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ABSTRACT
Binaural auralizations are present in increasing numbers of applications and devices. Albeit most of the time they
only use generic Head-Related Transfer Functions (HRTFs), the recent standardization of the HRTF format SOFA
has paved the way to support individualized HRTFs broadly. We have developed and implemented MySofa: a web
service that helps users to design a personal HRTF. In MySofa, based on anthropometric and user inputs, algorithms calculate and tune HRTFs. The result is displayed in the web browser and the user can listen to test renderings to verify, whether the personalized HRTF matches his expectations. In order to foster the use of individualized
HRTF, we also implemented a light weight C-library called libmysofa, which helps programmers to read SOFA
files and lookup FIR filters.

1 Introduction
Already in 2000, Begault has quantified the benefits
of individualized Head-Related Transfer Functions
(HRTFs) and compared them to generic ones. With
individualized HRTFs, the front-end confusion is reduced and the elevation can be judged more precisely
[1].
Roughly estimated, only a few dozen laboratories in
the world are able to measure individual HRTFs. In
addition, albeit recent improvements [2] measuring
an individual HRTF is cumbersome – even if you do
not take in account the travelling that is required to
get to the lab. Thus, in the recent years, numerous approaches have been developed to get a personalized
HRTF more easily. For example, Nicol et al. suggest
that a good HRTF can be achieved by selecting one
HRTF out of seven [3]. Zotkin has described how to

personalize HRTF by tuning anthropometric properties [4], and Hwang personalizes HRTFs by changing
12 principal components (PCs), which he found in the
CIPIC data set [5]. Last but not least, a HRTF can be
calculated numerically by means of a Bounded Element Method (BEM) [6].
All these approaches show different trade-offs in respect to accuracy and effort. For example, if the user’s
head and torso can be scanned with an MRI at high
resolution, a BEM simulation is a good choice. As another option, the head shape and dimensions can be
measured visually by means of photometry or 3D
depth scans. The resolution of such scans is typically
lower and shapes such as the ear channel, which is not
viewable from the outside, cannot be gathered. Then,
anthropometric heuristics could lead to results of similar quality as compared to a BEM simulation that is
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made from incomplete and noisy input data. In addition, heuristics approaches based on anthropometric
features have the advantage that relevant distances
can be simply measured with a calliper. Finally, if no
input data is available, the user still can select his
HRTF by means of listening tests or tune them – e.g.
– by modifying parameterized HRTFs.
We believe that not only one algorithm shall be used
to personalize HRTFs, but it shall be possible to
choose one out from several algorithms – depending
on the user’s requirements. Some use cases – such as
guidance systems for soldiers are mission critical and
an imprecise HRTF might even have lethal consequences. Thus, it is important to have a perfect HRTF.
An audiophile might spend considerable time to tune
his HRTF whereas an occasional user of binaural rendering solutions is happy to get his HRTF fast, even
if it is only moderately well fitted.
Instead of providing one algorithm that fits all needs
or instead of aiming for the perfect personalized
HRTF, the web service MySofa lets the user decide
which quality he needs. The HRTF can be optimized
until the user is satisfied.
MySofa implements the following work flow: First,
the user selects one of a few HRTF personalization
algorithms. Then, he uploads or enters his anthropometric data. Afterward, the HRTF is calculated and
the result is displayed. The user can listen to the results to verify whether it meets his expectations. Finally, the HRTF can be downloaded and – as it is
stored in the standardized SOFA format [7] – it can
be uploaded into a device or software for its use.
In the remaining paper, we describe how we have set
up the MySofa web service, which components have
been selected and combined, and which further enhancements are envisioned.

2 The AES SOFA format
Prior to the standardization of the AES SOFA format,
researchers used various formats to store and exchange HRTFs. Thus, Madjak et al. defined a standard [8], which generalized the existing conventions
on how to store a FIR filter and defined a common
format on how to describe those HRTF data sets. As
such, the AES SOFA format is well suited for researcher to exchange their lab data. Conveniently, it
uses a well known HDF5 format, which is also used
in MATLAB.

Whereas the SOFA format is well suited for researchers, using its reference implementation for spatial audio rendering software is not as straight forward because of several limitations.
First of all, the storage format requires the use of
third-party libraries such as libhdf5 and libnetcdf,
which increase the code size and which are not well
suited for cross platform compilation.
Second, despite SOFA being a common standard, it
still allows for various notations on how to describe
HRTFs. For example, coordinates may be described
in Cartesian or spherical conventions and unit names
may be written in British or American English.
Third, the SOFA format is not optimized for a fast
lookup of HRTFs filter. Instead, HRTFs are stored in
an unsorted manner.
Last not least, the loudness of HRTF is not standardized. Thus, if you switch from one SOFA file to the
other, loudness changes may occur.
To overcome these issues, we have implemented a library that can read SOFA files. It is called libmysofa
and is available under Apache 2 license at github [9].
While focusing just on the reading functionality, we
have been able to reduce the code size. For example,
the program size of a SOFA to JSON converter
shrank from 798387 bytes to 90625 on a 64bit Linux.
We based the implementation on the specifications of
the HDF, NETCDF and SOFA file formats since
SOFA is based on NETCDF and NETCDF is based
on HDF. Where the HDF5 specification was incomplete [10], we reverse engineered SOFA files to figure
out implementation and specification details.
A FIR filter, stored in the SOFA format, cannot always be used for real time auralizations. Thus, further
processing steps are useful.
First, the FIR filters are resampled to match a requested sampling rate of the auralization. In
libmysofa, we take advantage of the speex resampler
[11].
Next, the loudness of the HRTF data set is normalized. We look for the FIR filter pair which is closest
to the looking direction of the listener. Then, we determine the mean loudness of both left and right channel and normalized all filters so that the mean loudness of the left and right frontal looking FIR filters is
one.
In a next step, we lower - the size of the FIR filters
splitting them into min-phase filters and delays lines.
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To achieve this, we reduce the length of each FIR filters until it carries 99% of the energy of the original
filter. In the set of length reduced FIR filters, we take
the longest and define its length as the length of all
remaining filters. After this step, all FIR filters have
the same length.
Because in a SOFA file the FIR filters are not sorted,
looking them up is not straight forward. Thus, we use
a K-D tree [12] to find a filter pair for a given orientation. On average, K-D trees have a complexity of
O(log n) and a worst case complexity O(n). We use
Cartesian coordinates to store the FIR filters in the KD tree because spherical coordinate would require a
special wrap-round treatment.
Finally, to achieve an interpolation for missing values, we first lookup for the neighbors of each filter
coordinate. The search for neighbors is done in spherical coordinates. These neighbors are stored in a table
for each FIR filter pair. If a FIR filter pair for a given
coordinate has to be interpolated, first we use the KD tree to find the closest FIR filter pair. In a next step,
we lookup suitable and nearby neighbors. Then, the
interpolation of the filters is done linear, weighted by
the reciprocal of the distance between the requested
coordinate and the given coordinates of the filter
pairs.
Following the advice of [13] and to make programming more easy and efficient, we provide access to
SOFA files with a reduced set of function calls. The
programmers can open a SOFA file, request filter
pairs for a given coordinate, and finally, they need to
free libmysofa memory structures again.
With the help of libmysofa, to add support for SOFA
files and thus individualized HRTFs into auralization
engines is straight forward. At least we had not any
difficulties adding libmysofa to our spatial audio web
conference service [14]. Time will show on how
many other 3D audio solutions will support the SOFA
format, too.

3 MySofa web service
MySofa is a web service, which can be used with
modern web browser on devices such as smartphones,
tables, and computers. Therefore, it is accessible to
anybody in the world who has internet connectivity.
MySofa helps the user to select, generate and tune his
personal HRTF.

In the frontend, the part which runs in the browser,
MySofa is based on the frameworks Bootstrap [15]
and AngularJS [16] as those allow efficient programming. In the backend, we use an Apache server for
delivering static content, a Tomcat server and the
Spring Boot framework [17]. In addition, the various
algorithms described in Section 4 to 6 are also running on the backend server.

4 Anthropometric input
MySofa supports different ways of providing anthropometric input. We assume that the user has access to
3D scanning solutions such as MRI, 2D to 3D photometry, or scanning with depth cameras.
For example, we tested MySofa with an RGBD sensor Asus Xtion Pro Live and an algorithm, which one
of the authors has developed [18]. With this approach
the methodology for the data acquisition is as follows:
the sensor is located at the same height as the user’s
eyes. The user starts facing the sensor, then he turns
until complete a 360° rotation with 10 seconds pause
at 90° and 270°, this with the purpose of improving
the ear data. In order to capture side view models, the
user stands still in front of the camera showing his
right and left side for approximately 10 seconds each.
After finishing the scanning, the user uploads a 3D
model of the head and torso. Meshlab [19] helps us to
convert various input formats. For faster uploads via
internet, we also allow those files being compressed.
ZIP files containing DICOM MRI images are converted to a mesh automatically by a tool called DICOM2STL [20].
To verify the presence of a 3D face, we run an algorithm by Spreeuwers [21][22] to detect the nose and
orientation of the face.
Detection of acoustically relevant measurements as
head’s width, height, and depth, as well as the closest
distance from the front and the back of the head to the
ears is performed by the algorithm described in [18].
The measurements are estimated based on the location of some crucial feature points (see Fig. 1): points
located 3cm in front of the ear pits are used to calculate the width of the head, the top of the head and the
chin estimate the height, the depth is obtained using
the back of the head and the forehead, the closest
point from the front and from the back of the head to
the ears are represented by the nose bridge and the
nape respectively. Since the user’s rotation direction
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Feature points:
1. Nose tip
2. Ear pit
3. Top of the head
4. Forehead
5. Chin
6. Nose bridge
7. Beginning of the nape
8. Back of the head
9. 3cm in front of the car pits, used for
the calculation of the head width.

Figure 1: Feature points and measurements. w is head’s width, h represents head’s height, d symbolizes the
depth, f and b the closest distance to the ears from front and back of the head respectively [18].
and undesired displacements affect the quality of the
360° model, the ear pits are located first on the side
models through a concavity analysis. Then, these pit’s
positions are used to estimate the ear pits on the 360°
model. The forehead, the top and the back of the head
are determined based on the geometry of the human
head. The chin is identified as the point with the largest concave value on the chin region. The nose bridge
and the nape are determined using the Pythagorean
theorem.
If the user does not have the capabilities to scan his
head in 3D, the anthropometric measurements can be
manually measured and added or the default values
can be used.

5 HRTF personalization
One key idea of MySofa is to provide the user different means of getting his personal HRTF. Depending
on the effort the user wants to spend, he can choose
from a variety of algorithms.
Another aspect is to defer the responsibility of getting
a good HRTF to the user. In the end, only he can judge
whether the HRTF is good enough to meet his expectations. MySofa provides just the tools to make the
personalization process easier.
One of the tools is a selection of one of few HRTFs.
This approach is based on the observation described
in [23] that only seven perceptual different HRTFs
may be sufficient to satisfy most of the listeners. For
this algorithm, anthropometric data is not required,
just a good headset and a browser.
In the current MySofa prototype, we have included a
heuristic algorithm, which is based on the MRI scan
and HRTF measurements of 47 persons. Bomhardt

and Fels [24] analyzed the data, found its principle
components and made a regression analysis to map
anthropometric features to PCs. Based on this algorithm, individualized HRTFs are calculated.
Another algorithm, which we are currently adding, is
implemented by Hölzl [25]. It allows the user to tune
principle components in order to get his HRTF. Also,
the BEM simulator of Ziegelwanger [26] is scheduled
for addition.

6 HRTF quality control
After calculating an HRTF, the user verifies whether
the results are good enough. Due to faultily input data,
usage mistakes, and algorithms that operate beyond
their tested scope, a HRTF may be degenerated. Thus,
the user listens to binaural test renderings with the
aim of checking, whether the sound is heard as expected.
Various test sounds, both stationary and in motion,
can be played to get an impression about the quality
of the externalization, to verify front vs. back, and to
locate sounds moving along the cone of confusions.
In order to provide acoustic samples, we have taken a
media server called Freeswitch [27] and extended our
3D audio rendering engine libspace, which is used in
[27], too. With this renderer, different test samples are
generated and transmitted to the browser via
WebRTC. Finally, as a gimmick, the HRTF is displayed in 3D via the library three.js [28].

7 Summary and Outlook
Libmysofa allows every programmer of auralizations
to support individualized HRTF easily. We hope that
with the help of libmysofa the individualized HRTF
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using the SOFA format will become widely available,
preferable on any device that supports spatial audio.
For MySofa web service, numerous algorithms and
software frameworks have been compiled to get a
web service that can be used by everybody. To the
best of our knowledge, MySofa is the first web service of its kind.
At the moment, MySofa only contains a basic set of
features, but time and usage experience will allow us
to enhance MySofa with more algorithms and testing
procedures. For this optimization process, user feedback is essential. In addition, further enhancements
are envisioned by using crowdsourcing approaches
[29] on existing algorithms. For example, a contest
between multiple HRTF individualization approaches
could be done in order to see which is preferred.
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