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Inter-Laboratory Round Robin HRTF

Measurement Comparison
Areti Andreopoulou, Durand R. Begault, and Brian F. G. Katz

Abstract—Head-Related Transfer Function (HRTF) measure-
ments underlie the signal processing used in binaural auditory
displays, but measurement techniques, equipment, and post-pro-
cessing vary substantially between laboratories. This variation can
result in significant differences in measured spectral and timing
data taken from the same subject for the same sound source
locations. An ongoing project for comparing databases from
laboratories across the world (colloquially titled “Club Fritz”)
employs a single dummy head microphone for measurements
(Neumann KU-100) at various sites. The current study examines
magnitude and timing differences between left and right ear data
from 12 different HRTF sets taken from 10 different laboratories.
Results revealed spectral magnitude variations up to 12.5 dB for
frequency bands below 6 kHz and up to 23 dB above that, as
well as large spectral left/right asymmetries (d.or, < 0.4) for
high-frequency content. Further subjective studies are necessary
to determine the perceptual relevance of these findings. Neverthe-
less, the observed I'TD variations of up to 235 psec are alarming as
they often exceeded reported JND values. Such findings highlight
the potential impact of physical spaces, measurement routines,
and equipment types on the collected HRTF data.

Index Terms—HRTF/HRIR, ITD variations, measurement, re-
peatability, spatial symmetry, spectral variations.

1. INTRODUCTION

NALYSES of'the characteristic variation in Head-Related

Transfer Functions (HRTFs) as a function of sound source
location allow an understanding of the perceptual cues to spatial
hearing. HRTFs are frequency-domain transforms of time-do-
main Head Related Impulse Responses (HRIRs), which can be
captured using specialized configurations of loudspeakers and
microphones. Digital filters based on these measurements con-
stitute the principal signal processing used for implementing
binaural auditory displays. The HRTF characterizes the trans-
formation of sound from a specific source location to the lis-
tener's ears in the free-field. Common measurement locations
include near the eardrum or at the entrance to the ear canal
(blocked meatus).
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Although binaural auditory displays and means for mea-
suring HRTFs have existed for several decades, there is no
single methodology used by laboratories worldwide. It is to be
expected that differences in hardware, measurement resolution,
microphone placement, test signal generation, equalization,
and other factors could yield inconsistencies for the same pur-
ported sound source to receiver location transfer function. The
current investigation highlights inter-laboratory differences
while controlling several significant sources of variability.
Specifically, the approach compares measurements using a
single unique dummy head (kunstkopf in German). Head ge-
ometry and microphone type and location remain consistent,
thereby highlighting differences due to factors unique to the
measurement systems.

The “Club Fritz” is an open project, initiated in 2004 by au-
thors Katz and Begault, with a current collection of over 60
submissions from 14 research labs from around the world. Ac-
cording to the project's call for contributions “Club Fritz” is
a collection of researchers interested in HRTF measurement
and measurement system comparisons. The goals are two-fold;
respond to the fundamental question of how comparable are
HRTF measurement systems, and address the need to establish a
reference or standard for data quality. The database consists of
physical HRTF measurements and numerical simulations per-
formed on the same dummy head microphone system (“Fritz
II” model KU-100, serial number 40, manufactured by Georg
Neumann GmbH) [1], thereby controlling for morphology vari-
ations (fabrication differences between mannequins of the same
make and model) and microphone position errors due to dif-
ferent microphone size and placement protocols.

Requirements for participation include these directives:

1) Participating institutions should perform HRTF measure-

ments following their standard procedure.

2) The required deliverables are (a) raw Head-Related Im-
pulse Responses (HRIRs) using the dummy head's internal
microphones and (b) impulse responses of the reproduc-
tion equipment to be used for free-field equalization.

3) Additional deliverables may include measurements using
other binaural microphones, multiple HRIR measurements
for testing repeatability in the data, and free-field compen-
sated post-processed data.

A parallel effort also exists concerning the acquisition of 3D ge-
ometrical mesh data and numerical simulation of HRTFs. Re-
peated submissions of data by a single institution, especially
when changes are made in the measurement setup of a certain
lab, are possible and encouraged. Preliminary comparison re-
sults regarding measured HRTFs have been presented in [2]
while results for numerical simulations were presented in [3].
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In this paper, an analysis of some of the observed differ-
ences between 10 different laboratories is highlighted by com-
paring 12 HRTF datasets from the “Club Fritz” database. One
laboratory's submission included 3 different data sets. First, an
overview of common HRTF measurement techniques and pro-
cessing is presented. A review of prior inter- and intra-HRTF
comparisons is provided. A consistent means of post-processing
is described with corresponding results.

II. OVERVIEW OF HRTF MEASUREMENT TECHNIQUES

Acquiring direct measurements from a specific subject is the
most accurate and explicitly documented means for HRTF data
acquisition [4]. HRTFs are typically sampled on a spatial grid of
varying resolution, taking advantage of both the finite localiza-
tion resolution of humans and the ability to interpolate between
measurements in an auditory display [4], [5]. Grids used are typ-
ically set to a constant distance equivalent to the longest wave-
length of interest. Under the assumption of linearity and time-in-
variance, HRTF “pairs” (ipsilateral and contralateral measure-
ments from both ears) can be measured and transformed into
digital filters that capture the magnitude and timing differences
at the two ears and then subsequently used in a binaural auditory
display. Despite logistical complexity and lengthy duration, di-
rect measurement is the most popular means for collecting bin-
aural data, resulting in growing numbers of publicly available
HRTF databases [6]-[11].

Various signal processing methods exist for measuring
transfer functions, such as swept-sine, maximum length se-
quences, Golay codes, etc. Over the past decade several
attempts have been made to improve the efficiency of the
direct measurement method by minimizing recording time,
without compromising on spatial resolution. Examples of such
approaches are the Measurement via Reciprocity Method [12],
the Multiple Exponential Sweep Method (MESM) [13], or the
Continuous Measurement Method [14].

Post-processing of impulse response measurements allows
removal of the transfer function of the measurement system.
Such factors can include the responses of the microphone and
loudspeaker as well as reflections from the measurement appa-
ratus or room. The most direct method of processing consists in
deconvolving the measured impulse response of the measure-
ment system without the head present from the measured im-
pulse response with the head present. The resulting data adheres
to the definition of the HRTF, representing the transfer function
due to the head only. Subsequent time windowing is applied to
remove the presence of reflections. Alternative post-processing
methods can be found in the literature, with the most common
being division of the measured impulse responses by the mean
(spatially weighted) response with the head present, resulting
in what is termed the “directional transfer function” (DTF) [15]
rather than the HRTF as it represents spatial variations of the
head response relative to the global mean.

III. PRIOR RESEARCH COMPARING HRTF MEASUREMENTS

Currently, most spatial audio-related research focusing on
the analysis and objective or subjective evaluation limit their
data pool to HRTFs originating from a single database. The
reason is twofold: first, not a great deal of data have been

made publicly available, and second, the lack of recognized
standards for HRTF acquisition has resulted in databases of
varying spatial resolutions, filter length, and sampling rates.
Yet, even though several post-processing steps are necessary
when combining databases to assure uniformity in the data
format, their potential impact on the perceptual quality of the
data is questionable, making inter-database comparisons a very
challenging task [16].

A. Intra-Database Single Subject Repeatability

Several studies have been carried out concerning the quality
and repeatability of measured HRTFs. Riederer [17] examined
the repeatability of HRTF measurements for a given system,
monitoring the degree of variance due to a number of factors
such as signal noise floor, reflections from equipment, acci-
dental movements or misalignment of subjects, and placement
of the measurement microphones in a subject's ears. Similarly,
Wersényi and Illényi [18] carried out repeated measurements
on a computer motorized dummy-head system, exploring the
effects of near-the-head objects like hair, caps, and glasses.

Intra-subject variations were explored in a comparison study
of repeated HRTF measurements on four human subjects [19].
Spectral variations were observed as a function of frequency, di-
rection, and distance of the ear to the sound source. This study
was accompanied by a perceptual evaluation study which at-
tempted to reveal the extent to which such variations were per-
ceptually relevant.

B. Intra-Database Inter-Subject Variations

Previous research on inter-subject variations in HRTF
databases has broadened our understanding of the degree of
variability in HRTF data. Several metrics have been proposed
[20]-[22] for a variety of temporal and spectral attributes.
Algazi proposed two measures: the maximum Interaural Time
Difference (ITD) and the pinna notch frequency, and investi-
gated possible correlations between those and anthropometric
data [6]. Zhong investigated the spatial symmetry of 52 HRTF
datasets using cross-correlation analysis. Results revealed that
symmetry varied as a function of frequency as well as source
position (ipsilateral vs contralateral) [23].

C. Inter-Database Variations

Zhong et al. recently explored inter-database variations
of binaural data by comparing five sets of KEMAR HRTFs
available from three different research institutes' databases;
the Massachusetts Institute of Technology Media Lab, the
University of California Davis CIPIC Lab, and the South China
University of Technology Acoustic Lab [24]. The datasets
selected for this analysis had the advantage of sharing sim-
ilar spatial and temporal resolutions, minimizing the need
for additional processing for comparison. A common model
mannequin allowed for minimal variation in the “subject's”
morphology. Differences of greater than 10 dB were observed
in the magnitude of frequencies above 6 kHz.

Preliminary results of the “Club Fritz” project were reported
by Katz & Begault on data from five different labs, focusing on
spectral variations and comparisons of ITD differences between
sets [2]. Results compared both measurements done with the
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TABLE I
OVERVIEW OF DATABASE CONTRIBUTORS AND ASSOCIATED MEASUREMENT SYSTEMS. # INDICATES THE NUMBER OF SPEAKERS

Institution Country | Year | Positions Azimuth Elevation ‘ fs (Hz) | # ‘ Dist. (m)
Institut de Recherche et Coordination ) =o _ARO . EO . 00O

Acoustique/Musique (IRCAM) France 2004 2016 A5 45° : 5° : 90 44100 1 1.95
University of Maryland (UMD) USA 2007 823 A5° — A10° —35° :5°:90° 44100 6 0.90
Advanced Controls and Displays Group, ° A0 - 100 - 700

NASA Ames Research Center USA 2007 432 A10 40° : 10° : 70 96000 12 0.90
Institut de Recherche et Coordination o 400 . 5O . 0N©

Acoustique/Musique (IRCAM) France 2007 1944 A5 40° : 5° : 90 44100 3 2.00
psauute of Technical Acoustics, RWTH | Germany | 2000 | 2016 | A5° —A10° | —80°:5°:90° | 44100 | 1 | 200
Department of Signal Processing and

Acoustics, Helsinki University of Finland 2009 180 A10° —40° : 20° : 40° 48000 1 1.50
Technology

Science & Technology Research o _20° - 10° - 90°

Laboratories, NHK Japan 2009 936 AB 30° :10° : 90 96000 10 1.30
Multisensory Cognition and o —40° - 10° - 90°

Computation Laboratory, NICT Japan 2009 1008 A5 40° : 10° : 90 48000 1 1.00
Takeda Laboratory, Nagoya University Japan 2009 2017 A5° —50° : 5°: 90° 48000 1 1.00
RIEC, Tohoku University Japan 2010 648 A10° —80° : 10° : 90° 48000 35 1.50
Institut de Recherche et Coordination ° 200 . 90_@0 . QRO

Acoustique/Musique (IRCAM) France 2014 1560 A6 39° :3°-6° : 86 96000 1 1.95
Acoustics Research Institute, Austrian | i | 2014 | 1550 A2.5° —30°:5°-10°: 86° | 48000 | 22 | 1.0
Academy of Sciences

KU-100 internal microphones as well as those obtained using
binaural microphones unique to each institute. No interpolation
was applied to the data, with the analysis focusing solely on
a limited number of common measurement points across sets.
Results showed ITD variations of up to 200 usec for positions
on the horizontal plane and revealed the presence of asymme-
tries for certain datasets. In addition, spectral variations such
as shifted peak and notch frequencies for the same spatial po-
sition were found to be greater between datasets recorded with
different laboratory mics than between those recorded with the
built-in internal microphones.

A comparative study on numerical HRTF simulations using
a 3-dimensional mesh generated from a Computerised Tomog-
raphy (CT) scan of the Fritz II has also been carried out [3].
The resulting datasets were compared to select measurements
from the “Club Fritz” collection. Spectral variations between
numerically computed HRTFs were minimal, but exhibited a
shift above 5 kHz when compared to physically measured sets,
examined for the 0° azimuth position on the horizontal plane.
Such differences resembled the variations previously observed
between measurements made with the built-in and other house
mics, and were therefore attributed to errors in the definition of
the microphone position in the 3D mesh. ITD comparisons were
more consistent, leading to differences < 100 psec.

The current study offers a global comparison, rather than a
point-by-point comparison, of a total of 12 “Club Fritz” HRTF
datasets. Only the internal built-in microphone responses have
been considered in an attempt to focus on inter-database varia-
tions independent of the type of microphone related variations
mentioned above. The criteria examined concerns spectral vari-
ations, ITD comparisons, and left/right symmetry assessments
between datasets.

IV. DESCRIPTION OF DATA ANALYZED

A. Contributors

The “Club Fritz” database HRTFs have been converted to the
open standard SOFA file format for HRTFs [25] to enable ease
of data navigation.! 12 HRTF sets were selected from the full
database according to the following criteria:

a) existence of measurement positions within the range of

430° in elevation,

b) minimum azimuthal resolution within the above men-
tioned range of < 15°, and

c) existence of measurements on the horizontal plane.

Table I offers an overview of the selected contributions. To
preserve anonymity, all presented data and analysis are not iden-
tified. It is evident that there are significant variations with re-
gards to spatial extent and grid density, with HRTF sets con-
taining between 180 and 2017 points. Such differences in spatial
resolution render direct comparisons between datasets difficult.
In addition, due to varying grid definitions there exist very few
points in common across the entire collection. Some represen-
tative examples of the measurement grids utilized by different
labs can be seen in Fig. 1.

Other differences in measurement systems and protocols in-
clude the acoustic conditions of the measurement room, loud-
speaker setup, test signal, processing method to obtain the im-
pulse responses, and data acquisition sampling rate, f;. Differ-
ences in loudspeaker setups included single speaker or different
multi-speaker array configurations, with loudspeaker character-
istics ranging from small 3 in. single drivers to 6.5 in. coaxial
drivers, and physical spaces ranging from anechoic chambers to
sound treated rooms.

IThese datasets are available for research use at the SOFA HRTF repository
http://sofacoustics.org/data/database/ClubFritz/.
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Fig. 1.

B. Post-Processing

In order to achieve uniformity in the data used in this study,
a series of post-processing steps were applied to the datasets.
First, all measured responses were free-field equalized as de-
scribed previously to remove the system responses in order to
obtain actual HRTFs. It was preferable that this process be car-
ried out in the course of this study, and not prior to submis-
sion by the separate institutions, due to possible variations in
signal processing steps (Fourier transform length, smoothing,
etc.) and methods used. However, one must have the following
points in mind when reviewing the presented results. During
the earlier stages of the “Club Fritz” project (prior to 2014), re-
searchers were forbidden from removing the KU-100 built-in
microphones to record the equalization responses. Rather, they
used external reference microphones. As a result, the free-field
equalized responses of these datasets have the equipment and
room responses removed, but still contain the characteristics of
the KU-100 mics. This is true for all datasets, except for the
latest IRCAM and ARI submissions, which have the internal
mic responses equalized.

Upon free-field equalization, all HRTFs were low-pass fil-
tered at 18 kHz and sample-rate converted to 44.1 kHz. Limiting
the range to 18 kHz was necessary for uniformity purposes. Any
potential direct current (DC) offset was then removed and im-
pulse responses were truncated using a 2.7 msecs rectangular
window in order to eliminate the presence of any room reflec-
tions. The window start point was set at 40 samples (0.9 ms)
prior to the first detected “onset” as evaluated across the entire
dataset. The onset was defined as the first sample greater than
—10 dB relative to the peak value.

Left, right, and overall root mean square (RMS) values were
computed across all datasets. Results revealed hemisphere im-
balances of less that 1 dB, which, even though probably insignif-
icant, were still corrected. In addition, the median global RMS
value was selected as the reference level, and all HRTF datasets
were gain adjusted to that common value. Finally, in order sit-
uate the results of this study relative to human auditory percep-
tion, and not simply pure signal comparisons, data relevant to
symmetry and spectral variations were processed according to
the Equivalent Rectangular Bandwidth (ERB) scale, as defined
by Moore [26], [27].

V. INTER-AURAL TIME DIFFERENCES

The first method of inter-dataset comparison is based on In-
teraural Time Difference variations. Several methods for the
extraction of such information have been proposed over the
years in numerous studies. Recent studies carried out on a single

Examples of measurement grids from four different labs. Points indicate measured locations, the x and y axes azimuth and elevation angles respectively.

ITD variation
0

180

Fig.2. Variability over horizontal plane estimated ITDs across all submissions,
presented in psecs.

HRTF dataset have shown that there is a significant level of vari-
ance between the various proposed methods [28].

For the purposes of this study, the threshold method de-
scribed in [28] was selected to estimate ITD values. According
to this method the ITD is calculated as the difference between
the time of arrival of the impulse response (IR) at each ear for a
given source direction. The time of arrival of each ear's impulse
response was determined according to a relative threshold.
A threshold value of —10 dB relative to the peak magnitude
value of each response was employed to determine to time of
first onset. The use of a relative threshold value is employed to
eliminate the effect of the Interaural Level Difference (ILD) on
the onset detection.

Fig. 2 presents extracted ITD values for horizontal plane
source positions across all datasets. Results show variations
increase as a function of distance from the median plane. More
specifically, for the frontal region between 40° and 320° as well
as for the rear region between 160° and 210° variations range
between ~ 30 usec and ~ 100 psecs, while for points around
the inter-aural axes variations reach up to ~ 235 usecs. Such
variations can either be the result of positional misalignment
of the dummy head or are related to the measurement setup
(equipment type and arrangement) or the room itself. In an
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Fig. 3. Horizontal plane ITD variance across three HRTF subsets, relative to median values for each angle & dataset: all 12 datasets, 3 datasets from the same
sitting (institution) carried out over a span of 10 years, 3 datasets from the same sitting carried out over a span of a week.

attempt to quantify the impact of each of those parameters on
the HRTF measurement procedure, additional ITD comparisons
were carried out on two specific subsets of the “Club Fritz”
database each containing repeated measurements from a single
institution. A description of the data and a comparative analysis
follows.

A. Repeatability Comparisons

The first subset consists of a series of three HRTF datasets
collected from the same institution, using the exact same
system setup and room, over the span of a week. This type of
comparison is typical in studies evaluating the repeatability of
HRTF measurement systems. The second subset consists of
three datasets recorded in the same physical space (same insti-
tution, anechoic room, turn-table, and loudspeaker positioning
system) over the course of ten years, with associated evolutions
in hardware and processing. Over this long period, even though
the system setup had changed, the KU-100 dummy head and
the means of positioning the head remained the same, leaving
head misalignment and the equipment as the two principal
variables that could potentially affect the result.

A comparison of the ITD variances on the horizontal plane
was run for the three aforementioned HRTF subsets: (a) all 12
datasets, (b) 3 datasets from the same institution over 10 years,
and (c) 3 datasets from the same institution over a week. Due
to differences in spatial resolution between sets (see Table I) re-
sults were spline-interpolated in 10° azimuthal increments. This
resolution was selected because it maintains the largest number
of common points across datasets, keeping the offset between
measured and interpolated points to < 5°. Fig. 3 shows the com-
parison graph.

Various observations can be made. As already observed,
there is less variance for azimuth locations closer to the median
plane than for locations near the interaural axis. ITD variances
for the 3 measurements repeated over the course of a week,
when compared to the other two cases, are minimal, never
exceeding 25 psecs. Such observed variations are possibly due
to dummy-head misalignment (position or rotation), changes in
reflection positions from movable elements (cables), or other
unpredictable experimental errors.

Over the span of 10 years, the maximum variance was
~ 110 psec. This may indicate variations due to changes in
processing and measurement equipment, as well as changes

in the dummy head over time, such as small variations in mi-
crophone and pinnae position after successive demounting and
remounting. The 10 year repetition subset exhibits generally
smaller variances than those observed over all HRTF datasets,
clearly indicating the effect of variations in measurement appa-
ratus and protocol, despite the common method used across all
data sets in the present analysis for estimating ITD.

VI. SPECTRAL VARIATIONS

This section presents inter-dataset comparisons based on
HRTF spectral variations. The purpose of this comparison is to
reveal the potential impact of physical space, equipment, and
measurement routines on the spectral content of HRTF data.
Each of the 10 institutions participating with their data in this
analysis utilized different routines for capturing the binaural
IRs. This resulted in datasets of various spatial resolutions,
rendering point by point comparisons of HRTFs challenging
without the employment of some interpolation method. Nev-
ertheless, interpolated data can introduce additional sources of
spectral distortion, especially when the measurement grids are
too sparse [29].

In order to limit the number of variables responsible for
spectral content variations, no interpolation method was em-
ployed. The spectral comparison was limited to the 0° and 180°
azimuth locations on the horizontal plane, the only common
measurement locations across all of the analyzed data sets.
Fig. 4 plots the left ear spectral content of these locations across
all datasets. In both cases the magnitude responses are similar
between most of the measurements. The general contours are
very similar across sets, even though some features might not
be apparent in every one of them. The pinna-notches centered
around 8 kHz for the front and 9.5 kHz for the rear locations
are generally stable. The observed minor shifts in frequency
could have been caused by misalignment of the dummy head
during the measurement procedures. There is also a question
concerning misalignment of the internal microphones during
reassembly of the head, though this is unlikely due to the design
of the microphone support. In addition, for the frontal location
there appears to be an entry whose magnitude response for
frequencies up to 8 kHz are on the order of 5 dB lower than
the remaining sets, and another that exhibits a strong frequency
roll-off above 14 kHz. For the rear location, there appears to
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Fig. 4. Left ear spectral content of the 2 common locations across the 12 HRTF
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be a single set which above 12 kHz follows a different spectral
pattern than the remaining sets.

The reasons for such inconsistencies are possibly related to
variations in the measurement setups of different institutions.
In an attempt to reveal the impact of such factors on the mea-
sured data, the range of spectral content variations across the 12
“Club Fritz” datasets was compared to the subset of the 3 mea-
surements conducted by a single institution in the same anechoic
room over the course of 10 years, as well as to 3 repeated mea-
surements conducted in the same sitting over the span of a week.
Fig. 5 shows the spectral difference for the three subsets at the
two selected locations. Results are presented per ERB band for
a relevant frequency range of 1 kHz to 16 kHz.

In general, the subgroup of repeated measurements conducted
over a week demonstrated minimal spectral variations, less than
0.35 dB (mean 0.17 dB) for both locations. Such differences can
be attributed to misalignment of the dummy-head during mea-
surement setup, or to unpredictable non-linear behaviors of the
measuring system. The range of variations was <3 dB for mea-

surements conducted in the same physical space over 10 years
(mean 1.37 dB in the front and 1.42 dB in the rear). Larger vari-
ations were observed for frequency bands between 1 kHz and
1.5 kHz and between 3.5 kHz and 7 kHz in both locations. The
increase demonstrates the impact of the equipment setup and
measuring routine on the collected data, as the anechoic space,
turn-table, and loudspeaker positioning system had remained
the same across all three measurements. The resulting variance
could not be completely eliminated even after free-field equal-
ization and further processing the collected IRs.

When all 12 datasets were considered, spectral variations
were much larger. For the frontal location and frequency bands
bellow 6 kHz they ranged between 4.5 dB and 6.7 dB (mean
5.8 dB), while the rear were between 2.5 dB and 5 dB (mean
4.8 dB). Up to 10 kHz frontal variations ranged between 3 dB
and 6 dB (mean 5 dB) and rear between 2.8 dB and 5.5 dB
(mean 4 dB), while variations for very high frequency content
reached up to 22 dB in the front and 19 dB in the rear.

This overview concentrated on two commonly measured
points across 12 sets from the “Club Fritz” database, revealing
the cumulative effect of factors such as the physical space,
equipment, subject alignment, and measuring routine on the
data. The following points should be taken into consideration
with respect to the results:

a) All HRTFs were collected on a dummy head, and are
therefore presumably free of errors related to accidental
movement during the measurement procedure.

b) The perceptual relevance of these variations needs to be
examined before any conclusions are drawn regarding the
range of acceptable spectral variations between HRTFs.

¢) The current analysis is limited to a very small number of
locations (2) and can only reveal possible trends in the
spectral variations caused by different measurement pro-
tocols. For a more comprehensive comparison these vari-
ations need to be observed over a wider range of locations,
which can be achieved by either imposing a common spa-
tial resolution, or by using an elaborate high-precision in-
terpolation method.

VII. LEFT/RIGHT SPECTRAL SYMMETRY

This section examines symmetric properties as a function of
frequency and source position. The purpose of such analysis is
twofold; first, to determine the overall symmetric properties of
the Neumann KU-100 dummy head evaluated across datasets,
and second, to investigate how the measured symmetry may
vary between datasets from different institutions. The selected
metric was correlation distance (proposed by [23]), defined as:

% 10,6, fx)H, (0,0, fr)

deorr = 1 — max

z Hi6, 6, £ S5 H

k=1

H,(0,9, fr)?

(M

where H;(6, ¢, fi.) and H,.(0, ¢, fi.} denote the left and right
ear HRTF power spectra respectively. Computations were made
within the ranges of +45° in elevation.
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positions in the rear. Correlation distance between left and right hemisphere data is coded according to the color-bar.

A. Left/Right Symmetry on the Horizontal and Median Planes

Fig. 6 compares the symmetric properties in the HRTF data
as measured by two different labs across locations on the hori-
zontal and median planes. Results for ipsilateral positions on the
horizontal plane (upper two graphs) appear to be symmetric, in
general, across the whole frequency range subject to three ex-
ceptions. There exist a peak in the computed correlation dis-
tances centered around 8 kHz for angles between 0° and 90°
with d.,. values ranging between 0.2 and 0.25 and two peaks
for locations between 90° and 180° for frequency bands cen-
tered around 9 kHz and above 15 kHz with d,,,, between 0.25
and 0.4. The same three peaks propagate in the complementary
contralateral positions (azimuth angles > 180°). Nevertheless,
the corresponding patterns for contralateral positions appear to
be a bit more complicated. For azimuths between 210° and 330°
there exist various peak d..., values ranging between 0.1 and
0.4, across all frequencies above 2 kHz. The lower values of
symmetry for contralateral positions could simply be a result
of the more complex nature of this data, due to its reduced
signal-to-noise ratio (SNR) caused by head shadowing.

For positions on the median plane, results show HRTFs are
left/right symmetric across all frequencies below 7 kHz. For lo-
cations measured in the range of 20° to 160° in elevation, there
appears to be a direct relationship between angle increase and
presence of d.,, peaks at high frequencies. More specifically,
as elevation increases HRTFs retain high symmetry for a much
wider frequency range. As a result, HRTFs measured above
the head (elevation angles around 90°) appear to be symmetric
across the whole frequency range. In addition, locations mea-
sured towards the rear of the head (elevation angles > 120°)
exhibit increased d.,,.» peaks for frequency bands above 7 kHz.

Internal microphone left/right symmetry
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Fig. 7. Correlation distances for on-axis free-field responses, with binaural
head removed, of the left/right internal microphones, per ERB bands. Results
presented for 4 repetitions using 4 different speakers of a single measurement
array.

Imbalances in left/right symmetry between locations in the
frontal and rear hemisphere will be discussed in Section VII-B.

While variations were observed in symmetry levels of HRTF
data from two selected submissions (Fig. 6), similar patterns are
apparent across all submitted datasets. Therefore, one can infer
that there exist some left/right asymmetric properties inherent
in the dummy head used. To investigate this assumption, vari-
ability in the left/right internal microphone responses were ex-
amined separately using the free-field calibration data from one
lab. Fig. 7 shows the correlation distance for the calibration re-
sponses of each of 4 speakers of a movable array recorded with
the microphones removed from the head and oriented on-axis to
each speaker. Results are displayed only for frequency content
above 2 kHz, as low-frequency correlation data was relatively
flat.
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Results show that the measured data is symmetric across the
whole relevant frequency range, with only minor fluctuations
above 10 kHz, with d.,,» < 0.06. Such correlation distance
levels are minimal when compared to observed values of 0.4
in Fig. 6, and can neither be considered perceptually relevant,
nor a possible cause of the observed patterns, which must be
the result of asymmetries in the geometry between the left and
right side of the Fritz I dummy head or mounting configurations
of the pinnae and microphone assemblies, and not due to the
microphones themselves.

B. Left/Right Symmetry Across Regions

As discussed earlier, variations in the spatial resolution of
HRTF data originating from different labs prevent direct point-
by-point inter-dataset comparisons. As a result, in order to mon-
itor the left/right symmetry variations across the whole HRTF
collection, data were divided into regions and symmetry was
examined collectively for each subdivision. More specifically,
the area within +45° in elevation was divided according to a
12 x 3 grid of 36 non-overlapping regions each spanning 30°
in azimuth and elevation, beginning at the 0° azimuth & 0° ele-
vation location. This specific partitioning was selected so that all
datasets had at least one measured point represented in each re-
gion. Data was divided according to the ERB scale and correla-
tions were performed on the filters' power spectrum. The overall
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Fig. 9. Variations in the left/right symmetry for 9 regions. (Top) center loca-
tions: 30° azimuth at elevations —30°, 0°, and 30°. (Middle) center locations:
150° azimuth across the same elevations. (Bottom) center locations: 330° az-
imuth across the same elevations. Boxes mark data within the 25th and 75th
percentiles, whiskers extend to £2.64, (+) indicate outliers.

left/right correlation distance for each region was computed by
averaging the left/right correlation distances of all binaural filter
pairs present in that region. This necessary operation resulted in
smoother representations of the data but the most prevailing pat-
terns are still visible.

An overview of the computed values can be found in Fig. 8.
The graph contains the mean left/right correlation distances for
all 36 regions, across the relevant frequency range of 2 kHz to
16 kHz. The main observations noted in the previews section
regarding symmetries on the horizontal and median planes still
hold. For example, contralateral content data (210° to 330°) ex-
hibit higher asymmetry in frequencies below 7 kHz for regions
centered around —30° and 0° in elevation. These levels become
less significant, however, for higher elevations. In addition, one
can see that the center frequency of the first significant corre-
lation distance peak (d..r» > 0.1), increases as a function of
elevation angle. For regions centered around —30° in elevation
these peaks appear at ~7 kHz, for regions at 0° in elevation at
~8 kHz to ~9 kHz, while for those at 30° in elevation above
~10 kHz.

To facilitate a more comprehensive investigation,
Fig. 9 presents variations in the left/right symmetry for 9
selected regions across all datasets, showing ipsilateral re-
gions centered around 30° in azimuth, ipsilateral regions
centered around 150° in azimuth, and contralateral regions
centered around 330° in azimuth respectively, each across the
3 elevations.
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Fig. 10. Left/right asymmetry distributions of the 0° azimuth & 0° elevation
region across: all 12 labs, 3 measurements from the same lab over the course of
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The following observations were made:

a) Left/right asymmetries arise for frequency content above
7 kHz regardless of region position and condition (ipsilat-
eral or contralateral).

b) For ipsilateral results in the frontal plane asymmetries in
the data increase as elevation decreases. Asymmetries in
the region of 7 kHz are more pronounced at —30° and 0°
elevations.

c) Foripsilateral results in the rear plane asymmetries follow
a similar behavior to those in the frontal plane, but the
variation distribution is wider, indicating stronger pat-
terns, generally increasing with elevation.

d) For contralateral results asymmetry patterns are similar to
ipsilateral rear results, though initiating at lower frequen-
cies and evolving less evidently with elevation.

e) For regions centered on the horizontal plane, the corre-
lation distance peak at 8.6 kHz corresponds to the Neu-
mann KU-100 pinna notch range. The reasons for this
left/right asymmetry are either related to the geometrical
differences of the pinnae or due to repositioning variations
of the microphone and pinnae assembly.

It has been demonstrated that the origin of the observed
left/right asymmetry patterns is not related to the internal
microphone responses (Fig. 7). It was rather suggested that
the physical geometry or assembly of the dummy head was
a more probable cause. In an attempt to further explore this
matter, Fig. 10 shows the asymmetry distributions for a single
region centered around the 0° azimuth & 0° elevation point
across: all 12 labs, 3 measurements from the same lab over
the course of ten years, and 3 measurements from a single
sitting. Observations made for this subset are generalizable to
the remaining HRTF regions.

While for frequencies below 7 kHz the data is strongly left/
right symmetric, for higher frequencies variations increase as
a function of the number of factors affecting the quality of the
measurement procedure. Examples of such factors are the phys-
ical space that the measurements had taken place, equipment
setup, spatial resolution, dummy head alignment, precise micro-
phone and pinnae assembly alignment and position in the head,
excitation signal, method employed for capturing the impulse
responses, etc.

As seen in Fig. 10, the distribution of correlation distances
across all sets is greater than that observed for the 10 year repe-
tition measurements conducted in the same anechoic chamber.
This change demonstrates the possible effects of the physical

measurement space on the left/right symmetry. Similarly, the
possible effects of measurement setup and capture procedure
can be estimated by comparing the subset of 3 repeated mea-
surements conducted in the same anechoic space over a week,
which included remounting but not disassembly of the dummy
head (i.e. microphone pinnae assembly), to the group of mea-
surements conducted over 10 years.

Nevertheless, even though the distribution of the variations
changes as a function of the aforementioned factors and con-
ditions affecting the measurements, another interesting point
arises from the fact that the median correlation distance values
for frequencies above 7 kHz remain at the same levels across
all three data subsets (except for the 9.7 kHz band). It is our un-
derstanding that this reflects the inherent left/right asymmetry
properties, particular to the binaural dummy head microphone
used in this project. The true levels of that asymmetry are hard
to determine without some interpolation that would allow direct
point-by-point comparisons across all datasets. In addition, it re-
mains unclear whether the frequency range and levels of these
inherent asymmetries have a relevant perceptual effect on bin-
aural rendering.

VIII. DISCUSSION

Even though HRTF measurement has been a widely used
solution to binaural audio for several decades, there has been
no single, widely utilized method for data capture. An overview
of different publicly available HRTF databases [6]-[11] and
their methods for data collection reveals differences in hard-
ware, measurement resolution, microphone placement, test
signal generation, equalization, and other factors which could
result in variations in the collected location dependent transfer
functions. The repeatability of the measurement procedure,
as well as the effect of such factors on measurements, has
been extensively discussed in a series of studies analyzing
data collected from dummy-head binaural microphones [17],
[18], [24]. However, the main limitation of such works is that
their data were collected from a single or very small number
of sittings, hence not fully exploring the potential impact such
factors have on HRTFs.

“Club Fritz” is an on-going project for HRTF measurement
system comparisons containing over 60 datasets from 14 re-
search labs around the world. The uniqueness of this collection
lies in that by controlling for several variables like head geom-
etry and binaural microphone type and placement, emphasis in
the analysis can be given to differences due to factors partic-
ular to every participating institution. The current study offers
a global comparison of a subset from the “Club Fritz” database
consisting of 12 KU-100 HRTF datasets from 10 laboratories.
Only the built-in microphone responses were considered in an
attempt to focus on inter-database variations independent of mi-
crophone-related variations. The analysis focused on spectral
and interaural time difference comparisons as well as left/right
symmetry assessments between datasets.

The spectral variation overview between the 12 HRTF
datasets was based on the two common points measured across
all institutions: 0° and 180° azimuth on the horizontal plane.
The results were compared to two HRTF subsets measured in
the same physical space over the span of a week and 10 years.
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The variability in HRTF data has been explored previously.
Riederer [17] examined the repeatability of HRTF measure-
ments for a given system. Data was collected in the same phys-
ical space using the same equipment setup and measurement
routines over the span of a few months. Overall, the reported
intra-subject variations were up to 2 dB for frequencies below
6 kHz and between 3—5 dB for frequencies below 10 kHz. This
collection is comparable to the two Club-Fritz subsets of re-
peated measurements. For the first, collected in the same space
over the span of a week, the computed variations were up to
0.3 dB for frequencies up to 6 kHz (mean 0.23 dB), between
0.1 dB and 0.33 dB (mean 0.15 dB) for frequencies up to 10 kHz,
and up to 0.34 dB for very high frequency content. For the
second, collected in the same space over 10 years, the computed
variations were up to 3 dB for frequencies up to 6 kHz (mean
1.58 dB), and 0.5-2 dB (mean 1.13 dB) for frequencies up to
10 kHz. However one should keep in mind that observations on
both subsets were affected by the small number of locations and
repetitions studied. It is possible that a more global comparison
including more repetitions and locations would have yielded
numbers closer to those reported by [17].

Inter-database variations of dummy-head HRTFs have also
been explored on a smaller-scale study by Zhong et al. looking
at differences between five KEMAR HRTF sets collected by
three institutions [24]. Spectral variations were calculated for
a frequency range of 0.5-20 kHz and averaged to provide a
single overall metric of inter-database spectral variance, ranging
from 0.7-3.2 dB. In the current study, comparisons across all
12 datasets resulted in average spectral variations of 6 dB (min
1.4 dB, max 22 dB) and 5 dB (min 2.5 dB, max 19 dB) for the
front and rear locations respectively across a frequency range of
1-16 kHz.

The differences between the two studies can be attributed to
the larger number of HRTFs in the Club-Fritz database, which
cover a much wider range of measurement systems, as well as to
the difference in the number of positions analyzed. While both
studies focus on commonly measured locations, hence elimi-
nating the need for interpolation, in [24] comparisons were run
across 72 locations on the horizontal plane, while in the present
study across only 2. However, both studies discuss ideal situa-
tions as they analyze HRTF data of dummy-heads, which are
free of accidental subject movements, offer better control of
subject alignment, and are not affected by the binaural micro-
phone placements, though [24] did not use the same head and
microphones, only data from the same model dummy head, so
microphone placement and response are not assured to be the
same.

In the HRTF variability study of Andreopoulou et al., pre-
senting repeated measurements on human subjects, the range
of reported spectral variations differed. For ipsilateral content
spectral variations reach up to 12.5 dB for frequency bands
below 6 kHz, and up to 23 dB above that, while for contralateral
content observed variations increase by up to 4 dB. This drastic
increase reveals the impact of the human subject factor on the
measured data.

Comparisons of the extracted ITD information from the
12 HRTF datasets revealed variations up to ~ 235 usec for
locations on the horizontal plane and an average variation

of ~ 120 psec. In an earlier preliminary study on 5 HRTF
datasets from the “Club Fritz” project, Katz & Begault utilized
3 methods for ITD information extraction (Threshold, Max-
imum of the Inter-Aural Cross-Correlation, and Centroid of the
Inter-Aural Cross-Correlation) and reported variations within a
slightly smaller range (~ 200 usec), even though the responses
were not free-field equalized [2]. Variations were attributed
to factors related to potential misalignment of the head, the
measurement setup, or the physical measurement space itself.

To further investigate the cause of these variations 2 ad-
ditional HRTF subsets were analyzed in this work, each
containing repeated measurements from a single institution.
In the first case, where the repeated measurements were con-
ducted using the exact same system and room over the span
of a week, ITD variations were found to be minimal, never
exceeding ~ 25 usec (avg. offset ~ 7 usec) across locations
on the horizontal plane. In the second case, however, where the
repeated measurements were conducted in the exact physical
space over the course of 10 years, ITD variations were found
to be considerably larger (max. offset ~ 110 psec, avg. offset
~ 50 psec), but still much smaller than when compared to the
variations across all 12 datasets.

This comparison highlights the impact of the physical space
and measurement setup on the collected data, even after the
necessary processing steps have been applied. However, it still
presents the ideal case as the data was collected from a dummy
head, and hence is free of accidental subject movement artifacts,
as was well as variations due to binaural microphone place-
ment. In a similar HRTF variability study Andreopoulou ef al.
compared ITD variations on repeated HRTF measurements on
4 human subjects. To maximize variance, two different rooms,
speaker setups, and tracking systems were utilized, but the cap-
ture and transfer function extraction methods remained the same
[30]. The ITD analysis revealed variations up to ~ 160 usecs
across subjects.

This work also demonstrated the tendency of ITD variations
to change as a function of distance from the median plane, with
angles in the frontal and rear regions exhibiting smaller varia-
tions (~ 30 psec to ~ 100 psec) than those around the inter-
aural axis (~ 235 psec). Similar behaviors have been reported
in the literature [19], and were also indicated in the ITD extrac-
tion plots of [2] even though not explicitly discussed.

The left/right symmetry of the 12 KU-100 “Club Fritz” HRTF
datasets was also a subject of investigation. Correlation distance
calculations were performed for positions on the horizontal and
median planes, as well as for 36 regions between +45° in eleva-
tion. Similar work was conducted by Zhong et al. on a database
of 52 Chinese subjects [23]. Before a direct comparison is made
between the two studies, the following two fundamental differ-
ences must be acknowledged; 1) the current study is based on
HRTF data from a single dummy head collected by various lab-
oratories, while [23] used measurements on human subjects in a
single laboratory. Hence, while in this study variances should be
attributed to external factors, in [23] they are primarily the result
of differences in the head geometry of subjects; 2) the spatial
homogeneity between HRTF sets in [23] enables point-by-point
comparisons, while in this work data comparisons are made col-
lectively by region.
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Analysis of the results revealed symmetry variations as a
function of position (ipsilateral vs contralateral) and frequency.
More specifically, left/right asymmetries were significant
{deorr > 0.1) for frequencies above 7 kHz for ipsilateral con-
tent and 2 kHz for contralateral. In comparison, results reported
in [23] indicated lower corresponding symmetry frequency
limits (5 kHz and 1.1 kHz respectively).

However, it should be noted that this study presents the range
of asymmetries per frequency-band and region, while [23] re-
ported only averaged asymmetry values cross all 52 HRTF sub-
jects, one for frequency bands below 5 kHz (dqorr = 0.02)
and a second frequencies above (d.orr = 0.22). Applying an
equivalent analysis with the “Club Fritz” data collected here,
the corresponding distance correlation values are significantly
lower: deorr = 0.005 for frequency bands less than 5 kHz and
deorr = 0.06 for frequency above. This difference is expected
as [23] investigated the symmetric properties of different heads
recorded in the same room, using the same method and equip-
ment, whereas the current study explores the effected of the
latter attributes on the symmetry of HRTF data collected on a
single binaural dummy head.

Analysis also revealed an inverse relationship between left/
right symmetry and elevation, according to which correlation
distances decrease as elevation angle increases. This finding is
in agreement with past literature indicating that at higher eleva-
tions (above 30°) spectral variations become flatter and repeated
measurement accuracy improves significantly [18]. In the “Club
Fritz” database the left/right symmetry on the median plane for
elevations between 60° and 120° increased (0 < deprr < 0.1),
verifying the above observation.

Finally, analysis was carried out according to the previously
described subsets of repeated measurements conducted by a
single institution to determine the effects of the room and mea-
surement setup as well as the stability of the given dummy head,
over time. As expected, left/right symmetry exhibited fewer
variations as the number of factors affecting the measurement
procedure decreased. More precisely, for the subset of repeated
measurements conducted using the exact same system and room
over the span of a week the pattern variations were almost min-
imal, while for the subset of repeated measurements conducted
in the same physical space over the span of 10 years, the varia-
tion levels were less or comparable to the ones of the full data-
base. Nevertheless, this comparison revealed that the median
correlation distance values at high frequencies remained at the
same levels across all three data subsets. This finding implies the
presence of inherent left/right asymmetry properties particular
to the binaural dummy head used in this project, which is not re-
lated to the responses of the built-in binaural microphones, but
rather is the result of the physical geometry. The actual levels
and angles of this asymmetry cannot be investigated without
the use of elaborate interpolation methods which would allow
for direct point-by-point comparisons between all datasets in the
“Club Fritz” database. In addition, subjective studies are neces-
sary to determine whether such values have a perceptually rel-
evant impact on the rendered binaural data.

IX. CONCLUSIONS

This work highlighted variations observed in measured bin-
aural impulse responses in the absence of a widely accepted
and utilized method for HRTF measurements. Emphasis was
put on variability in extracted Interaural Time Difference in-
formation, spectral variations across commonly measured lo-
cations, and left/right spectral symmetry of HRTFs in the “Club
Fritz” collection. Future work will involve a spherical harmonic
decomposition of the HRTF data, which will allow for elabo-
rate point-by point comparisons between different measurement
grids, as well as subjective evaluations of the perceptual rele-
vance of the reported variations.

Results of this study have shown that despite the use of a
single subject a certain degree of variability is observed between
“identical” HRTF measurements. While the perceptual impor-
tance of the spectral and left/right symmetry variations remains
to be examined, these differences must be taken into account as
an quantifiable degree of “measurement error” when comparing
datasets. Variations in ITD can be considered more troubling, as
there are more established studies concerning ITD perception
and the observed variations are in excess of what one would ex-
cept for repeated measurements on a single subject. Additional
studies are required to determine the origin of these variations
as being due to positional errors, measurement protocol, signal
processing architecture, etc.
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