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Introduction
Head-Related Transfer Functions (HRTFs) are essen-
tial for the immersive reproduction of virtual acoustic
environments via headphones [1]. In contrast to com-
monly used generic HRTFs, individual HRTFs improve
the perceived quality of binaural reproduction in terms
of front/back localization and elevation perception [2],
[3]. However, conventional measurements of individual
HRTF sets are costly in time and effort. Even though
recent achievements reduced the required measurement
time [4], [5], most measurement systems still rely on com-
plex immobile setups, such as (semi-)circular loudspeaker
arcs.

To simplify individual HRTF measurements and pre-
vent the need for costly measurement setups, we recently
proposed a measurement system that utilizes free body
movements and head-tracking to measure full-spherical
HRTF sets [6]. The system can be used in reverberant
rooms and has low equipment requirements, i.e., a single
stationary loudspeaker, a pair of in-ear microphones, and
a virtual reality tracking system. However, the proposed
system has inherent characteristics that can impair the
measurement. Primary sources of errors are inaccura-
cies of the tracking devices, head displacement from the
loudspeaker axis, or reflections from various torso orien-
tations. Reijniers et al. [7] presented a similar measure-
ment system and provided an evaluation in regards to
torso reflections and speaker directivity influence. How-
ever, their proposed system uses a different body move-
ment scheme, so the results are not directly comparable
to our system.

In this contribution, we assess some technical aspects of
the measurement system. We performed a series of in-
formal measurements under varying conditions which we
further analyzed in a technical evaluation. The results
represent the current state of our ongoing work and give
an impression of the capabilities of the proposed system.

Methods
Figure 1 shows a schematic overview of the system. For
the impulse response measurement, the system uses an
exponential sine sweep. The subject wears a Vive Tracker
by HTC that tracks the relative angle of the loudspeaker
to the head. A measurement for a particular direction
starts automatically if the subject moves the head into
this direction and holds his head still for 0.5 s. If the
head moves more than a certain threshold during an on-
going measurement, this measurement aborts immedi-
ately. The number of measurements, as well as their
positions, can be arbitrarily chosen. After completing

Figure 1: Proposed measurement system.

the full-spherical measurement, the impulse responses are
further processed. Key elements of the processing are the
removal of the room reflections by a time-domain win-
dow [8], and the upsampling of the irregular spaced mea-
surement points to a dense sampling grid in the spherical
harmonics (SH) domain [9].

In a pilot study with 3 participants, we conducted a series
of HRTF measurements with our proposed measurement
system. For each full-spherical measurement, the par-
ticipant repeated a specific movement pattern: For each
of 16 steps in azimuth, the participant stands upright,
looking into the respective azimuth direction. Then, 7
different elevation angles are measured for each azimuth
direction by leaning towards and away from the loud-
speaker. A spherical HRTF set of 112 points, roughly re-
sembling a Gaussian sampling scheme, could be obtained
in around 10 minutes with the described pattern. How-
ever, due to restraints in the body movements, top and
bottom areas beyond +/-45 ◦ are not covered. Figure 2
shows one example of the resulting grids.

Figure 2: Example of a resulting measurement grid of a
measurement with 112 points, as used for the evaluation.

The sweep signal had a frequency range of 100Hz to
20 kHz and a duration of 0.5 s. All measurements were
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Figure 3: Magnitude of left ear HRTF for 5 consecutive
measurements of the frontal direction: (a) without moving the
head between measurements; (b) moving the head between
measurements; (c) remove the microphones and reinsert into
ear between measurements. Gray line on bottom denotes the
standard deviation.

performed in a standard office room. As in-ear mi-
crophones, we used an own-built system following the
PIRATE concept [10]. For the loudspeaker, we applied
a Genelec 8020 nearfield monitor. For the upsampling
of the irregular sampled HRTFs in the SH domain, we
used an SH order of 7 with SUpDEq preprocessing [11].
To avoid instabilities due to the missing areas around
the poles we used a regularized SH transform [12] with a
regularization parameter ϵ = 10−3.

Consistency Over Measurements
Obviously, with an FBM measurement system, the ex-
act reproducibility of measurements of the same subject
is limited. We evaluated repeated measurements of the
same participant to estimate the typical variance. In a
first evaluation, a participant was asked to perform a
single measurement of the same direction multiple times,
i.e., looking directly into the loudspeaker. Figure 3(a)
shows the first five measurements, performed consecu-
tively and without moving the head between measure-
ments. For the following five measurements, shown in
Figure 3(b), the participant was asked to move the head
in between measurements. Finally, another five mea-
surements were performed, shown in Figure 3(c), where
for each measurement, the in-ear microphones were re-
inserted into the ear canal. The gray line denotes the
standard deviation between the measurements for each
plot. For the measurements without microphone replace-
ment (a)&(b), the particular measurements are very sim-
ilar, even though the head movements between measure-
ments cause slightly more deviation. Replacing micro-
phones causes more substantial variations, especially at
the characteristic notches of the HRTF.

Figure 4: Left ear magnitude from three full-spherical HRTF
measurements of the same participant, interpolated at three
different directions. Gray line on bottom denotes the standard
deviation.

For an impression of the variance between the full-
spherical HRTF measurements, we compared three mea-
sured datasets of the same participant. The resulting
HRTFs, interpolated in three directions, are shown in
Figure 4. Even though the general shape of the HRTFs
is identical, additional errors occur, apparently caused
by the interpolation of the sparse and irregular sampled
HRTFs. For other directions and participants, very sim-
ilar deviations were observed.

Offset from speaker axis
During the measurement, the head inevitably moves out
of the speaker axis. Consequently, the speaker charac-
teristics might vary for different measurement positions
due to speaker directivity. To estimate the typical offset
of the head from the speaker axis during a full-spherical
measurement, we captured the head positions relative to
the speaker position during several measurements. Fig-
ure 5 shows the captured positions mapped to the (a)
vertical plane as if seen from the side and (b) horizontal
plane as if seen from the top. Clearly, the vertical offset
is larger than the horizontal offset, as the subject bows
down to reach elevated angles. Thus, the body move-
ments for the elevation angles are more critical. How-
ever, considering the typical loudspeaker-directivity [13,
Chap. 8], we suggest that the loudspeaker directivity does
not have a significant effect at the observed angles. The
vertical offset could be further reduced by tilting the
speaker downwards, as already proposed in [7], or sim-
ply lowering the speaker height. Another solution would
be to restrain body movements in the vertical direction to
only tilting the head. However, this would imply a vary-
ing head-above-torso orientation between measurements.
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Figure 5: (a) Vertical and (b) horizontal offset of the head
position relative to the speaker axis. The shaded area denotes
the range of the angular offset, the annotated angles are the
respective maximum values.

Torso Reflections
Brinkmann et al. [14] studied the effect of a variable head-
above-torso orientation (HATO) from horizontal head
rotations, stating an audible impact of the shoulder re-
flection. As the body moves freely in our proposed sys-
tem, the torso reflections from a varying HATO must be
considered. The horizontal head rotation can be easily
avoided by rotating the entire body to reach the desired
azimuth angles. For measuring elevation angles, though,
there are two movement options, i.e., tilting the upper
body and tilting only the head. By tilting the entire up-
per body (with a sufficient good body tension), a static
HATO could be achieved, similar to conventional mea-
surement systems. The torso reflections from a static
HATO have been carefully studied by Algazi et al. [15],
providing low-frequency elevation cues. However, these
movements are uncomfortable for measuring a full HRTF
set, and the range of reachable elevation angles is some-
what limited: Lateral elevation angles above or below
+/- 45◦were almost impossible to achieve without tilting
the head. A wider range of elevation angles can be cov-
ered by tilting the head. However, this implies a varying
HATO between measurements.

In order to evaluate the differences between the two
movement options, we conducted four full-spherical
HRTF measurements of 112 points. Two of the mea-
surements included only entire body tilts for the eleva-
tions. For the other two measurements, only the head
was tilted. Figure 6 shows the resulting interpolated
HRTFs of the 4 measurements (left ear) for 4 lateral di-
rections with different elevations. The HRTFs show great
similarity up to 10 kHz. Above 10 kHz, deviations occur
as expected from the interpolation. However, at 2 kHz,
a strong peak can be observed for elevated positions for
the full-body measurements (blue graph). This peak was
also observed for other participants at lateral angles and
might indicate a shoulder reflection from elevated sources

with a static HATO [15]. This peak is not present for the
variable HATO (orange graph). Here, the shoulder is
much closer. This could explain the high-frequency loss
above 10kHz, including slight combfilter-like ripples, ob-
servable for increasing elevation. However, this effect was
not clearly observed for other participants.

Figure 6: Left ear magnitudes of 4 full-spherical measure-
ments, interpolated at 4 lateral directions with different eleva-
tions. The blue and denote measurements were the full body
was used for the elevation angles, the orange graphs denote
the measurements with head-only elevation movements.

Tracking Accuracy
To test the accuracy of the Vive Trackers for estimat-
ing the relative angles between the head center and
loudspeaker, we attached the Tracker to a Neumann
KH100 dummy head mounted on the VariSphear sys-
tem [16]. The tracker calibrated with the procedure de-
scribed in [6] to a dummy loudspeaker at 2m distance.
Two automated measurements of a 86-point Lebedev grid
were performed with the VariSphear, while our measure-
ment system captured the relative angles. The captured
sampling grid was compared to the reference sampling
grid. For the first measurement, the captured points
had a mean angular distance error of 1.1◦(Root mean
squared error (RMSE): 1.38◦) with a standard devia-
tion (STD) of 0.84◦. In the second run, the error was
1.06◦(RMSE: 1.21◦, STD: 0.6◦). The angular distance
error between the two measurements was 0.16◦(RMSE
0.21◦, STD 0.14◦). The comparably low error between
the two measurements suggests that both measurements
delivered very similar results. Thus, we assume that
most errors arise from inaccuracies during the calibra-
tion routine, and the trackers provide sufficient accuracy
for the proposed system. More sophisticated studies on
the tracking capabilities also affirm a precise tracking
capability, with errors in the sub-centimeter range [17],
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in some cases a couple of centimeters while dynamically
moving the trackers [18].

Conclusion
This contribution highlighted some technical aspects of
our proposed free body movement measurement system.
We analyzed the expected variance between measure-
ments of the same participant and suggest that most
deviation occurs during interpolation. The interpola-
tion errors observed are of a similar dimension as ex-
pected for SH interpolation from other studies [9]. For
the typical body movements that occur during the mea-
surement, the speaker directivity has no critical impact
on the measured HRTF. However, this requires that the
subject obeys some constraints for head movement and
loudspeaker setup, i.e., tilt the loudspeaker, avoid ex-
tensive body bending, and avoid unnecessary horizontal
head displacements. For the variable torso reflections due
to the free body movements, we compared measurements
where the head remained static above the torso and
where the head was tilted for the elevation angles. We
could observe some spectral deviations between the static
and variable HATO during the measurements. However,
the main characteristics of the measured HRTF are pre-
served. The perceptual effect of the deviations should
be further evaluated in a separate study. Throughout
the present study, we observed that the interpolation er-
ror seems to outweigh the comparably small errors from
other influences. However, this observation is hard to
quantify within the limited scope of this pilot study and
might be addressed in a more structured evaluation.
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