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Abstract

Head-related transfer functions (HRTFs) are becoming a very prevalent part of
3D audio, virtual and augmented reality. The demand for a personalized set of
HRTFs requires affordable ways of their acquisition. In order to overcome the high
costs of measurement equipment for acoustic aquisition of HRTFs, it is possible to
parametrize the human pinna, to acquire a 3D mesh and to numerically calculate the
HRTFs. One method of parametrization, developed at the Austrian Academy of Sci-
ences, the so-called parametric pinna model (PPM), is explored in this thesis. The
PPM can be used to modify a perfect but generic pinna mesh to an individual but
noisy 3D pinna mesh and the result of such registration can be evaluated in the geo-
metric domain. In this thesis, I created a Blender add-on to improve the registration
process by creating a better visualisation of the geometric evaluation. The results are
shown using an example of registration showing that the registered model has very
low geometric error (under one millimeter), as compared to the original target mesh
and can make acquiring personalized HRTFs available to the wider audience.
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1 Introduction - HRTF's and their acquisition

Head-related transfer functions (HRTFs) are the spatial filters of the acoustic field, coming
from a sound source to the human ear. They describe the relationship between the sound
field, filtered by the geometry of the human anatomy and the source signal. The HRTFs
are direction dependent, as they depict the path of the acoustic field to the ear canal.
They are used by the auditorial system for sound source localization trough aural cues
[Bla97]. The two main cues are the interaural time difference (ITD) and the inter aural
level difference (ILD). With ITDs a person can determine the location of a sound source
based on the time difference of the arrival of the sound wave to the two ears. This is
especially prominent in low frequencies (below 1.4 kHz). The damping of the sound
through the head and torso is described by the ILDs which are prominent for frequencies
between 1.5kHz and 3kHz around the wavelengths of the body and head geometries. ILDs
and ITDs help with localization on the horizontal plane while spectral cues are responsible
for the localization of different elevations. Spectral cues are the unique spectral filters of
a person’s pinna. They are mostly prominent above 3kHz, where the sound reflections
from the pinna geometry can have the most effect. All of these cues are represented in the
HRTFs and that makes the HRTFs unique to each person, like a fingerprint [AGE15].

The recent technology of binaural audio has a great use of HRTFs in 3D audio, virtual
reality and the gaming industry. These industries use generic sets of HRTFs, which have
to approximate the experience [MCD™ 12], but for a more immersive experience and more
accurate localization, acquisition of a personalized set of HRTFs is required. There are
various methods of acquiring a set of HRTFs both through acoustic measurement and
through numerical calculation.

The acoustic measurement of HRTFs is a lengthy and costly process that requires a fully-
or semi-anechoic chamber and a way of generating sound signals from multiple directions
and capturing them from the human ear. The process is described in more detail in [LP20].
An alternative to that can be found in the numerical acquisition of HRTFs. In order to
calculate the HRTFs a 3D scan of the person's head and pinna is needed. This is done by
the means of magnetic resonance scan, photogrammetry, computer tomography or laser
scan, the results from which may vary in accuracy and noise. [PMK?22] The result of the
scan is a 3D mesh, which is then used to virtually simulate the measurement experiment.
By the means of the boundary element method (BEM) the HRTFs, which are similarly
accurate to the measured ones, are calculated [ZRM13], [ZMK15]. Because the laser
scan, MRI scan and the computer tomography are also costly and equipment dependent
processes, alternative ways of acquiring a 3D mesh are needed. This can be done by
expressing the pinna geometry using parameters.

Studies have shown that the rest of the human anatomy (head and torso) can be expressed
using simple geometry in the context of numerical calculation of HRTFs [AADO1] [FV09].
Because of that, way more emphasis is put on the parametrization of the pinna geome-
try, as it is much harder to simplify it, because of its uniqueness for each person. Dif-
ferent ways of parametrization of the pinna geometry have been found. Algazi and
Duda [ADTAO1] produced the CIPIC database of HRTFs, but also created a parametriza-
tion of the body of each subject and analyzed different correlations between these param-
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eters. Stitt and Katz [SK21] created a parametric pinna model (PPM-Paris) based on the
CIPIC-parameters in the graphic software Blender and explored the effect of each param-
eter on the HRTFs. The PPM is a template pinna mesh, deformed using control points, the
position of which is determined by the CIPIC-Parameters, see Figure 2a. By deforming
the mesh with the control points a new mesh is created, the HRTFs are numerically cal-
culated and then compared. The study shows that the areas affecting the HRTFs the most
are the cavum conchae, cymba conchae, scapha and the fossa triangularis, all of which
are located close to the ear canal (see Figure 1). The PPM from Stitt and Katz gives us
important conclusions, but their model is limited on deformation capabilities and cannot
be used for acquiring a 3D mesh of an arbitrary person's pinna. This is the goal of the
parametric pinna model from Pollack and Majdak [PPM] [PM21], which can generate
meshes with very low geometric errors from their target meshes (see Figure 2b). This is
done by the state-of-art methods of skeletal animation and morph-target animation . Their
model is evaluated in the geometric domain using Hausdorff distance and in the psychoa-
coustic domain using a sagittal-plane localization experiment with the Auditory Modeling
Toolbox [SM13]. The HRTFs were numerically calculated using the Mesh2HRTF soft-
ware [ZKM15]. The localization experiment in the psychoacoustic domain evaluates the
HRTFs localization by the means of quadrant errors (QEs) and polar errors (PEs). The
QEs are the rate (in %) by which signals from the front and back get confused and PEs
are the rate (in degrees) by which signals from the same hemisphere get confused. The
HRTFs, calculated from the adapted PPM are compared to acoustically measured HRTFs
of these subjects. The results from the evaluation [PM21] show geometric errors under 1
mm and errors in the psychoacoustic domain within the typical range of listener specific
HRTFs. [WAKWO93]
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Figure 1: Relevant concave areas of the pinna for the HRTFs: red - conchae, green -
fossa triangularis, blue - scapha.



Figure 2a: Parametric pinna model by Stitt and Katz. Template pinna (grey) deformed
by 24 control points (green). Figure 2b: Parametric pinna model by Pollack and Majdak.
The template pinna (grey) is deformed by 9 bendy bones (green Bezier curves), 18 control
bones (black spheres) and 18 shape keys (not visible).

The goal of this thesis is to explore the PPM from Majdak and Pollack (PPM-Vienna) by
performing manual alignments of the PPM to two target meshes and evaluating them in
the geometric domain (Section 2). In order to optimize the process, a tool for the visual-
ization of the pointwise minimum distances is presented. (see Section 3) A discussion on
what could be done in further research can be found in Section 4.

2 Exploring PPM-Vienna

2.1 Blender topologies

The PPM creates a 3D pinna mesh in the 3D graphic and animation software Blender,
that can be manually aligned to a target left pinna with very low geometric errors. The
model uses a template pinna mesh, taken from the WiDESPREaD database [GS20] as an
average human pinna shape. The process of aligning the mesh to the target uses the state-
of-art methods of skeletal animation and morph-target animation to deform the template
pinna mesh. These methods use the Blender topologies, called “bendy bones” and “shape
keys”, that are adapted to the template pinna mesh in order to deform it. The “bendy
bones” are Bezier curves, that deform the mesh in a segmented manner to achieve the
more global transformations of the ear shape. There are nine bendy bones, each of them
is controlled by two control bones for a total of 27 Bones. All of them are “parented” to
a “parent”’-bone which enables control over the position, size and rotation of the whole
mesh. The effect that the Bendy Bones have on the mesh is showed in Figure 3b, where the
bone “Helix_Low_Bendy”, controlled by the “Helix_Low_Start” and “Helix_Low_End”
control bones, is moved to deform the lower part of the helix. The effect of rotating the



parent bone “Size-Bendy” is showed in Figure 3c.

Figure 3a: PPM in rest pose (no changes done to the mesh). Figure 3b: Example for
deforming the mesh by moving the control bone “Helix_low_End”. Figure 3c:: Example
for manipulating the mesh by rotating the parent bone “Size_Bendy”

The other topologies, used to deform the template mesh are the shape keys. They are used
to adjust details to the concave areas of the model. They can take a value between 0 and
1 or -1 and 1. There are 18 shape keys adapted to the model, which are responsible for
the areas like cavum conchae, cymba conchae, ear canal diameter, the depth of the helix
parts and others. The effect of adjusting the shape key “Fossa_Triangularis_Depth” from
-1 to 1 is shown on Figures 4a and 4b.
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Figure 4: Example for deforming the mesh using shape keys with the armature hidden:
a) “Fossa_triangularis_depth” is set to -1, b) “Fossa_triangularis_depth” is set to 1

In total the model can be described with Formula 1:
M N
X=Xo+ ) Vi-am+ Y wy-by (1)
m=1 n=1

X describes the deformed mesh, X is the template pinna mesh, the first sum describes
the deformation using the bendy bones a,,, (M in total), multiplied by the weighing matrix
Vin, describing the rigid transformations of the control bones and the size. The second sum
describes the effect of the shape keys b,, (N in total) weighed by the respecting factor wy,
(taking values between -1 and 1).

2.2 The Blender Python API and the Matlab interface

The software Blender stores the data of the objects (vertex coordinates, bendy bones de-
formations, shape keys weights), which could be accessed for further calculations. In
order to access this data, one can use the Blender Python API. Using the programming
language Python and importing the bpy module one can get the parameter values as well
as export the target mesh and the aligned PPM as point clouds (See Figure 4). Then, using
a Matlab interface !, built by Majdak, Pollack and Pausch [PM21] and the data from the
point clouds a geometric evaluation is performed (see Section 2.3). A more detailed look
on how the Blender Python API accesses the parameters of the PPM is given in Figure 5.

Bones and Shape Keys Data

[ Parameters
Blender data o (saved as a .ixtfile)

i
4

Matlab interface

Blender Python API .
Exported point clouds

Geometric evaluation
(saved as .ply files)

Figure 4: Block diagram of which programming languages (modules) were used to access
the Blender data

1. https://github.com/Any2HRTF/PPM/tree/matlab
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Figure 5: Block diagram displaying how the Blender Python API accesses the PPM's
parameters

When the Matlab interface is run, a Python function is called to perform the extraction of
the parameters as shown in Figure 5, and saves them as a .zxt file from which the Matlab
interface can store those parameters. The way the Python function works is that it looks
for an object called “Armature”, which is the PPM's bendy bones configuration. From the
armature object, the program can get the data for each bone of the armature.pose.bones
array. The parameters themselves are the location, scaling and rotation in X,y or z direc-
tion of each bone. The function iterates over each bone of the bones array to get each
of these parameters. The shape keys data is accessed from the same function by find-
ing the “ARI_PPM_v1” object, which is the aligned pinna mesh and getting the object's
data.shape_keys.key_blocks property. This property is an array of shape keys, whose
value is accessed by the program through iteration over each shape key. The Blender
Python API is the key to understanding the registration process of the parameters (Sec-
tion 2.3), the registration results (Section 2.4), as well as the newly implemented Blender
add-on for the geometric evaluation of the PPM (Section 3).

2.3 Registration Process

In order to get to know the workflow of the PPM, I performed two registrations. A reg-
istration is the process of manually aligning the PPM to a target pinna mesh, getting the
parameters and evaluating the registration. In the following paragraphs I will describe the
registration workflow. Firstly, I imported a 3D scan of a head and torso to the Blender
project, containing the PPM. The mesh got cleaned up, so that only the left pinna remains,
which became the target mesh. After that, I started aligning the PPM to the target mesh
using only deformations of the bendy bones armature. The “Size_Bendy” parent bone
was used to align the whole mesh and then the rest of the bendy bones were manipulated
to match the forms of the two target meshes. After the overall shape was adapted, I con-
centrated on adapting the details in the concave areas using the shape keys. When the
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aligning was done, I ran the Matlab interface of the PPM to get the parameters and eval-
uate the registration in the geometric domain. The geometric evaluation uses the metric
called Hausdorff distance (Formula 2). It takes the maximum value from the bidirectional
Hausdorff distances (Formula 3). A directed Hausdorff distance takes the maximum of
the point-wise minimum distance (PMD) (Formula 4) from a set of coordinates P to a set
of coordinates Q.

Hausdorff distance: . ~
H(P,Q) = mazx(h(P,Q),h(Q, P)) 2)

Directed Hausdorff distance:

h(P, Q) = max(min(||p; - q;1])) 3)

Pointwise minimum distance (PMD):
m; = min({|p; — ¢;|)) )

In this notation P and () are the sets of vertex coordinates of the aligned template pinna
model and the target model respectfully, p; and g; are the elements of each set, from which
the PMD and Hausdorff distances are calculated.

The evaluation outputs a histogram, which shows the PMD of each point of the aligned
template mesh to the target mesh. It also outputs the mean and median distances. The
evaluation also outputs a dynamic graph that visualizes the PMD. This is done, because
in the context of HRTFs the most important parts of the pinna are the cavum concha,
cymba concha and the fossa triangularis [SK21], as they affect the HRTFs the most and
the visualization should provide information if the specific regions are well adapted. To
show that, the diagram is color coded based on the PMD, where dark blue signifies a
distance under 1 mm, green signifies a distance between 2 and 4 mm and red stands for
distances over 4 mm. If the median distance is below 1 mm and the mean distance is
around 1 mm, the registration is considered complete and the PPM can proceed to the
numerical calculation of the HRTFs and the evaluation in the psychoacoustic domain.
Because these processes, require a lot of computation power, I did the registration process
only until the geometric evaluation.

2.4 Registration Results

The two registrations I did were of a 3D scan of an adult male head and torso and the
KU100 Neumann Artificial Head's left pinna. A registration took between 15 minutes
and one hour to do. The results, I achieved from the geometric evaluation using the
Matlab interface, are shown in Figures 6a and 6b.
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Figure 6a: Registration of the human left pinna, showing a visualization of the target
point cloud and the aligned point cloud (left) and a histogram with the values of the
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pointwise minimum distance (right),

Figure 6b: Registration of the KUI100 Artificial head's left pinna, showing the aligned
point cloud (left) and the histogram with the values of the pointwise minimum distance
(right)

Judging by the mean and median values, both registrations were successful, the first one
having 1,01 mm mean and 0,54 median distance and the second one having 1,01 mm
mean and 0,62 median distance. From the 3D graph of the PMD it becomes clear, that
there are no huge deviations in the important pinna areas for calculating the HRTFs. The
vertices in the regions of the fossa triangularis and the conchae are all in the dark blue
shades, indicating PMD under one millimeter. A better visualization of the point clouds
could be done in Meshlab, but this will further lengthen the process, so another way of
visualizing the results is needed.

3 Distance vizualisation add-on

A way of decreasing the time needed for a registration is to do the geometric evaluation
directly in Blender. Using the Blender Python API, I have implemented an add-on ? which
calculates the pointwise minimum distance from a selected object to a selected reference
object. This allows a better visualization using the Vertex Paint mode of Blender to create
a clearer image of which areas deviate more from the reference image. The add-on also
outputs the mean, median and Hausdorff distance (similar to the Matlab interface). This
information is used to indicate if the object is well adapted and can proceed with the
HRTFs calculation. The two functions can be accessed via a Panel in the Blender UI, see
Figure 5.

Vv Hausdorff Visualization

theRefere... |M. SOU_LS_KU100

Distance visualization

Output Hausdorff distance

Figure 7: The addon Panel with its two functions: Distance visualization and Qutput
Hausdorff distance, as well as the object selection menu, where the reference object
variable is selected

Distance visualization. The first function is the Distance visualisation (See Figure 8).
Its purpose is to create an image where each point is painted, depending on the calculated
pointwise minimum distance. First, a reference object is selected in the panel. This

2. https://github.com/Any2HRTF/PPM
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object is stored as a variable called The reference object, so that its properties (vertex
coordinates) are accessible in the program. Then, the object, whose distance should be
calculated is clicked and then Distance visualization can be run. The program checks if
the two objects have an assigned material and color property and assigns them if needed.
Otherwise, the object cannot be painted in vertex paint mode. Then the program calculates
the directed pointwise minimum distance and stores it in an array, in which the index of
the distance corresponds to the index of the vertex. Using this indexing the program
iterates over the distance array and depending on the distance value it stores a color in a
color map array. The color map is based on the distance in millimeters: if the distance
is smaller than 1 mm, the vertex is colored blue, if it is smaller than 2 mm, it is colored
light blue, if it is smaller than 4 mm it is colored green and over 4 mm is colored red. In a
separate iteration the color gets assigned to the vertex and its neighbouring edges. After
the coloring, the program outputs the mean, median, minimum and Hausdorff distances
in one direction (P to Q). The outputted visualization is stored as a separate mesh object
that can be moved but cannot be deformed. To create a new visualization, the previous
one should be deleted. The program takes around 30 seconds for 30 000 data points to
complete and the timing is to be improved in the future.

Array of the paintwise minimum distance in one direction

: . Q PMD
Target object Coordinates - _d|stan ce | Output
min{{sum{P[i]-Q))*2
bpy.data. object{target_object_name] target_obj.data.vertices.co (tsum(PL-Q)"2) np.mean(distance)
np.median (distance)
- np.min(distance)
N np.max(distance)
. Mesh type object Array of vertex coordinates of each object
PPM ppm Coordinates )
» -
bpy.data.object[ ARI_PPM_v1] ppm data.vertices.co
Y
no - dist 2 "0 st 1 "
Istance >= Istance >=
m — " - " - if di
s distance < 4 distance <2 if distance <1
Y Color assignment [ | I
| yes yes yes
Vertex colors ll * *
\ red blue
ppm.data.vertex_colors.dala g
Color Map

Figure 8: Pseudo-code block diagram of the Distance visualization function with the cal-
culation of the pointwise minimum distance and outputting its mean, median minimum
and Hausdorff distances (upper right) and the color assignment, based on the distance
(down)
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Output Hausdorff distance. The second function of the add-on is to output the bidi-
rectional Hausdorff distance. (See Figure 9) The program takes the reference object and
the selected object and calculates the pointwise minimum distance in both directions (P
to Q and Q to P). The program then outputs the mean, median, minimum and Hausdorff
distances of the combined two arrays. This gives a broader look at the worst-case PMD
and Hausdorff distance, but does not create a visualization. The program takes around 1
minute for 30 000 data points to complete, because of the two directions. The slow time
of the bidirectional calculation is part of the reason, why it was implemented as a separate
function.

Array of the bidirectional pointwise minimum distance

Bidirectional PMD
. i idir_distance Output
Target object Coordinates Q - P
——#| min{(sum(P[]-Q))"2) ——- -
— ) ) ; P np.mean(bidir_distance
bpy.data. object] TheReferenceObject] target_obj.data.vertices.co min((sum(QQi-P))**2) npémdiarg(bidi?_mstancg-)
np.min{bidir_distance)
- np.max(bidir_distance)
) Mesh type object Arra_\.r of vertex coordinates of each object
PPM pem Coordinates
— P

bpy data. object ARI_PPM_v17] ppr.data. vertices.co S

Figure 9: Pseudo-code block diagram of the Output Hausdorf distance function. Function-
wise very similar to Distance visualization (Figure 8), but the PMD gets calculated in both
directions (from P to Q and from Q to P).

Registration results using the addon. After running the Distance visualization and
Output Hausdorff distance functions the output is very similar to the Matlab interface,
see Figures 10a, 10b, 11a, 11b. This Blender add-on not only makes the visualization
accessible during the manual alignment process, but also gives a clearer image of which
areas need better alignment based on their PMD. Using the two functions, the add-on gives
additional information about the bidirectional Hausdorff distance, which is important for
the geometric evaluation of the model.



°% VertexPaint + @)¥J View Paint e rxX-@ 6

Draw [ v [TRadits 191px @ [ Strength 0591 @ Brush v Texture v Stoke v Falloff v Cursor v
User Perspective
(73) ARI_PPM v1.001

~ Hausdorff Visualization
(Y] theRefe... ‘M| SOU_BK mergeHea..

Vertices 11,872

Edges 35,356

Faces 23,484

Triangles 23,484

‘YMod

is
S
°
7
=l
a
T

~ Hausdorff Visualization

theRefe... ‘W, SOU BK mermgeHea...

Mean Distance = 1.33
Median Distance = 0.75
Hausdorff Distance = 6.5

Minimum Distance = 0.01

(b)

Figure 10: Results from registration 1 using the distance visualization add-on: (a) Dis-
tance visualization outputs the colored mesh and the values of the directed pointwise min-
imum distance calculation, (b) Output Hausdorff distance function gives the bidirectional



16

Hausdorff distance and the mean, median and minimum distances of the two directions
(Pto Qand Q to P).
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Figure 11: Results from registration 2 using the add-on: (a) Distance visualization out-
puts the colored mesh and the values of the directed minimum pointwise distance calcu-
lation, (b) Output Hausdorff distance function gives the bidirectional Hausdorff distance
and the mean, median and minimum distances of the two directions (P to Q and Q to P).
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4 Conclusion and Outlook

Obtaining a 3D mesh using a parametric pinna model could change the way people get
a personalized set of HRTFs. As projects like the software Mesh2HRTF [ZKM15] allow
the numerical calculation of the HRTFs if a 3D mesh is provided, the PPM allows a
simple way to generate one. Further research could achieve automation of the alignment
process, as well as exploring the limits of the parameters, e.g. how far can the model be
manipulated to achieve more unusual ear shapes. The distance visualization add-on is a
tool that helps to speed up the registration process by providing the geometric evaluation
directly in Blender. Shortening the time for registration could provide a large data base
of parameters in the future, that could be used for example to automate the registration
process. The add-on also limits the usage of external software like the Matlab interface,
which now will only be used to get the parameters, which takes seconds to do. The add-
on still has a lot to improve, mostly in time needed to execute and error handling. Newer
versions of the add-on could include a function that extracts the parameters and could add
more ways of geometric evaluation, like Chamfer distance or Jaccard index [DBM™23].
In conclusion, the PPM helps the acquisition of personalized HRTFs by providing a high
quality 3D pinna mesh with very low geometric error compared to the original ear shape,
which can make acquiring personalized HRTFs available to the wider audience.
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