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Abstract

Recent interest in dynamic sound localization models has created a need to better understand the head movements made by
humans. Previous studies have shown that static head positions and small oscillations of the head obey Donders’ law: for each
facing direction there is one unique three-dimensional orientation. It is unclear whether this same constraint applies to audiovi-
sual localization, where head movement is unrestricted and subjects may rotate their heads depending on the available auditory
information. In an auditory-guided visual search task, human subjects were instructed to localize an audiovisual target within a
field of visual distractors in the frontal hemisphere. During this task, head and torso movements were monitored with a motion
capture system. Head rotations were found to follow Donders’ law during search tasks. Individual differences were present in
the amount of roll that subjects deployed, though there was no statistically significant improvement in model performance when
including these individual differences in a gimbal model. The roll component of head rotation could therefore be predicted with
a truncated Fick gimbal, which consists of a pitch axis nested within a yaw axis. This led to a reduction from three to two
degrees of freedom when modeling head movement during localization tasks.

NEW & NOTEWORTHY Understanding how humans utilize head movements during sound localization is crucial for the advance-
ment of auditory perception models and improvement of practical applications like hearing aids and virtual reality systems. By
analyzing head motion data from an auditory-guided visual search task, we concluded that findings from earlier studies on head
movement can be generalized to audiovisual localization and, from this, proposed a simple model for head rotation that reduced
the number of degrees of freedom.

audiovisual localization; Donders’ law; Fick gimbal; head movement

INTRODUCTION

Sound localization performance improves when listeners
are able to move their heads during stimulus presentation.
Changes in interaural cues as a result of head movement
help resolve front-back confusions and can, in certain situa-
tions, improve elevation estimation (1-7).

Traditionally, experiments and models of human sound
localization have mainly focused on passive localization,
where the head remains stationary. However, new available
technologies in head tracking and virtual reality have led to
a growing interest in understanding how head movements
affect sound localization performance (8). A few models exist
that consider the dynamic position of the head during sound
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localization (9, 10), though this remains a relatively new area
of study and introduces a number of new challenges in audi-
tory modeling. First, it raises the question of how acoustic
and sensorimotor information are combined. Second, the
incoming information needs to be integrated over time.
Third, a separate movement model must be defined to simu-
late head rotation. In this article we focus on addressing the
latter challenge.

Models of head motion have been proposed in the past
with various levels of complexity. There are models that con-
sider rotation (11, 12), translation (13), or acceleration pat-
terns (14). Movement also seems to depend highly on the
individual (15). Furthermore, experiments that also investi-
gated unrestricted and natural head movement found that
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movement is task dependent (12, 16), so a model for one
task may not be applicable to another. In the context of
sound localization, it is possible that humans move their
heads to optimize the acoustic information that they
receive, which may lead to its own unique head movement
behavior (17, 18).

The arguments above make it difficult, though important,
to find general rules of head motion that may simplify a
movement model. A common example of such simplifica-
tions is the assumption that humans generally move their
heads according to Donders’ law, i.e., the head does not
make use of all three degrees of freedom when rotating (19—
21). Rather, for any direction of the head, its rotation around
its direction is unique. In other words, the amount of roll
(i.e., torsion) is not controlled separately; instead it is a func-
tion of the amount of yaw (i.e., horizontal) and pitch (i.e.,
vertical) rotation (11, 13). Note that humans are anatomically
capable of executing independent roll rotations but Donders’
law implies that, in practice, humans do not utilize this addi-
tional degree of freedom.

The goal of the present study is to investigate head move-
ment behavior by collecting head (and torso) motion data
during an auditory-guided visual search task. More specifi-
cally, we wish to answer two subsequent questions: 1) do the
head movements in this task follow Donders’ law and 2) how
can we best model this? The results of this study can then be
used to integrate a more realistic movement model into
existing active sound localization models.

METHODS

Coordinate and Rotation Conventions in Three
Dimensions

All axes and rotations described in this article follow the
right-hand rule and are expressed in the global coordinate
system, with the axes fixed to the world. The positive x-axis
points forward, with positive roll rotations toward the right
shoulder. The positive y-axis points to the left, with positive
pitch rotations downward. The positive z-axis points upward,
with positive yaw rotations toward the left. The coordinate
system and the directions of rotation are illustrated in Fig. 1.

The orientation of an object in a three-dimensional space
with respect to a fixed coordinate system can be described
by a set of three rotations around three principal axes, the
Euler angles.

If 0 is the rotation angle around a single axis, then rotation
over the spatial x-axis, i.e., roll, is defined as:

1 0 0
R.(6,)=| O cos(6,) —sin(0,) (1)
0 sin(0,) cos(0;)
Rotation over the spatial y-axis, i.e., pitch, is defined as:
cos(0,) O sin(6y)
R,(6y) = 0 1 0 (2)
—sin (6,) O cos(6y)

Rotation over the spatial z-axis, i.e., yaw, is defined as:
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Figure 1. Visualization of 3-dimensional axes and corresponding positive
rotations.

cos(6,) —sin(0.) O
Rz(ez) = | sin (e:) cos (e:) 0 (3)
0 0 1

The rotation matrix to obtain the final orientation can be
expressed by a successive multiplication of the three single-
axis rotation operators. This can be done in any order, but
this will result in different final orientations, so it is also im-
portant to define the order of rotations. In this article we fol-
low the Fick convention, which defines R as a rotation over
the x-axis, then the y-axis, and then the z-axis, using world-
fixed rotation axes.

R =R.-R,R, (4)

We can also express rotation matrix R as a vector r,
which can bring the object from the reference orientation
to the orientation of interest by just one rotation around
a single axis. This representation has been used in sev-
eral studies investigating head and eye movements (12,
13, 22).

Rotation vector r with components (7, 7y, r,)T is defined
as (22):

R32 — R23
1
r= x| Riz —R 5
1+ Ry + Ry + R33 1 5)
Ra1 — Rpp

where R;; are the indices of rotation matrix R, where i is
the row and j is the column. The length of r is a function
of the angle of rotation o around the vector |¢| = tan(a/2),
and the direction of the rotation axis coincides with that
of r, again using the right-hand rule for the sense of
rotation.
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Models for Head Rotation

According to Donders’ law, the rotation vectors of a head
rotation in any direction should fit on a second-order twisted
surface (23):

ry =ay + axry + azr: + a4ry2 + asryr: + a6r22 (6)

where a; adjusts the surface offset, a, and a; adjust the sur-
face orientation, a4 and a¢ yield a parabolic curvature, and
as allows for the surface to twist.

By examining the roll, pitch, and yaw components of the
rotation vector, it was inferred that the constraints on the
head during natural movement resemble a specific form of
Donders’ law, following the rotations of a truncated Fick
gimbal (with no roll axis) (12, 16, 24). Here the yaw axis of
rotation is fixed relative to the trunk and can change the
direction of the supported pitch axis (25). Thus, the roll com-
ponent of the rotation vector (r,) in such a system is not con-
trolled independently but depends on the eccentricity of
oblique facing directions. The truncated Fick gimbal is illus-
trated in Fig. 2A.

Kunin et al. (12) further extended the truncated Fick gim-
bal system by utilizing a coefficient, k, that reflects the ratio
of the angles by which the first and second pitch axes rotate:
k6, = (1 — k)0,. This system is referred to as the k-gimbal
model (see Fig. 2C). This model provides a mathematical and
biomechanical explanation for the types of roll rotation
made as a result of yaw and pitch rotation, resulting in the
following relationship (12):

re =r.-tan(2k - tan “'r, — tan "'ry) + ryo (7)

where r,q is the amount of roll offset. If k = 0, then the model
represents a truncated Fick gimbal; if k = 1, then it repre-
sents a truncated Helmholtz gimbal (see Fig. 2).

Apparatus

The subjective evaluation took place in the multichannel
anechoic chamber “Wilska” at Aalto University’s Acoustics
Lab (Espoo, Finland). A total of 20 Genelec 8331A coaxial
loudspeakers were arranged in the frontal hemisphere, posi-
tioned 2.04 m from the center (see Fig. 3). These loudspeakers
were placed at four distinct elevations. On the horizontal
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plane, seven loudspeakers were evenly spaced with an angu-
lar separation of 30° in azimuth. On the planes with +30° in
elevation, five loudspeakers were evenly spaced with an angu-
lar separation of 45°. On the plane with an elevation of 60°,
three loudspeakers were evenly spaced with an angular sepa-
ration of 90°. In one of the experimental conditions, sources
at azimuth 90° and —90° were excluded to prevent unneces-
sary neck strain for the subjects (represented in Fig. 3 as
empty circles). See Experimental Conditions for detailed infor-
mation about the experimental conditions.

A 2 x 2 LED matrix (with a 15-mm center-to-center spac-
ing) was installed directly in front of each loudspeaker, serv-
ing as a visual target for the search task. The target
loudspeaker’s LED matrix always displayed an even number
of illuminated red LEDs (either 2 or 4, randomly determined
for each trial). Nontarget loudspeakers displayed an odd
number of illuminated LEDs (1 or 3, randomly determined
for each loudspeaker). The LED system was controlled by an
Arduino UNO WiFi Rev2, interfaced with Max 8 via serial
communication. An auditory stimulus synchronized with
the visual target was emitted from the target loudspeaker to
assist in locating the visual target. This sound stimulus con-
sisted of pink noise with an onset ramp of 10 ms, as
described in Method 3 of ANSI/ASA S3.71 (26), set at an A-
weighted level of 65 dB SPL measured at the subject’s posi-
tion. The stimulus continued until the subject responded.
The room lights were dimmed to aid the visual search task.

The head and torso movements were tracked with Motive
software and six OptiTrack Prime 13W cameras at a sampling
rate of 100 Hz. The origin of the world coordinates was cali-
brated at floor level beneath the chair in which the subjects
were seated. The origin of the head tracker was calibrated for
each individual separately, at the center of the head and
slightly above eye level. Reflective markers were located on a
hat and the torso of the subjects to track head and torso
movements, respectively, which were grouped as rigid
bodies in Motive to analyze these two body parts separately.

To control the participants’ field of view in the experi-
ment, pinhole goggles were constructed by taping off stand-
ard protective construction goggles. This left only a small
rectangular aperture through which a single target could be
seen at any given time, with a maximum width of 30°.

Figure 2. Truncated Fick gimbal (4), truncated Helmholtz
gimbal (B), and k-gimbal model (C), where 0 denotes a pitch
rotation and ¢ denotes a yaw rotation. Note that the axes
were visually separated for clarity; the models do not
undergo any translation. The upper rotation axes are nested
within the bottom axes, e.g., the truncated Fick gimbal is a
pitch axis nested within a yaw axis.
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A

Figure 3. A: example of target and 2 dis-
tractor LED clusters. B: source direction dis-
tribution in the frontal hemisphere, used
during the listening experiments. Empty
circles were excluded in condition PG (pin-
hole goggles). C: photo of experimental
setup, including pinhole goggles and head
and shoulder reflectors for tracking.
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Experimental Conditions

Three movement conditions were tested, each intended to
incentivize different modes of movement. In all conditions
subjects were seated in a fixed chair with arm rests; hence
the subjects’ hips were fixed. In the first condition, subjects
were instructed not to move the torso. We refer to this as the
no torso (NT) condition. In the second condition, the sub-
jects also could not move the torso, and, in addition, they
wore pinhole goggles that blocked their peripheral vision. It
was checked that the subject could not see more than one
loudspeaker at a time with the pinhole goggles before the
experiment started. This forced them to fully rotate their
heads toward a source to see it, as opposed to merely rotating
to bring it into their field of view. We refer to this as the pin-
hole goggles (PG) condition. In this PG condition, sources at
azimuth 90° and —90° were excluded, to prevent unneces-
sary neck strain for the subjects. In the third condition, the
subjects were free to move however they preferred from a
seated position, including head and torso movements. We
refer to this as the free (F) condition. No further instructions
were given on how the head or body should be moved.

Subjects

During a recruitment period from May 10th to May 19th,
2023, 17 Caucasian subjects (3 female, 14 male) were recruited
from the staff at Aalto University for the experiment. Subjects
provided written informed consent and reported normal hear-
ing and no recent neck injuries. The age range of the subjects
was between 19 and 34 yr. There was no financial compensa-
tion for participating in the experiment.

Experimental Design

The localization task conducted here was inspired by the
experimental design used in Bolia et al. (27), Simpson et al.
(28), and Lladé et al. (29) and was adopted by the standard
“Methods for measuring the effect of head-worn devices on
directional sound localization in the horizontal plane” (26).
The subject held two buttons, which were used to answer
how many LEDs were activated at the target. Left (blue) indi-
cated two, and right (red) indicated four.

At the start of each trial, the subject oriented their body
and head straight forward facing the LED board at (0° azi-
muth, 0° elevation). A new trial was initiated by pressing the
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two buttons at the same time. The LEDs were activated on
all loudspeakers. Simultaneously, an acoustic stimulus was
played from the target direction. The subject then searched
the field to localize the target. Once the target was identified,
the subject had to press the appropriate button, according
to the correct number of LEDs activated. The sound stimulus
was presented until a response button was pressed. The head
tracking for each trial began when the stimulus was pre-
sented and was terminated when the subject pressed the
response button.

The order of conditions and source directions was random-
ized independently for each subject, and only one movement
condition was tested within a single block of trials. Each
source direction was presented a total of five times per block.

This experiment was performed under ethical approval
for listening experimentation by the Research Ethics
Committee of Aalto University.

Postprocessing and Statistical Analyses

The tracker data were rotated and translated per subject
by the median starting position of that subject, so that the
resulting median starting orientation and translation of the
center of the head was at zero along all world-centered axes
for each subject.

Trials were omitted if they had unrealistic roll values
larger than 50° or durations that exceeded S s or, in the case
of NT and PG, had torso rotations that exceeded 5°. This
resulted in1 + 2 + 166 total omissions, respectively, out of
4,165 trials. This means that the majority of omissions were
due to forbidden torso rotations. For the calculation of gim-
bal scores and k values, data points were only considered for
rotations larger than 6°.

As a statistical measure of the goodness of fit of the twisted
surfaces to the obtained data, the R? is reported. The statisti-
cal significance between performance of the truncated Fick
gimbal model and alternative model implementations was
tested with two-tailed ¢ tests.

RESULTS
Maximum Rotations

We calculated the medians, upper and lower quartiles,
and ranges of the minimum and maximum rotations made

J Neurophysiol » doi:10.1152/jn.00298.2024 - www.jn.org

Downloaded from journals.physiology.org/journal/jn at Univ Antwerpen Biblio (143.169.156.079) on December 17, 2024.


http://www.jn.org

Q)) HEAD ROTATIONS FOLLOW A TRUNCATED FICK GIMBAL

over all trials. These results are plotted in Fig. 4, separated
for the world-centered yaw, pitch, and roll axes and for all
test conditions.

Unsurprisingly, the largest rotations were made around
the yaw axis. The maximum yaw rotation was the same for
conditions NT and PG, even though the maximum direc-
tions of the stimuli were not the same (see Fig. 3). When
localizing sound, subjects will often rotate their heads to-
ward the presented sounds, though they do not necessarily
fully turn their heads to face the stimulus (30). The field of
view then appeared to be responsible for a discrepancy of
~30° between the orientation of the head and the stimulus
orientation.

Pitch rotation was asymmetrical: extension (negative
pitch) reached larger angles than flexion (positive pitch).
This is likely caused by the distribution of the stimuli, which
omitted the lowest elevations (see Fig. 3). The maximum
rotations for pitch were larger in condition PG. Again this is
most likely because the restricted field of view forces the
subject to (almost) fully rotate toward each source. In condi-
tion NT, subjects made almost no use of flexion.

The lowest rotations were seen around the roll axis.
However, with maximum rotations up to 20°, the roll axis is
still important to consider for potential acoustic cues, which
can already be informative for rotations smaller than 10°
(10).

There was very little difference between conditions NT
and F. The maximum ranges were slightly larger for condi-
tion F, as were the lower and upper quartiles. However, the
lower and upper quartiles of torso rotations were found to be
smaller than 2°, indicating that very little use was made of
the extra allowed freedom of movement. Thus, for the re-
mainder of the article we focus on the results of conditions
NT and PG, where no torso movements were allowed.

Together, these general results show that, without torso
movement, the maximum ranges of head rotation are
around 60° for yaw and pitch rotation and 20° for roll
rotation.

Note that the obtained data contained significant varian-
ces in starting positions between subjects. This is a result of
individual differences in what is considered a comfortable
“resting” position for the head. For example, some subjects
consistently rested their head at 10° or 20° below the cali-
brated zero-pitch orientation. Note that the plots in Fig. 4

Yaw Pitch R

NT 300 O 300 300 07 3 30°
60° 60°  60° Wp 60°  60°

90° 90° 90° 90° 90°
PGz 9 300 300 97 300 30°
60° 60°  60° 60°  60°

90° 90° 90° 90°  90°
F 30 9 30 300 07 300 30°
60° 60°  60° 60°  60°

90° 90° 90° 90° 90°

o

oll
0
OO
OO

v
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show values after the median initial orientation over all trials
was set to zero.

Rotation Trajectories

The azimuth trajectories over time of all trials performed
by all subjects are plotted in Fig. S5A. The same trajectories
are plotted on a sphere in Fig. 5B, which provides pitch rota-
tion information instead of time information. For both con-
ditions, the target that elicited the maximum rotation size
was selected; this was source direction (90, 60) for condition
NT and (45, 30) for condition PG. The source directions are
indicated with a red cross.

The shapes of the rotation trajectories were similar
between subjects. In the time domain, trajectories consis-
tently followed a sigmoid curve, with the maximum velocity
halfway through the rotation. This pattern has also been
observed in other studies (31, 32). Trajectories in condition
PG had more consistent end points than when full vision
was available. This is because the subjects were forced to
fully rotate toward the location of the target to see it; this
adds a factor of consistency between subjects. In condition
NT, any end point that contains the target within the field of
view is acceptable. The start points were more consistent for
the same reason: it was easier to align the head to a straight-
forward direction, because the target at (0, 0) was only visi-
ble at this exact orientation.

Twisted Surfaces

To test the viability of Donders’ law, we fitted a surface to
the rotation vectors of the data of each subject with a nonlin-
ear least-squares solver in MATLAB Isqcurvefit. The proce-
dure minimized the residual error e for the fitted twisted
surface:

(8)

Figure 6 shows the trajectories of the rotation vectors for
each trial and the fitted twisted surfaces to those trajectories
for the subjects with the highest value, the median, and the
lowest value of as, respectively; values for as and R* are
reported in the bottom right corner for each subject. The top
row in Fig. 6 shows the results for condition NT (a5 = —0.50,
—0.96, —1.80); the bottom row shows the same results for
condition PG (a5 = —0.41, —0.77, —1.14).

2 2
re=a + asry + azr; + agr; + asryr; + aer; + €

-30°
-60°
-90° : 4
Figure 4. Median, upper and lower quartiles, and ranges of
-30° maximum rotations made over all trials. Results are sepa-
-60° rated for the world-centered yaw, pitch, and roll axes for
movement conditions NT (no torso), PG (pinhole goggles),
90° and F (free). Note that negative pitch is an upward rotation.
-30°
-60°
-90°

1861

Downloaded from journals.physiology.org/journal/jn at Univ Antwerpen Biblio (143.169.156.079) on December 17, 2024.


http://www.jn.org

Q)) HEAD ROTATIONS FOLLOW A TRUNCATED FICK GIMBAL

A
60
2
3, 40
. ) . 220
Figure 5. Trajectory plots of the head, for all trials g
toward the same target direction [no torso (NT): 0
(90, 60), top; pinhole goggles (PG): (45, 30), bot-
tom]. Distance between dots indicates a higher
velocity. A: yaw trajectories plotted against time.  _, 60
B: trajectories plotted on a sphere. The red cross 840
indicates the source direction. =
220
>
0 li
0 500

Table 1 presents the means and standard deviations of the
fitted twisted surface parameters for conditions NT and PG,
alongside the results from an earlier study on head rotation,
where subjects were instructed to rotate the head from a cen-
tral position toward 12 targets on a circle in front of them,
arranged like the hours on the face of a clock (13). The mean
and standard deviation of as (NT: —-1.062=0.321, PG:
—0.794 = 0.171) were similar to those found in the reference
study (—0.732 £ 0.268).

As a metric for the goodness of fit of the twisted surfaces
we used the coefficient of determination, R% In Fig. 7 we
report R? scores of the fitted twisted surfaces for conditions
NT and PG. This was computed first with all parameters
included, followed by individually excluding each of the six
parameters, e.g., for R?: a, = 0 and for R%: a, = 0.

1 1
;
NT
.
Yo N 0
as=-0.50
-1 R?=0.47 -1
1 ) 1
1
0 0 0
A4

2 Tx I

1 1

PG
.
Y0 M Yo
[/ /ag=-0.41
-1 o -1
1 R°=0.64 1
// 1
0 0 0
-1 1

Tz T "z

1000 1500

dur [ms]

2000 2500

Gimbal Scores

To quantify the twist in the surface fitted to the rotation
trajectories, we can compute the gimbal score, G, which
describes the dependence of the roll component of the rota-
tion vector on the yaw and pitch components of the same
vector as follows (12, 16):

I'x

G=

()
The roll component (r,) of each trial was plotted against
the pitch-yaw product (r,r;) for conditions NT and PG in
Fig. 8. This was done for the same subjects as in Fig. 6.
The gimbal score was then estimated by using linear
regression on the plots of r, versus the product ryr,, as was
done in an earlier study (12). Note that the assumption of a

Figure 6. Fitted second-order surfaces for subjects with the lowest, median, and highest absolute twist score (as), respectively, for conditions NT (no
torso, top) and PG (pinhole goggles, bottom). The thick lines are the individual trajectories of the rotation vectors per trial. The respective as and R? val-

ues are reported at bottom right of each plot.
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Table 1. Fitted values for parameter space a of second-
order twisted surfaces

NT PG Ref. 13
a; 0.000+0.005 0.000+0.005 0.001+0.002
as —0.019+0.052 —0.018+0.044 —0.004+£0.024
as —0.003+£0.075 0.013+£0.051 —0.005+0.064
ay —0.105+0.215 —0.012+0.056 0.072+0.07
as —1.062+0.321 —0.794+£0.171 —0.732+£0.268
dg —0.017+£0.072 —0.004 +£0.051 —0.026 £0.064

Values are means * SD computed between subjects. NT, no
torso condition; PG, pinhole goggles condition.

linear relationship between r, and r,r, implies that only a;
and as affect the twisted surface fit.

Linear regressions were computed for extension and flex-
ion separately, as it was found earlier that positive pitch rota-
tions can lead to different behavior than negative rotations
(12). The gimbal score defined in Eq. 9 was reported for both
signs of pitch for easier comparison with previous work.

The mean gimbal scores during extension were close to
—1. During flexion, the slopes were somewhat steeper in
condition NT and flatter in condition PG (NT extension:
—0.988+0.435, NT flexion: —1.217+1.474, PG extension:
—0.928+0.358, PG flexion: —0.684 +0.254). Note that the
standard deviation in NT flexion is very high; the reason
for this is discussed in Roll Is a Linear Function of Pitch
and Yaw.

k-Gimbal Model

We tested five different implementations of the k-gimbal
model (Eq. 7) for prediction of the roll component of the
rotation vectors (7). The first implementation assumed zero
roll (k = 0.5). The second assumed a truncated Fick gimbal
(k = 0). Third, we fitted a single k value to the trials com-
bined over all subjects. This led to k = —0.04 for NT and k =
0.10 for PG. Fourth, a unique k value was fitted for each sub-
ject. Finally, a separate k was computed for extension and
flexion, leading to two values of k per subject. The k values

were obtained by minimizing r,, in Eq. 7, using the nonlin-
ear simplex method (fminsearch in MATLAB).

In Fig. 9, we plot, per model approach, the standard devia-
tion (std) of the error between the true and estimated r, in
degrees, also referred to as the torsional thickness o (13),
defined as:

o = std(2 x atan(r, — ry)) (10)

where r,q is the amount of roll offset. If k = 0, then the model
represents a Fick gimbal; if k = 1, then it represents a
Helmholtz gimbal (see Fig. 2).

Statistical significance between the Fick gimbal (ko) and
the other implementations of the k-gimbal model was tested
with two-tailed ¢ tests. Statistical significance was only found
for the zero-roll model (kg s) for both conditions NT and PG.

DISCUSSION
Rotations Adhere to Donders’ Law

The R? values in Fig. 7 support the notion that head move-
ments generally adhered to Donders’ law: in condition NT
the mean R?> was 0.80; in condition PG it was 0.85.
Furthermore, from the mean values in Table 1 and the R? val-
ues in Fig. 7, we can conclude that the majority of the roll
data was explained by the twist score, as. When ay, a,, a4, or
aes was omitted from the equation, there was almost no effect
on R2 The only other factor that appeared to have a small
effect was a3, which suggests that there was a small linear
relationship between roll and yaw, regardless of the pitch
position. This may, however, be a result of the resting head
position of some of the subjects. If the zero-pitch orientation
of a subject does not properly align the anatomical yaw axis
of rotation with the world z-axis, then any yaw rotation will
inherently have a roll component, resulting again from an
1y interaction. The median thickness scores of 2° in Fig. 9
are in accordance with the scores found in Ref. 16. This sug-
gests that adherence to Donders’ law was not influenced by
the additional available auditory information in this study.
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Figure 7. Mean and standard deviation of R? of second-order surfaces fitted to each subject. The yellow bar indicates the R? value for the twisted sur-

face with all 6 available parameters. The blue bars indicate the R? value for the surface with 1 parameter excluded, e.g. for Rf: ay =

NT, no torso condition; PG, pinhole goggles condition.
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Figure 8. Roll component of rotation vector (r,) plotted against the pitch-yaw product (r,r,) for conditions NT (no torso, top) and PG (pinhole goggles,
bottom) and for subjects with the lowest, median, and highest absolute twist score (as), respectively. Linear regressions were computed for extension
and flexion separately. The numbers at bottom left of each plot indicate the gimbal score G from Eq. 9.

A standard deviation of 2° is small but may still be signifi-
cant, given that the upper and lower quadrants of roll were
very small (see Fig. 4). For general modeling purposes, how-
ever, Donders’ law appears to be an appropriate assumption.

Roll Is a Linear Function of Pitch and Yaw

The high dependence on the twist score, as, shows that
roll was almost strictly a function of the pitch/yaw product.
Looking at Fig. 8, we see an almost linear relationship
between r, and ryr.. We also see that the fitted linear regres-
sions nearly pass through the origin, indicating that the rela-
tionship can be modeled as a slope, omitting the offset.

The majority of the gimbal scores (i.e., the slopes of the
linear regressions) among all subjects were found to be
negative. This supports the characterization of head rota-
tions as a Fick gimbal as opposed to a Helmholtz gimbal

(24). There were some exceptions for flexion in condition
NT, though the linear regressions in these instances are
not very meaningful because of the general lack of flexion
performed, as could also be seen in Fig. 4. The sign and
magnitudes of the gimbal scores are in general accord
with previous studies, which reported values between O
and -2 (12, 16). Gimbal scores did differ substantially
between subjects, which means that there were differen-
ces in the amount of roll that they deployed during head
rotations.

Interestingly, only a few subjects showed a large differ-
ence in slope of the linear regression between extension and
flexion, given that the magnitude of flexion was large
enough to correctly fit the regression. For those subjects, it
does seem necessary to differentiate between two different
gimbal models depending on the sign of pitch.

6 - =
NT. PG
5 L
. ol th . . 4
Figure 9. Torsional thickness o (in degrees) of the k-gimbal
model for 5 different approaches of setting the k value. Left:
NT (no torso condition). Right: PG (pinhole goggles condi- 3t
tion). ko 5: zero roll, ko: Fick gimbal, k: single value fitted to
all subjects, k;: k value fitted individually for each subject,
kee: 2 k values fitted for extension and flexion, separately for 2|
each individual. Each boxplot shows the statistics of all 17
subjects (median, first and third quartiles, minima and max-
ima, outliers). 1l
0 n L L n n L n n n n
k0.5 k0 kaII ki kfe k0.5 k0 kaII ki kfe
Model type
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Rotations Can Be Approximated by a Truncated Fick
Gimbal

Different models were tested to include more individual-
ized data. However, Fig. 9 presents the somewhat surprising
result that none of the individualization approaches of the k-
gimbal model significantly improved the model perform-
ance. No statistical significance between the different
approaches of obtaining the k value means that, although
individual differences in the twist score do exist, the trun-
cated Fick gimbal (i.e., k = 0) serves as a good approximation
for the roll component in the head rotations of the average
subject. Thus, the differences in gimbal scores between sub-
jects were not large enough to make full individualization
necessary. This is also confirmed by the k values found when
fitting over all subjects, which were close to 0 (k = —0.04 for
NT, k = 0.10 for PG). Note that there are a number of subjects
where using an individualized k value does improve model-
ing performance but the majority do not appear to need this.

Pinhole Goggles Decrease Variability in Rotation

There were some observable differences between the NT
and PG conditions. First of all, Fig. 6 and Fig. 7 show that the
as values were lower in condition PG, whereas the R? values
were higher. This means that pinhole goggles decreased
the amount of roll that subjects deployed, while they also
made the head movements adhere better to Donders’ law.
Similarly, it was found earlier that pinhole goggles constrain
the head rotation vectors to a plane (i.e., Listing’s law) (16).
However, the results still could not be well predicted by a
planar surface (concluded from the very low R? score when
as was omitted in Fig. 7). In Table 1 we also see that the
standard deviation of all fitted parameters decreased sub-
stantially in condition PG, which means that the pinhole
goggles caused the intersubject differences to decrease. One
explanation could be that most of the head movement vari-
ability between subjects is caused by the extra degrees of
freedom from the eyes. Restricting this would then make the
subjects behave more consistently. However, the standard
deviations in Ref. 13 were similarly small, while the subjects
did not have any restricted vision here. Alternatively, the
lower standard deviation may be a result of more restricted
start and end points, as condition PG forced subjects to fully
rotate their heads toward the visual targets (see Fig. 5). In
condition NT, any end point that contains the target within
the field of view is acceptable. This appears to be a reasona-
ble explanation, as the subjects in Ref. 13 were required to
accurately point their head toward each target before mov-
ing to the next, which makes the task performed more simi-
lar to condition PG. This is further supported by the twist
scores of Ref. 13, which are most similar to those of condition
PG. Interestingly, the R? in condition PG is also lower than in
condition NT when as is omitted. This means that, with pin-
hole goggles, the twist score describes an even larger per-
centage of the data. Finally, Fig. 9 shows that thickness
scores were consistently lower in condition PG.

Auditory Cues Keep Head Rotation Behavior Consistent

Because of the restricted vision of condition PG, it was
expected that the subjects would depend more on auditory
cues to localize the correct target, which in turn might lead

J Neurophysiol » doi:10.1152/jn.00298.2024 - www.jn.org

to different head movement strategies. From the data col-
lected in conditions NT and PG, this did not appear to be the
case, as the trajectories (as seen in Fig. 5) did not differ signif-
icantly except for the lower deviation in start and end points,
as explained in Pinhole Goggles Decrease Variability in
Rotation. From this we can conclude that the restricted
vision did not fundamentally alter rotation behavior, likely
because the available auditory cues kept head movement
consistent.

Limitations

As the aim of the present study was head rotation behav-
ior, we did not extensively investigate head translation. The
absolute maximum translations for the x-, y-, and z-axes
were substantial (condition NT: 15.4 cm, 9.5 cm, and 4.9 cm;
condition PG: 19.3 cm, 10.4 cm, and 8.3 cm; condition F:
20.8 cm, 14.6 cm, and 5.3 cm). It is difficult to infer how
much of this translation was due to the definition of the ori-
gin of the coordinate system, which was defined slightly
above eye level and not on the exact axis of rotation of the
head.

A second limitation is that no condition was tested with
solely visual information. In the future, it would be interest-
ing to compare rotation behavior to the present study when
no auditory information is available.

Conclusions

In this study, the head movements of 17 subjects were
tracked during an auditory-guided visual search task. By fit-
ting a second-order twisted surface to the rotation vectors
over all trials, it was shown that Donders’ law was generally
met, i.e., humans used only two out of three available rota-
tional degrees of freedom. There were intersubject differen-
ces in the gimbal score, i.e., the rotation angle around r, as a
function of rotation angles around r, and r.. Surprisingly,
these differences did not lead to a statistically significant
improvement when the k-gimbal model, which was intro-
duced in previous work (12), was tested with individualized k
values. This leads to the conclusion that the measured head
rotations could be described by the k-gimbal model with k =
0. This is equivalent to a truncated Fick gimbal, which con-
sists of a pitch axis nested within a yaw axis. Finally, subjects
were more alike in their movements when wearing pinhole
goggles. This was likely because the restricted vision
enforced clear start and end points of each rotation, result-
ing in a new set of more consistent, though potentially less
natural, head rotations among subjects.

Taken together, subjects generally used similar search
strategies following Donders’ law to identify an audiovisual
target. With restricted vision and therefore an increased de-
pendency on auditory cues, the executed rotations did not
change fundamentally. From this we can conclude that vis-
ual conditions had little influence on movement behavior
because of the available acoustic cues.

Future research might consider the head movements of
hearing-impaired individuals, as they have been found to
show more unpredictable movement behavior (17, 18). A sec-
ond avenue for further investigation involves the neural con-
trol mechanisms responsible for Donders’ law. The fact that
head movements follow the same motor rules whether
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auditory information is available or not can provide insights
into the neural substrates of the control of head movements
(33) and of the processing of head motion-related sensory
feedback (10).
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