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Abstract

Individual head-related transfer functions (HRTFs) are
crucial for plausible immersive binaural audio playback
and their numerical calculation requires a detailed three-
dimensional (3D) representation of the listener-specific
pinnae geometry. In recent years, photogrammetry
has become an attractive geometry acquisition approach
without the need for professional equipment. How-
ever, geometry errors such as noise and outliers remain
in the photogrammetry output, i.e., 3D pinna point
clouds, potentially causing a degradation of the listener’s
sound-localisation performance. By applying non-rigid
registration (NRR) algorithms to photogrammetrically
reconstructed pinna geometries, we aim at improving
the calculation of personalised HRTFs. To this end,
we evaluated HRTF's calculated based on ground-truth,
photogrammetry-based, and non-rigidly registered point
clouds. We show that NRR algorithms are able to im-
prove the 3D pinnae representation for the calculation of
personalised HRTFs.

Introduction

Individual head-related transfer functions (HRTFS) can
be calculated from a listener-specific geometry, provided
an average edge length of 1 mm around the pinna region
and coarser sampling of the head [1]. A popular approach
for geometry acquisition is provided by photogrammet-
ric reconstruction (PR) [2]. However, the quality of PR
varies vastly between the type of input — photos or videos
— and the software or algorithms used. These factors ren-
der PR as not yet applicable for plausible HRTF calcu-
lation. In this investigation, we propose to improve the
quality of PR by applying a non-rigid registration algo-
rithm to a PR point cloud.

Methods

Photogrammetric reconstruction (PR) describes the pro-
cess of estimating a three-dimensional (3D) representa-
tion from a 2D input. Figure 1 shows a reconstructed
point cloud and the input photos for the PR. However,
the quality of PR not only depends on the number of pho-
tos and preprocessing of the pinna, such as shaving vellus
hair and applying matte spray [3]. It also heavily depends
on the software being used. Figure 2 illustrates this by
showing two outputs when using the same input with
different photogrammetry software packages: Metashape
1.6.0 (Agisoft, https://www.agisoft.com) and colmap
3.7 [4, 5].

Non-rigid registration (NRR) describes the registration
of one point cloud to another. In our case, we want to
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Figure 1: Photogrammetric reconstruction: a large number
of 2D photos result in a point cloud (within the sphere in the
center).

Figure 2: Results of photogrammetric reconstructions video
frames as the input. (a) Software: Agisoft Metashape, (b)
Software: colmap.

deform a template pinna point cloud such that it presents
local features from a target pinna point cloud. In this
investigation, we applied the NRR algorithm geodesic-
based coherent point drift [6] to the average ear from the
WiIiDESPREaD database [7] and registered it to the PR
of listener NH789, shown in Fig. 2b. Figure 3 shows the
registration steps.

Geometric evaluation

To evaluate whether the non-rigid registration was suc-
cessful, we looked at various geometric errors from im-
age processing. As scalars, the Hausdorff distance [8],
its modified version, the balanced average Hausdorff dis-
tance [9], and the Jaccard similarity J (X, 7 (Y)) [10].
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Figure 3: Registration of (a) WiDESPREaD template to
(b) the target NH789 acquired via photogrammetry using
geodesic-based Bayesian coherent point drift (GBCPD), re-
sulting in (c) the registered result.

Figure 4 shows the target and registered template point
cloud within an evaluation grid such that the Jaccard
similarity and Dice coefficient can be calculated.
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Figure 4: Evaluation grid for calculating the Jaccard simi-
larity and Dice coefficient between the target X and registered
template 7 (Y).

Figure 5 shows the distribution of smallest distances next
to the ground-truth and PR of the same pinna.

Figure 6 shows the distribution of smallest distances
between the NH789 PR target and the registered
WiDESPREaD template.

HRTF calculation

The registered pinna was attached to a Neumann KU100
Mesh with no left pinna, the HRTF for the right pinna
was calculated using Mesh2HRTF [12] v1.0. Figure 7
and 8 show the measured and calculated HRTFs in the
horizontal and median plane, respectively. In Fig. 8, the
reflections of the head and torso are absent in the calcu-
lation.

Results and Discussion

In the geometric domain, the Hausdorff distance of the
registration was 13.40 mm, the balanced average Haus-
dorff distance only 1.65 mm. A Jaccard similarity of
0.10 was calculated, suggesting a bad registration. How-
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Figure 5: (a) Distribution of the smallest distances (in mm)
evaluated at the (b) ground-truth point cloud. (c¢) Pho-
togrammetric reconstruction for reference.

ever, the registered template presents a continuous sur-
face with no holes in it, which is a strong advantage over
the PR. The "ripples” along the helix and lobulus may be
connected to the algorithm trying to register the holes in
the target geometry without ripping the template geom-
etry apart. An underlying problem of the ripples form-
ing may be the uncertainty of accurately registering the
target - and potentially register unwanted outliers and
noise.

In the acoustic domain, the first notch in the horizontal
plane of the ipsilateral region in the calculated HRTF
is close to the measurement. However, for frequencies
above 10 kHz, the calculated HRTF shows a high devi-
ation from the measurement. For the median plane, the

Figure 6: Result of registering the average WiDESPREaD
pinna to NH789 by means of smallest distance distribution,
visualised with Meshlab (version v2022.02, Visual Computing
Lab of ISTI-CNR) [11].
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Figure 7: Evaluation in the horizontal plane: (a) mea-
surement of listener NH789, (b) calculation of the GBCPD-
registered WiDESPREaD ear.

first notch at around 6 kHz has been calculated close to
the measurement for elevation angles of —30 to 0°, but,
again, for frequencies above 10 kHz, the calculated reso-
nances for low elevation angles deviate from the measure-
ment. The larger errors in high frequency bands could
be due to the jittered geometry around the helix, scapha,
and fossa triangularis (see Fig. 3c). Unfortunately, a psy-
choacoustic evaluation at this stage would not yield iso-
lated results on the effect of applying NRR algorithms,
because there is no ground-truth geometry available from
listener NH789. When comparing acoustically measured
HRTFs with NRR-based calculated ones, the effect of
the calculation is an additional factor that is not easily
excluded in the resulting sound-localisation performance.

However, one important result is the outcome of a sur-
face that can be attached to a dummy head or scaled
ellipsoid, what could not have been possible using the
geometry acquired with photogrammetry from Fig. 2b.
The next steps will include the exploration of parame-
ters of GBCPD, and incorporating additional informa-
tion from the photogrammetry to weight various pinna
regions differently, depending on their importance on the
plausibility of personalised HRTF's.
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Figure 8: Evaluation in the median plane: (a) measurement
of listener NH789, (b) calculation of the GBCPD-registered
WiDESPREaD ear.
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