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Introduction

Virtual acoustic environments presented over headphones
are nowadays commonly used in acoustic experiments,
including for children [1, 2, 3]. These often utilize non-
individual head-related transfer functions (HRTFs), for
instance from artificial heads, that are known from ex-
periments with adults to affect, among other factors, the
localization accuracy. While objective, including model-
based evaluation metrics of child and adult HRTF's show
comparable dissimilarities with artificial-head HRTFs
[4, 5], subjective evaluations to validate these findings
have yet to be done with children.

Previous studies evaluating the localization abilities of
children [6, 7] and even infants [8] showed a continuous
improvement with age up into their teen years. Hence,
when evaluating the effect of non-individual HRTFs on
these age groups, a baseline measurement using real
world sound sources should be considered to evaluate the
localization degradation due to the HRTF and not the
overall performance. Another factor that can be con-
sidered is the localization of elevated sources. Previous
studies in general were limited to lateralization perfor-
mance in the horizontal plane.

To evaluate effects of non-individual HRTF's in children,
an age appropriate 3D-pointing paradigm was designed
and implemented amd tested with adults.

Experiment Design

The chosen experimental design can best be described
as an identification task, that incorporates gamification
features adapted from [9] was chosen. The SCaLAr
loudspeaker array [10] (see Figure 1) was chosen for
the experiment, as its 68 loudspeaker can be used on
the one hand as real world sources and for the in-situ
measurement of individual HRTFs. This allows the
comparison of real world sources with individual and
non-individual HRTFs. The loudspeakers also act as
targets in the identification task.

As an easy to understand pointing method, a Logitech
presenter was set up with a tracking body for an
Optitrack infrared tracking system. The laser pointer
in the presenter was modified to be always on. This
meant, that the participants simply have to point the
laser at a loudspeaker, getting visual feedback from
the laser point and press a button on the presenter, as
seen in Figure 3. The position and orientation of the
presenter is captured using the tracking software, from
which a virtual representation of the lasers line can be
constructed.

One drawback of the used array is its coarse sampling
with approximately 25° between adjacent speakers.
Thus the measured HRTF is to coarse for a continuous
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Figure 1: SCaLAr loudspeaker array [10] used for real world
targests and in-situ measurements of individual HRTFs

presentation method, where the head of the participants
is free to move around, his/her head is tracked and
the virtual loudspeaker position/HRTF is continuously
updated to have it appear to be in a fixed position.
Instead only a static reproduction where the participant
has to maintain a set orientation during the presentation
of stimuli has to be used.

Before the start of the actual experiment, an audiometry
is performed to check for normal hearing. Next, the par-
ticipants are guided into the array, where their individual
HRTF is measured from all loudspeakers in the array.
The measurement is carried out using the interleaved
swept-sine method [11, 12] and Sennheiser KE3 micro-
phones placed in the ear canal entrance using hearing-aid
domes, which block the ear canal. Finally, the transfer
functions of the Sennheiser HD650 headphones used for
the headphone reproduction is measured using the same
microphones in accordance with [13]. Once these mea-
surements are completed, the headphones are removed
and the participants got an introduction into the exper-
imental setup and accompanying Ul. The instructions
are both displayed on the screen in front (c.f. Figure 1)
and read aloud by a friendly narrator presented though
a loudspeaker directly in front of the participants. Dur-
ing this extensive introduction, the input method, using
the Logitech presenter is tested for several source posi-
tions using both presentation methods, i.e. headphones
and real loudspeakers. Afterwards the actual experiment
started, always with the real world loudspeakers as the
first block, and a counterbalances set of the three HRTF
presentation methods afterwards.

Each block consisted of 16 trials from a given HRTF.
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Figure 2: Time diagram of an individual trial in the experiment.

The trials in each block again are counterbalanced using
latin squares to avoid order effects. Each trial follows the
scheme presented in Figure 2. The participants are pre-
sented with a traffic light on the monitor in front. During
the red light, they are instructed to look in front at the
display and keep a steady and neutral position. A track-
ing body mounted to the headphones is used to record
the position and orientation of the head at this point
in time. Next the light turns yellow and the stimulus is
presented. The participants are instructed to remain sta-
tionary for the duration of the presentation, because of
the static presentation method. They are only allowed to
move around once the stimulus presentation finished and
the light turns green. Then they are instructed to look
for the loudspeaker which they heard the stimulus com-
ing from and indicate at it using the tracked presenter in
their hand. Their input is confirmed with a audible beep
and the participant’s attention is directed back at the
monitor where they received feedback on their accuracy
before continuing with the next trial.

Figure 3: Participant in the SCaLAr array during the ex-
periment.

Validation Experiment
In the presented experiment, 11 adults, age 18-34 (mean
28.3) participated in the experiment as describe above.

For the binaural presentation over headphones, the in-
dividually measured HRTFs were compared with the
KEMAR and ITA artificial head HRTFs. Eight direc-
tions in left hemisphere were tested with four repetitions
per direction. As the stimulus, a pulsed pink noise con-
sisting of three noise pulses with a overall duration of
1.2s was chosen and presented at 65dB across all pre-
sentation methods.

The experiment including the audiometry and measure-
ments in the beginning took about 60min per partici-
pant.

Results

First of all, an evaluation of the response time showed no
significant differences between the different presentation
methods. The average time between the end of the
stimulus presentation and the selection of the source by
the participant by pressing a button on the presenter as
seen in Figure 4. The median response time was 1.6s
for the real sources, 1.8s for the ITA artificial head,
1.7s for the KEMAR and a slightly better 1.5s for the
individually measured HRTF.
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Figure 4: Response time for the different presentation meth-
ods.

An evaluation of the head movement between the red
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traffic light phase and the moment before the light turns
green revealed, that the participants moved their head
more than anticipated. The translatory motion was on
average on average 2.1 cm, with some participants mov-
ing their head up to 7cm. The rotatory motion is pre-
sented in Figure 5. Here especially the pitch angle is to
be mentioned with up to 7° degrees of motion. This can
be attributed to the locations of the tested loudspeakers,
with three of the positions being in the saggital plane at
different elevations.
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Figure 5: Magnitude of the head rotation angles between
the red traffic light and the moment before it turns green.

An evaluation of the 3D-angle between the target and
response loudspeaker positions is presented in Figure 6.
While the median in the boxplot is the same at 24° for
all three HRTFs due to the quantized positions inher-
ent in the identification paradigm, a comparison of the
mean values and the distribution of the datapoints in-
dicates, that the individual HRTF performs better com-
pares to the other two in both front-back. The mean an-
gular error values are 9.6° for the real sources, 28° for the
ITA artificial head, 28.3°for the KEMAR, and 21.5° for
the individually measured HRTF. A comparison of these
means using bonferroni correction shows only the differ-
ence between the ITA and Kemar artificial head to be
not significant. The differences between the real sources
and all HRTF types as well as between the individual
and non-individual HRTFs are found to be significant.
This confirmed previous findings, where HRTF's in gen-
eral perform worse than the real sources, especially when
only using a static reproduction method, and individually
measured HRTFs outperforming non-individual ones.

The results from the identification task using the real
world loudspeakers once more indicates the limitations of
the static reproduction method, i.e. no head-movement
is allowed during the stimulus presentation which usu-
ally aides localization accuracy. The azimuth error for
this task is presented in Figure 7. Even though the
spatial sampling of the array is relatively coarse, some
loudspeaker locations were harder to localize than oth-
ers. These were the loudspeaker furthest behind the the
participant at 120° azimuth and the most elevated source
at 52° elevation and 65° azimuth. Both were located fur-
ther forward, indicating a potential back-front reversals
in the first case.
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Figure 6: Angular error and percentage of front-back or
back-front reversals (FB rev.) for the different presentation
methods.
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Figure 7: Azimuth Error across all participants using

the real loudspeakers as the presentation method (no head-
phones).

Conclusion

The presented child-appropriate paradigm has the advan-
tage of comparing both real world sources and individu-
ally measured HRTF's with non-individual HRTFs from
known artificial heads. The downside of the coarse spa-
tial sampling of the SCaLLAr array only allows a static re-
production over headphones, which does affect the over-
all performance. The evaluation of the head movement
during the presentation of the stimuli indicates, that par-
ticipants start moving their head a bit before the stimu-
lus finished, which again can affect the results, as in the
static presentation, the virtual sound source moves along
with the head. To reduce this effect, the addition of an
adjustable headrest can help to keep the head in a more
fixed position during the stimulus presentation.

The results of the localization accuracy and front-back
reversals are in line with previous studies, and thus what
was expected.
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