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ABSTRACT
This paper presents an intuitive pointing method for measuring the perceived direction in 3D localization
experiments. The method uses a motion tracked toy-gun as pointing device and can be used from all
positions in any nearly convex surrounding hull or loudspeaker setup, as the pointed direction is computed
from the piercing point of the gun’s direction and the surrounding surface. The reference point for the
pointed direction can be chosen freely. The computation is implemented in real time open-source software
and works with any 6 degrees of freedom tracking system. In this paper the accuracy of the method is
measured for the static and hand-held case using 2 tracking systems in 2 rooms/surrounding hulls.

1. INTRODUCTION
One important parameter for the perception of spatial
sound quality is the match between the presented and
perceived direction of an incident sound event. This pa-
per compares a family of particularly suitable and accu-
rate devices for the indication of the perceived localiza-
tion. Particularly, these devices shall be superior in their
accuracy and intuitive in their usage. Both will help us
in order to gain a more detailed knowledge about local-
ization by experimental evaluation, to improve and val-
idate theoretical models of human auditory localization,
and to evaluate different methods for audio spatialization
(e.g. WFS, Ambisonics, VBAP). Depending on the ap-
plication, a dedicated reference point for the perceived
direction can be necessary. Furthermore, the possibility
to evaluate at multiple listening positions is sometimes
required. This paper proposes a method for auditory lo-
calization experiments that offers both options with neg-
ligible parallax errors.

2. METHODS FOR LOCALIZATION EXPERI-
MENTS
There are several methods for measuring the perceived
direction in localization experiments, which differ in as-
pects of accuracy and complexity or intuitivity for the
subject. The methods can be roughly divided in 4 cate-
gories: verbal methods, graphical methods, methods of

adjustment, and pointing methods.
Verbal methods, as direct naming of a direction in terms
of azimuthal and elevation angle [1], are technically eas-
ily implemented but lack the feature of intuitivity and
are limited by the subject’s ability to describe directions
accurately [2]. Naming one out of several visible loud-
speakers which the subject perceives to be the sound
source becomes inappropriate whenever the location of
phantom or virtual sources lying between the loudspeak-
ers are considered.
Graphical methods, as drawing the audible direction into
a sketch or plan of the surrounding space, require the
subject to map a three dimensional space into two dimen-
sions of a piece of paper or a screen and hereby inherit
systematic errors [2].
Methods of adjustment are also applicable for localiza-
tion experiments [3]. The subject’s task is to match the
direction of a controlable sound source with the direction
of a reference source. However it is not sure, whether the
subject matches the sources according to their direction
or other parameters (e.g. timbre).
Pointing methods have been proven to be most suitable
in regard of intuitivity while retaining a high level of ac-
curacy.

2.1. Pointing Methods
There are several different options for a subject to point
towards a certain direction (an overview can be found
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in [4]). Quite naturally, human gestures offer typical
ways of doing so. For instance, looking into a certain
direction, turning the head or even the whole body
towards that direction, or using a combination of these
gestures is intuitive.
However pointing methods exhibit several restrictions.
Pointing by eye and head gestures is restricted by
the human physiology. Moreover, the tracking of eye
movement is a technical challenge [5]. Results obtained
by these pointing methods tend to be inaccurate due to a
lack of proprioceptual decoupling [4], and other issues
[6]. Research suggests that results obtained via these
methods are inaccurate by approx. 5°. However they can
be improved by adding visual feedback, like pointing
with a finger or an object held in one hand. This has
been shown to improve the results, especially in the
vertical direction, where eye, head, and body movements
are particularly limited [6]. Although the improvement
reduces the bias, results deviate at a larger scale as the
spatial resolution of human hearing [7].
Other methods in which subjects use a joystick, track-
ball, or knob to control a laser point [4, 8] achieve good
proprioceptual decoupling and are accurate. Never-
theless, their handling may be counter-intuitive, and
subjects tend to make too small movements with respect
to the initially indicated direction [4].
If the lateralization of the perceived direction is to be
tested, it is sensible to prevent the subjects from moving
their head during listening. This excludes dynamic
localization cues or the naturally superior frontal lo-
calization cues. Nevertheless, preventing movements
by mechanical fixation of the subject’s head causes a
geometrical bias of the indicated direction towards the
subject’s line of sight.
The pointing method used in [6] and [9] seems to be
superior in its intuitive handling and with respect to
the design of listening experiments requiring a given
static head position during listening. The following
sections extend the method to convex listening rooms,
and evaluate the method by measuring its accuracy.

3. PROPOSED POINTING METHOD
As pointing device, the proposed method uses a toy-gun
(see figure 1) with laser and iron sights for optical aim-
ing. The position and orientation of the gun is captured
by a tracking system with a 6 degrees of freedom (DOF)
sensor. The pointed direction is computed from the pro-
jection of the gun’s direction on the surface of the sur-

rounding hull or loudspeaker setup. Thus the method
works at any listening position within the range of the
tracking system, for every nearly convex shaped hull or
loudspeaker setup, and offers a full 3D directional cover-
age. The pointed direction can be referred to the position
of the subjects head or to any other reference point; e.g.
for spatial audio reproduction system it is common to re-
fer the pointed direction to the center of the loudspeaker
system.
The trigger moment is captured by a game controller and
transmitted to the computer. The buttons on this con-
troller can be used for additional tasks like controlling
the experiment sequence or evaluation of scale based at-
tributes.

Fig. 1: Mounted toy-gun with reflectors for infrared
tracking

The position of the subjects head can be tracked by
another 6 DOF sensor. In virtually any case, it is im-
portant to monitor the subjects head as the localization
is strongly dependent on its position and orientation.
If necessary, the subject can be informed if the head
position and orientation is out of a defined range,
and may hereby autonomously align. The advantage
compared to an otherwise functional mechanical fixation
of the head is the minimization of annoyance and the
possibility to loosen the head-fixation for the aiming
task after listening.
As a model of the surrounding hull, we use either a
convex hull algorithm or a simple ellipsoid. In the
first case the vertexes of the hull (e.g. the loudspeaker
positions) have to be defined, whereas in the second
case only the three elliptic radii are needed. These two
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variants cover all cases from spherical or linear arrays
(as commonly used for WFS, Ambisonics and VBAP)
to more complex setups.
As the pointing method can be also used to move
virtual sources in real time, localization experiments us-
ing a virtual source as acoustic target can be realized, too.

3.1. Computation of the pointed direction
This section explaines the computation of the direction
pointed to by the subject (see also figure 2). The
complete computation is implemented in Pure Data
[10], a real time open-source software, running on a
personal computer. In the first stage, the data of the
6 DOF sensors is received. The data consists of the
position p = [p1, p2, p3]

T and the 3 orientation angles
ψ , θ and ϕ of the toy-gun, and as additional parameters
the position h = [h1,h2,h3]

T and orientation of the
subject’s head (the orientation of the subject’s head is
only needed for monitoring but not for the computation
of the pointed direction). The orientation angles of the
toy-gun are converted into a normalized direction vector
v, disregarding its spin ψ . In order to reduce measure-
ment noise (e.g. the shaking of the hand and arm of the
subject), the vectors p, h, and v are temporally smoothed
by filtering (see section 5.1). From the filtered data, a
line L = {p+ λv|λ ∈ R} is constructed. The piercing
point x = [x1,x2,x3]

T of this line and the surrounding
hull is computed according to the hull model (see 3.1.1
and 3.1.2 for details). If the reference frame of the hull
model and the tracking system are not identical, an offset
can be considered in the computation.
As most spatial sound reproduction setups use their
center as the reference point, the piercing point x is
converted to spherical coordinates, after setting up the
origin to any user-defined reference point. If the piercing
point is required to be head-related, the reference point
is set to the current head position h.
The pointed direction can either be streamed continu-
ously or stored as a single value at the trigger moment.
In order to avoid deviations of the pointed direction
during trigger actuation (see section 5.2), the series of
computed values is stored in a buffer. Reading out the
buffer values that precede the trigger moment provides
reasonable suppression of shaking.

3.1.1. Ellipsoid hull model
The 3 radii r1,r2 and r3 define an ellipsoid that is appli-
cable as a spatial model of the surrounding hull.
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Fig. 2: Computation of the pointed direction.
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The piercing point x has to lie on the hull of the ellipsoid
defined by equation (1), while satisfying equation (2).
This leads to a quadratic equation for λ , which is solved
analytically.

3.1.2. Triangulated vertex hull model
The definition of the triangulated vertex hull model is
more difficult. At first, the triangles between neighbor-
ing vertexes are determined. For this purpose, we use the
convex hull algorithm in Matlab [11] (this algorithm is
also available as open-source software [12]). This algo-
rithm uses only those vertexes which build up a strictly
convex hull. To outflank this possible restriction, all ver-

AES 38TH INTERNATIONAL CONFERENCE, Piteå, Sweden, 2010 June 13–15
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tex radii can be set to the same value for feeding the con-
vex hull algorithm. With the resulting triangles around
each vertex, the piercing point of the line L and the hull
can be computed.
At first, the algorithm sorts the vertexes according to
their distances to L. It selects the nearest vertex a and the
first corresponding triangle consisting of a, b and c. In
the next step, the algorithm computes the piercing point
of L and the plane spanned by a, b and c. For this purpose
the following linear system of equations is solved:

p+λv = a+α(b−a)+β (c−a) (3)

If a piercing point of the line and the triangle exists, i.e.
the correct vertex and triangle has been chosen, the fol-
lowing inequalities for λ , α and β must hold:

λ ≥ 0 (4)
0 ≤ α,β ∧α +β ≤ 1 (5)

If (4) does not hold, the piercing point lies outside
the indicated direction, and the next vertex a will be
tested. If the direction is correct, but (5) does not hold,
the vertex a can be correct, but the piercing point lies
outside the observed triangle. In this case, the next asso-
ciated triangle will be tested. If no valid triangles have
been found, another vertex will be selected (see figure 3).

4. MEASUREMENT OF ACCURACY
This section presents the measured accuracy of the point-
ing method when aiming at optical targets in 2 different
rooms using 2 different 6 DOF tracking systems. The
trinangulated vertex hull model is considered for the first
room and for the second the ellipsoid model is applied.
The computation of the piercing points is referred to the
origin of those models. As tracking systems, we used an
Ascension TrakStar (DC magnetic field, 240 frames per
second (fps), 76 cm range) [13] and a VICON system
equipped with 15 M-series cameras (infrared, 120 fps,
covering most of the room) [14], which mark both edges
of the price range. In order to collect comparable results,
the toy-gun has been tracked by both tracking systems
simultaneously.
According to manufacturer information of the Trak-
Star system, the accuracy is basically depending on
the distance between transmitter and sensor. For the
VICON system, a uniformly coverage and accuracy
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Fig. 3: Piercing point computation for vertex triangu-
lated hull.

can be assumed for the considered measurement area.
Therefore, the measurement positions can be limited to
a part of this area. As the accuracy can be assumed to be
independent of the toy-gun’s orientation and the target
position, the measurment conditions can be focused on a
single optical target. In order to simplify the illustration,
we concentrate on the 2D (only azimuthal angles) case.
For the purpose of separating the influence of systematic
errors (e.g. from tracking systems) from the errors done
by the subjects (e.g. visual acuity and motor skill), the
measurements are devided into two parts.

4.1. Static Accuracy (fix mounted toy-gun)
In order to measure the static accuracy, the toy-gun was
mounted on a stand. The measurement positions are
distributed from the origin of the rooms with a grid of
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50 cm (see figures 4 and 7). From each position, the
toy-gun is adjusted towards the optical target using the
laser and iron sights. For each position, 10s of output
data (shown angle) has been recorded. Note that no
filtering has been applied to the tracking data, as the
effect of filtering will be discussed later in section 5.1.
The results (figures 5, 6 and 8) show the absolute angle
error, i.e. the deviation of the pointed direction from
the direction of the optical target (0°). The mean values
of the shown angles for each particular position are
illustrated as big bars and the corresponding standard
deviations as small bars. Due to illustration matters,
the big bars show the absolute values of the mean
showed angles. The colors indicate the sum of absolute
mean values and the standard deviations. As the spatial
resolution of human hearing is at best 1° [7], particular
attention is payed to angle errors below that value. Note
that for a better readability of the small values, the
coordinate systems in figures 5, 6 and 8 are rotated by
135° compared to 4 and 7.

4.1.1. Static Accuracy: Room 1 (IEM CUBE):
triangulated model, both tracking systems
Figure 4 shows the measurement setup. The measurment
area consists of 16 positions in a 1.5m × 1.5m square
spreading south west from the center. To provide an idea
of the room dimensions, the horizontal loudspeakers
ring is plotted. The TrakStar’s transmitter (depicted as a
red square) is positioned (0.29,-0.02) from the center.
Figure 5 indicates, that the VICON systems covers all
measured positions uniformly and leads to angle errors
clearly smaller than 1°. The TrakStar system shows
an explicit dependence of the error from the distance
between the measurement position and the position of
the transmitter. Both the absolute mean values and the
standard deviation rise when increasing the distance.
Nonetheless, there are positions whose angle errors
remain below 1°, even though the distance between
transmitter and sensor is bigger than the manufacturer-
specified range of 76 cm.

4.1.2. Static Accuracy: Room 2 (IEM produc-
tion studio): ellispoid model, TrakStar only
As the VICON system is permanently installed in room
1, the measurements in second room use only the Trak-
Star system. The measurment area consists of 9 posi-
tions in a 1m × 1m square spreading south west from
the center. In this room, a standard 5.1 surround setup
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2
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−6−4−20246

x 
[m

]

y [m]

Fig. 4: Measurement setup in room 1: measurement po-
sitions (green), positions, which are not used for subjec-
tive tests (white), TrakStar transmitter (red square), low-
est plane of vertexes/loudspeakers (black), optical target
is encircled.

Fig. 5: Room 1, VICON (fixed toy-gun): absolute means
(big bars) and standard deviations (small bars) of the an-
gle error. Colors indicate the sum of both values.

(see figure 7) is available, so the ellipsoid hull model is
applicable. The TrakStar’s transmitter (depicted as a red
square) is positioned (0.50,-0.05) from the center.
There are only 3 positions where the angle errors are
smaller than 1°. This is due to the bigger distance of
the TrakStar transmitter to the central position. Another
reason is the interference by the surrounding ferromag-
netic metal (e.g. mixing console). For better results, this
facts should be considered.
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Fig. 6: Room 1, TrakStar (fixed toy-gun): absolute
means (big bars) and standard deviations (small bars) of
the angle error. Colors indicate the sum of both values.

4.2. Subjective Accuracy (hand-held toy-gun)
In the intended application of listening tests, the toy-gun
is hand-held by the subjects. In this case, the visual acu-
ity and the motor skill of the subjects affect the accu-
racy the result. In order to reproduce this situation, the
above made measurements have been repeated, but with
5 subjects holding the toy-gun in their hands. Again, 10s
of output data (shown angle) has been recorded. As the
results for the TrakStar in the static case showed much
more than 1° of angle error for some positions, the num-
ber of distant positions has been reduced. In contrast to
the previous measurements, all positions are now listen-
ing positions. The position of the toy-gun, which is im-
portant for the accuracy of the TrakStar system, can vary
up to approx. 60 cm from these. The results are pre-
sented in the same form as for the static case, but the
averaging is done both temporarily and over all subjects.
The coordinate systems in figures 9, 10 and 11 are again
rotated by 135° compared to 4 and 7.

4.2.1. Subjective Accuracy: Room 1 (IEM
CUBE): triangulated model, both tracking sys-
tems
The same setup as for the static measurement has been
used (see figure 4). The measurment area is reduced to a
1m × 1m square spreading south west from the center.
Additionally, the most distant position at (-1.5, 1.5) is
also explored. Those positions which are only used for
the static but not for the subjective case are labeled white
in the results (figures 9 and 10).
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Fig. 7: Measurement setup in room 2: measurement po-
sitions (green), TrakStar transmitter (red square), loud-
speakers of surround setup (black), optical target is en-
circled.

Fig. 8: Room 2, TrakStar (fixed toy-gun): absolute
means (big bars) and standard deviations (small bars) of
the angle error. Colors indicate the sum of both values.

The results of the VICON system show the same
independence on the listening position as for the static
case. All angle errors are well below 1°.
The dependence on the listening position for the Trak-
Star system is the same as for the static case. But as the
subjects strech out their arms into the direction of the
transmitter, the distance to the sensor becomes smaller
and so do the angle errors. Thus, there are more po-
sitions with angle errors below 1° than for the static case.
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Fig. 9: Room 1, VICON (hand-held toy-gun): absolute
means (big bars) and standard deviations (small bars) of
the angle error. Colors indicate the sum of both values.

4.2.2. Subjective Accuracy: Room 2 (IEM pro-
duction studio): ellispoid model, TrakStar only
For room 2, the same setup is used as for the static case
(1m × 1m square measurement ared (9 positions) spread-
ing south west from the center, see figure 7). The results
do not differ much from the static case. The positions
with angle errors below 1° are the same. At position (-
0.5, 0.5) the error is clearly decreased, but still a little bit
above 1°.

Comparing the subjective case to the static case, the re-
sults are similar concerning the positions with angle er-
rors below 1°. For the TrakStar system in room 1, the
number of these positions increase in the subjective test.
This is due to the decreased distance between transmitter
and sensor, while strechting out ones arm into the direc-
tion of the target.
Furthermore, the standard deviation increases (compare
figures 12 and 13) when the toy-gun is held in hands.
This can be assigned to the visual acuity and the motor
skill of the subjects.
The results show that the low-priced TrakStar system is
comparable to the expensive VICON system in means of
angle errors if the measurement is done inside the sen-
sor range and if the system does not interfere with fer-
romagnetic material. The constraint of the sensor range
could be avoided by mounting the transmitter under the
subjects chair and thereby take it along, when moving to
other listening positions. There is an extended range ver-
sion of the TrakStar available which has approx. twice
the price and triple the range.

Fig. 10: Room 1, TrakStar (hand-held toy-gun): absolute
means (big bars) and standard deviations (small bars) of
the angle error. Colors indicate the sum of both values.

Fig. 11: Room 2, TrakStar (hand-held toy-gun): absolute
means (big bars) and standard deviations (small bars) of
the angle error. Colors indicate the sum of both values.

5. PRE- AND POST-PROCESSING
All results above are based on measurements without fil-
tering of the tracking data at the input of the alogrithm or
postprocessing of the output data. This section discusses
the effect of both for the improvement of the results.

5.1. Filtering the tracking data
As shown in figure 2, our algorithm provides a filtering
of the tracking data at the input. For the following dis-
cussion on the effect of the applied median filters, the
data of the measurements from room 1 with both track-
ing systems (for the TrakStar only the results inside the
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range, i.e. for angle errors below 1°) are used. Note that
for this study, the filters are applied to the output data, but
simulations show that the order of piercing point compu-
tation and filtering has no effect.
All filter lengths are given in [ms]. Due to the differ-
ent frame rates of the tracking systems, the filter length
in ms leads to different filter lengths in frames (e.g. a
length of 100 ms corresponds to 12 frames for the VI-
CON and 24 frames for the TrakStar system). Note that
the filters cause a delay of half the filter length added to
the input data.
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Fig. 12: Standard deviation of angle errors (fixed toy-
gun) for different median filter lengths, averaged over
positions.

Filtering of the input data with a length of 50 ms halves
the standard deviation for the VICON system in the static
case (see figure 12) compared to no filtering. Applying
longer filters yield no reasonable improvement and in-
creases the latency of the pointing method. The standard
deviation of the TrakStar system is slightly higher with-
out filtering, but filtering shows almost no effect. Obvi-
ously this system already provides filtered data.

If the toy-gun is held in hands, the standard deviation in-
creases for both tracking systems (see figure 13). Again,
the TrakStar system shows again little dependence on
filtering. The impact on data of the VICON system is
greater, but a length of at least 200 ms is needed to reduce
the standard deviation at more than 10%. The VICON
system seems to be more error-prone for dynamic track-
ing compared to the TrakStar system (inside its range)
regarding the standard deviation, but still offers lower av-
erage angle errors (see. section 4.2.1).

5.2. Buffering the output
In a real listening test, subjects will have to pull the trig-
ger of the toy-gun in order to save the showed angle. In
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Fig. 13: Standard deviation of angle errors (hand-held
toy-gun) for different median filter lengths, averaged
over positions and subjects.

figure 14, a tpyical aiming process is showed (VICON
system, room 1, no filtering). The dashed vertical line
illustrates the trigger moment. Apparently, the trigger
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Fig. 14: Showed angles during aiming process after lis-
tening.

actuation moves the toy-gun a bit and distorts the mea-
surement. The characteristics of the distortion and its di-
rection varies from subject to subject and from position
to position. However most subjects show a preferred di-
rection. This direction seems to be independent on the
fact, whether the subject is left-handed or right-handed.
It is also visible that the exact angle is already shown ap-
prox. one second before the trigger is pulled. Even the
fastest of the tested subjects, aims at least 200ms at the
target before pulling the trigger. This fact can be used
to compensate for shakes of the toy-gun in the trigger
moment by buffering the output values (see section 3.1).
The settings of this buffer depend on the latency of the
tracking system, the applied filter at the input, and on the
latency of the trigger.
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Page 8 of 9



Frank et al. Flexible 3D pointing method

6. CONLUSION
This paper presented a flexible and intutive pointing
method for measuring the perceived direction in 3D lo-
calization experiments with a toy-gun. Using 2 differ-
ent hull models to model the surrounding room or loud-
speaker arrangement, this method can be used in nearly
every surrounding hull/room and for every listening po-
sition. The accuracy of this method has heen studied in
2 rooms with 2 tracking systems when aiming at an op-
tical target. Even with the low priced system, the angle
error remain below 1°, if the sensor range is kept. Fur-
thermore, as the computation can be done in real time
using open-source software on a personal computer, this
method offers an affordable tool for localization experi-
ments.
A previous version of this method has already been used
in listening tests [9].
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