ceiling
effect and that extensive training on the own (calculated) HRTFs would have helped in
magnifying the apparently subtle differences between conditions.

In general, the overall duration of the experiment of up to 2 hours was short for a sound-
localisation experiment investigating such a small difference in sound-localisation errors.
The experiment duration restriction, i.e., to keep it as short as possible, was the reason
that a control condition was missing, as this would have increased the duration by approx-
imately 30 minutes. One additional general aspect may be that the amount of hearing loss
was self-reported, because conducting an audiogramme prior to the experiment for each
listener would be considered a medical procedure, which implied significant effort to of-
ficially conduct. A possible workaround would have been to calculate the quadrant error
rate after the training — with the individual HRTFs — and if it’s above a certain threshold,
the participant would been deemed unfit for the sound-localisation task. Then again, the
experiment duration is likely to be increased drastically, as such a training would have
taken 4 times longer, i.e., 400 trials [4].

I argue that two aspects could have improved the sound-localisation errors overall: First,
extensive training of 400 trials on the listener’s individual HRTF, because what the famil-
iarisation phase achieved was familiarisation with the VR user interface and controllers,
and with the dummy-head HRTF pair that the stimuli were convolved with. Second, be-
cause the perception of timbre is completely disregarded in the experiment, DTFs may
have helped in distinguishing directions, because they contain only direction-dependent
spectral cues. As the former improvement would likely increase the overall duration of
the experiment, the experiment could be split in two - each one focusing on a different
proposal.

It would have bene interesting to compare the sound-localisation errors to the condition
with a non-individual or a dummy-head HRTF, which would serve as a control condition.
Such a control condition was not included in the experiment, but the auditory model was
utilised here post-hoc, as the investigations in the next section describe.

5.3.1 Behavioural results compared to an auditory model

The numerically calculated reference DTF was used as the internal template for the au-
ditory model, and the conditions from the behavioural experiment were simulated: PR,
NRR, and PPM. Additionally, a dummy-head DTF was included as control condition.

In addtion, the simulation of a scenario was investigated in which the proposals were
registered to the references.

Sound-localisation performance for registrations to PR

The auditory model was calibrated to yield a quadrant error rate of 8 % when taking the
reference DTF as internal template and target. The only parameter that was varied in
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the calibration was the sensitivity of the model, i.e., how “good” of a sound localiser the
listener would be. For this investigation, only the quadrant error rate and the polar error
were calculated using localizationerror from the AMT v1.5 [10].

Figure 5.12 shows the quadrant error rate and the polar error for a simulation of the
behavioural experiment using the auditory model including one additional condition: a
dummy-head HRTF from a KEMAR dummy head with large ears. Regarding the quad-
rant error rate, a Shapiro test rejected the Null hypothesis and showed non-normality in the
data (p < 0.05), and a subsequent Kruskal-Wallis rank sum test rejected the Null hypoth-
esis and showed that the data was likely not drawn from the same distribution (p < 0.05).
Applying a Wilcoxon multiple comparison of means showed significant differences be-
tween the PPM and the KEMAR, and between the reference and all other conditions. For
the polar error, a Shapiro and Kruskal-Wallis test rejected the Null hypothesis (p < 0.05),
and a Wilcoxon multiple comparison of means showed significant differences between
the PPM and the KEMAR, and between the reference and all other conditions. Tables 5.5
and 5.6 show the p values for the pairwise comparisons, significances are highlighted in
bold.
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Figure 5.12: (a) Quadrant error rate and (b) polar error for modelled sound-localisation
experiment using the auditory model. NRR and PPM were registered to the PR.

Table 5.5: Pairwise comparisons of quadrant error rates using Wilcoxon rank sum exact
test, significant differences are highlighted in bold (p < 0.05).

KEMAR | NRR PPM PR
NRR | 0.34048 -
PPM | 0.00041 | 0.59465 - -
PR 0.20123 | 0.59465 | 0.15734 -
REF | 0.00369 | 0.00369 | 0.00369 | 0.00369
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Table 5.6: Pairwise comparisons of polar precision errors using Wilcoxon rank sum exact
test, significant differences are highlighted in bold (p < 0.05).

KEMAR | NRR PPM PR
NRR | 0.66726 - - -

PPM | 0.00173 | 0.05306 -
PR 0.77302 | 0.79617 | 0.05306 -
REF | 0.00041 | 0.00041 | 0.00041 | 0.00041

The quadrant error rate for conditions other than the reference are at or above chance level.
The polar precision error, however, was estimated to be better for each condition than in
the behavioural experiment, albeit the REF condition being significantly different than all
other conditions. For both error metrics, significant differences other than to the refer-
ence have been found between the KEMAR and the PPM condition, which suggests that
the PPM HRTFs contain direction-dependent spectral cues that are significantly different
from KEMAR HRTFs.

This investigation suggests that the PPM proposal would be able to improve the PR in
such a way that significant differences in global and local sound-localisation errors are
achieved when compared to a non-individual, in this case a dummy-head, HRTF.

Sound-localisation performance for registrations to reference

The two proposals have been registered to REF meshes during their development process
already and the concept of applying the proposals was proven in the respective chapters.
However, in these proof-of-concepts investigations, I always swapped the left ear only,
which the auditory model apparently was able to compensate. Additionally, the interest-
ing case is whether the two proposals still work when registering to low-quality meshes.
Thus, I investigated the sound-localisation performance in the case of the two propos-
als being registered to the references. The following investigation covers the scenario in
which the proposals would have been registered to the left and right reference pinnae, and
the head mesh would have remained the same for all conditions. Here, the auditory model
was used to compare four conditions, always using the numerically calculated HRTF from
REF as internal template: REF, KEMAR, NRR(PR), and PPM(PR). As in previous in-
vestigations, differences in the geometrical and acoustical domain are shown as well as
sound-localisation errors from a simulated behavioural experiment.

Figure 5.13 shows J between the reference and KEMAR, and between the reference and
the registrations of the two proposals to the reference. A Shapiro test rejected the Null
hypothesis (p < 0.05) and showed non-normality in the data, and a subsequent Kruskal-
Wallis test also rejected the Null hypothesis and showed that the data is unlikely drawn
from the same distribution (p < 0.05). Finally, a Wilcoxon multiple comparison of means
showed significant differences between all three conditions (p < 0.05).

Figure 5.14 show four different meshes: template, reference, and registration results to
the reference of the two proposals for one listener. The NRR was indeed able to register
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Figure 5.13: Jaccard index J between the references and the proposals applied to the
references.

the target closely again, however, there are several aspects to highlight. For regions with
narrow folds, ripples result from the algorithm being “indecisive” of to which region the
points belong to, e.g., across the lower part of the helix. Some regions were only registered
globally to the target, e.g., the tragus resembled the template much more than the target.
And, finally, the error in the reference of the cymba conchae being closed, i.e., the crus
helicis connected to the crus inferius anthelicis, seemed to have vanished in the registered
result. The PPM managed to register not too well to the target from a geometrical point
of view, because, e.g., the crus helicis shows a bend which is not covered in the parameter
space of the PPM. The crus inferius anthelicis seemed to be thinner than in the reference,
and the crus superius anthelicis seemed to have a different tilt.
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(a) (b)

Figure 5.14: Obtained meshes shown for one listener. (a) Structured-light scan from
SONICOM database (REF), (b) registration result using the NRR approach, (c) registra-
tion result using the PPM approach.

Figure 5.15 shows the HRTFs of one listener in the median plane for the reference, the PR,
and the two proposals being registered to the reference. Note the expanded dynamic range
of the HRTF in the PPM condition. Note that, in the reference mesh, the cymba conchae
and helix rim are mistakenly connected, but in the registrations using both proposals, this
connection was not there. This connection results in a different surface for the cymba
conchae region in the pinna, and together with the results from Chapter 2, the different
shape of the cymba conchae might be the main reason for log-spectral differences.
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Figure 5.15: PO172’s HRTFs in the median plane, calculated from (a) reference, (b) NRR
registered to reference, (c) BezierPPM registered to reference.
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Figure 5.16 shows calculated HRTFs of the different meshes of a listener in three po-
sitions: the top one shows the frontal position at [azi,ele] = [0,0]°, the middle one
shows an elevated frontal position at [azi, ele] = [0,45]°, and the bottom one shows an
elevated rear position at [azi, ele] = [180,45]°. In all six subfigures, the reference and
the proposals registered to the reference, and the PR and the proposals registered to the
PR are included, in order to compare the two registration approaches and the two tar-
gets (high-speed versus high-quality). In the frontal position, the reference shows the
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first pinna-related notch at 12 kHz. The PR spectrum starts to deviate from the refer-
ence at approximately 3 kHz and shows a dynamic range of less than 15 dB, without any
steep peaks or notches. The BezierPPM-registration to the PR shows a prominent peak
at 5.250 kHz, slightly above the reference and the registrations to the reference, and the
first notch appears at 13.687 kHz. Similar to the first peak and notch, the rest of the spec-
tral curve contains prominent peaks and notches slightly higher than the reference. The
NRR-registration to the PR shows a dynamic range of approximately 10 dB, even less
than that of the PR. The BezierPPM-registration to the reference shows a prominent peak
at 5.062 kHz, and a fluctuating magnitude for higher frequencies. The NRR-registration
to the reference yields a similar spectral trend compared to the reference, except that the
second notch at 12.375 kHz is less steeper. Similar trends can be observed for the other
two positions in the median plane.
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Figure 5.16: Different HRTF magnitude spectra at three different positions. Top: frontal
position ([azi, ele] = [0,0]°), middle: elevated front ([azi, ele] = [0,45]°), bottom: ele-
vated back ([azi, ele] = [180, 45]°).

Figure 5.17 shows the log-spectral differences between the two proposals registered to the
reference and the reference. A Shapiro test accepted the Null hypothesis and showed that
the data was normally distributed (p > 0.05), and a subsequent Bartlett test confirmed
homoscedasticity of the data (p > 0.05). Finally, a Tukey multiple comparison of means
showed significant differences between all the conditions (p < 0.05). These findings sug-
gest that the NRR should yield sound-localisation results closer to the reference condition
than the PPM, and that both proposals should result in lower sound-localisation errors
than in the KEMAR condition.
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Figure 5.17: Log-spectral difference (averaged over frequency and position) between reg-
istrations to the reference and the reference.

Figure 5.18 shows the quadrant error rate and polar error for the simulated sound-localisation
performance using the auditory model for sagittal-plane sound localisation [67]. Re-
garding the quadrant error rate, a Shapiro test rejected the Null hypothesis and showed
non-normality in the data (p < 0.05), and a subsequent Kruskal-Wallis test revealed
significant differences between groups (p < 0.05). Finally, a Wilcoxon multiple com-
parison of means showed significant differences between KEMAR and NRR, between
NRR and PPM, and between the reference and all other conditions. Regarding the polar
error, a Shapiro test rejected the Null hypothesis and showed non-normality of the data
(p < 0.05), and a subsequent Kruskal-Wallis test revealed significant differences between
groups (p < 0.05). Finally, a Wilcoxon multiple comparison of means showed significant
differences between the KEMAR and NRR, between NRR and PPM, and between the ref-
erence and all other conditions. Table 5.7 shows the p values for the pairwise comparisons,
significances are highlighted in bold.

Table 5.7: Pairwise comparisons of quadrant error rates (left) and polar precision errors
(right) using Wilcoxon rank sum exact test, significant differences are highlighted in bold
(p < 0.05).

KEMAR | NRR PPM KEMAR | NRR PPM
NRR | 0.00025 - - NRR | 0.00025 - -
PPM | 0.22242 | 0.00370 - PPM | 0.11349 | 0.00058 -
REF | 0.00205 | 0.00205 | 0.00205 REF | 0.00025 | 0.00025 | 0.00025
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Figure 5.18: (a) Quadrant error rate and (b) polar error for modelled sound-localisation
experiment using the auditory model. NRR and PPM were registered to the GT.

In this investigation, the median log-spectral difference between the NRR and the refer-
ence was less than 4 dB but resulted in quadrant error rates of 20 %. The log-spectral
difference in the PPM condition was significantly lower than in the KEMAR condition
but both conditions showed no significant differences and close-to chance results for the
quadrant error rate and the polar precision error. These findings contradict previous find-
ings of the proposals in chapters 3 and 4, in which the auditory model showed similar
sound-localisation results to reference conditions. These results indicate that the auditory
model is able to compensate the spectral differences if one ear was swapped with a NRR
or PPM ear, but not if both ears are swapped.

5.4 Conclusions

In general, it can be concluded that the NRR proposal is unlikely to be useful for state-
of-the-art high-speed PRs as it registers the high-quality template to the low-quality tar-
get closely. The PPM proposal seems to be the more promising approach, because the
model’s own parameter space limits prevent the concave regions to be overly flattened.
Some spectral cues — albeit not exactly the individual ones — were reconstructed due to
these limitations in the PPM. Although a slight trend for a decrease in the polar errors
can be reported for the PPM condition in the behavioural experiment, I conclude that
— without excessive training on the individual (numerically calculated) HRTF — the two
proposals NRR and PPM do not affect listeners’ performances in a sound-localisation ex-
periment significantly when compared to the PR. Because a high-speed PR is showing
almost no individual detail, it can be concluded that more work is needed on improving
the quality of high-speed PR of human pinnae before the two proposals can be applied.

In the geometrical domain, the templates (NH5 and AVG) showed little similarity to the
reference pinna meshes of the participants, and no significant differences between listen-
ers was found. Based on these findings, I conclude that the selection of the template
pinna to the target pinna based on similarity prior to registration is not necessary for the
two proposals.
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PR meshes of individuals showed little similarity to the reference — even less than, e.g., a
non-individual pinna (NHS5). I conclude that a non-individual but high-quality ear mesh
can be used if no individual high-quality ear mesh is available instead of using a low-
quality PR mesh obtained with a high-speed approach.

The NRR algorithm was able to register the targets from reference scans closer than the
manual deformation approach with the PPM. This was shown because J between the
PR and the non-rigid registration to the PR is significantly higher than J between the
reference and the template used (NHS), and because J between the PR and the PPM
registered to the PR is not significantly different from J between the reference and the
template used (AVG). The findings indicate that the NRR algorithm is able to register the
target closely (whether the target was the PR or the reference). Although the parameter
space of the PPM is limited, I argue that the shape keys controlling concave regions could
have been left in the default position in order to inflict some curvature on the otherwise
flattened regions in the PR.

Neither NRR nor PPM results are significantly closer to the reference than the PR by
means of J. This indicates that the proposals did not significantly change the PR meshes.

In the acoustical domain, spectral cues, especially in the median plane, were drastically
affected by the PR. There were differences between the cues in the front and back of a
listener, but the complete individual cues due to the pinna shape were completely elimi-
nated.

Similar to the PR, the NRR was able to model the targets very close and, thus, yielded
similar log-spectral differences and a high loss in spectral detail. The PPM, however,
was able to again introduce direction-dependent as well as direction-independent cues
to the magnitude spectra in the sagittal planes, and some form of individual detail was
(re-)constructed.

In the behavioural domain, the PR of the head likely had no influence on the sound-
localisation errors in the lateral dimension, because the lateral accuracy yielded no signif-
icant differences between conditions.

The PR and NRR condition showed a significantly different quadrant error rate compared
to the reference. Albeit the PPM condition showed no significant differences to the refer-
ence (even after discarding outliers), no significant differences to the reference condition
was found. The polar bias and polar error showed no significant differences between the
reference and the PR. However, significant differences were found between the reference
and the two proposals for the polar error. This suggests that, in this behavioural experi-
ment, only global polar errors such as the quadrant error rate were affected by the PR, and
that the two proposals even increased the local polar errors compared to the PR.

The alignment of the PR head mesh was unlikely the reason for a polar bias, because
not all listeners show the lowest polar bias for the reference condition, and no significant
differences for the polar bias across conditions in the behavioural experiment.
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Chapter 6

Summary and Conclusions

This thesis investigated the effect of shape deformation methods applied to human pinnae
in order to numerically calculate personalised head-related transfer functions (HRTFs). It
aimed at providing a step towards a widely and easily available method to obtain person-
alised HRTF. Numerical calculation of HRTFs is a viable way for the future of HRTF
personalisation, because it is easy to use and the code is open source. Compared to an
acoustical HRTF measurement, the advantages of numerical calculation are clear: First,
the listener does not have to travel to specific facilities which are able to acoustically mea-
sure HRTFs using elaborate and expensive professional equipment and an acoustically
treated (semi-)anechoic chamber. Second, the listener does not have to stay still during
the HRTF acquisition as they have to in the measurement, and they are not fatigued by
the procedure. One of the obstacles to calculated personalised HRTFs, however, is the re-
quired high-quality geometry of the listener’s pinnae. Advances in the photogrammetrical
reconstruction (PR) as an easy-to-use solution have been made but were unsuccessful so
far because of the poor quality yielding from the typical high-speed PR procedure applied
outside of controlled laboratory conditions.

In this thesis, two methods were proposed to improve the quality of PR-based pinna ge-
ometries: First, several NRR algorithms were applied to register a non-individual high-
quality pinna to various individual pinnae. The investigations related to NRR algorithms
resulted in Bayesian formulation of coherent point drift (BCPD) as the preferred candi-
date. Second, I proposed a parametric pinna model based on Beziér curves (BezierPPM)
and I manually registered it to various individual target pinnae. Both deformation pro-
posals were applied to high-speed PR and evaluated in terms of sound-localisation perfor-
mance obtained in a behavioural experiment and simulations.

Both proposals resulted in improved PR quality by means of increasing the similarity be-
tween the deformed shape and the reference. However, the conducted sound-localisation
experiment yielded ambiguous results, likely because participants were not fully trained
on the task. The conditions from the behavioural experiment were extended by a dummy-
head condition and compared to a simulated sound-localisation performance using an au-
ditory model for median-plane sound localisation. The results of the simulation suggest
that the auditory model is more sensitive to small changes in HRTFs than a real listener
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which rendered a fair comparison difficult.

I conclude that the deformation proposals are able to improve the geometric similarity
when applied to high-quality photogrammetrical reconstructions (PRs). When applied to
high-speed and, thus, often low-quality PRs, the BezierPPM yielded promising results
when tested in a behavioural sound-localisation experiment. Thus, I conclude that this
parametric type of geometry improvement has good chances for HRTF personalisation
in the future. However, the parameter space of plausible human pinna shapes is yet to
be explored, and the BezierPPM could be improved in overlapping regions controlled by
multiple parameters. While the NRR algorithms were able to register a template pinna
close to a target pinna, the results were not suitable for low-quality targets because they
did not achieve to transfer individual geometry features while preserving the high quality
of the template at the same time. Hence, either high-speed PR algorithms have to yield
better results before NRR algorithms can be applied, or NRR and PR need to be combined
into one registration approach.
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Appendix A

BezPPM parameter version history

Table A.1: Initially proposed Beziér curves for the PPM.

Name
Lobulus
Helix1
Helix2
Helix3
Tragus
Antitragus
Antihelix
Crus inferius anthelicis
Crus superius anthelicis

O| 0| | NN K| W —| =
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Table A.2: Initially proposed shape keys for the PPM.

] Name Weight range w;
1 Anthelix curvature -1<w <1
2 Anthelix inner thickness —1<wy <0
3 Antitragus tilt -1 <w3<1
4 Antitragus yaw —1<ws <1
5 Concha depth —04<w; <1
6 Crus helicis appendix 0<ws <1
7 Crus helicis thickness 0<w; <1
8 Helix curvature —1<wg<1
9 Helix (pinna circumference) thickness —0.6 <wg <1
10 Helix1 thickness —1<wp<1
11 Helix2 thickness -1 <wp<1
12 Helix3 thickness —1<w;p<l1
13 Insicura intertragica depth -1 <w; <1
14 Insicura intertragica width -1 <wpy <1
15 Insicura anterior —1<w;3<1
16 Lobulus attachment 0<wyu <1
17 Lobulus dent —1<w;<1
18 Lobulus length —05<w, <1
19 Lobulus yaw —1<wr; <1
20 Pinna length —1<wig<1
21 Pinna size —1<wg<l1
22 Pinna width —1<wg<1
23 Scapha depth —05<wg<1
24 Tragus upper appendix -1 <wg<1
25 Tragus lower appendix -1 <wug<1
26 Tragus roll —1<wig<1
27 Tragus yaw —1<wi<1
28 Fossa triangularis depth —2<w;g<l1
29 Fossa triangularis width 0<ws<1
30 | Cymba conchae vs. Crus superius anthelicis depth 0<wg<1
31 Cymba conchae depth 0<wg<1
32 Cymba conchae vs. Crus helicis depth 0<wig<l1
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Table A.3: Updated Beziér curves for the PPM.

Name

Lobulus

Helix low

Helix middle

Helix up

Antitragus

Antihelix

Crus superius anthelicis

Crus inferius anthelicis

Tragus

=000 | O\ N| K| WD —| =

=)

Parent

Table A.4: Updated proposed shape keys for the PPM.

] Name Weight range
1 Antitragus inside crease -1 <w; <1
2 Cavum Conchae depth —1<wy <1
3 Cymba Conchae depth 0<ws<1
4 Crus Helicis prominence —1<w <1
5 Upper Helix depth 0<ws; <1
6 Middle Helix depth 0<weg<1
7 Lower Helix depth 0<w,; <1
8 Lobulo attachment 0<wg <1
9 Scapha depth 0<wy <1
10 Fossa Triangularis depth —1<wp<1
11 | Crus Inferius Anthelicis lower crease 0<w;; <1
12 | Crus Inferius Anthelicis upper crease 0<wpp <1
13 | Crus Superius Anthelicis lower crease 0<wi3 <1
14 | Crus Superius Anthelicis upper crease 0<wy <1
15 Tragus Upper dent —1<w;; <1
16 Crus Helicis upper dent 0<wyg <1
17 Crus Helicis lower dent 0<w; <1
18 Ear Canal diameter —1<wpg<l1
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