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Abstract
Analysis of eye movements recorded with a mobile
eye-tracker is difficult since the eye-tracking data are
severely affected by simultaneous head and body
movements. Automatic analysis methods developed for
remote-, and tower-mounted eye-trackers do not take this
into account and are therefore not suitable to use for data
where also head- and body movements are present. As a
result, data recorded with a mobile eye-tracker are often
analyzed manually. In this work, we investigate how
simultaneous recordings of eye- and head movements can
be employed to isolate the motion of the eye in the
eye-tracking data. We recorded eye-in-head movements
with a mobile eye-tracker and head movements with an
Inertial Measurement Unit (IMU). Preliminary results
show that by compensating the eye-tracking data with the
estimated head orientation, the standard deviation of the
data during vestibular-ocular reflex (VOR) eye
movements, was reduced from 8.0◦ to 0.9◦ in the vertical
direction and from 12.9◦ to 0.6◦ in the horizontal
direction. This suggests that a head compensation
algorithm based on IMU data can be used to isolate the
movements of the eye and therefore simplify the analysis
of data recorded using a mobile eye-tracker.
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Introduction
The interest and popularity of mobile eye-tracking have
increased significantly in recent years. Mobile eye-trackers
make it possible to record eye movements outside the
laboratory in a natural environment. When the degrees of
freedom to move the head and the body are increasing,
the complexity of the data analysis increases
dramatically [3]. In many mobile eye-trackers, the
recorded data are mapped into the coordinate system of
the simultaneously recorded scene video. Since the
coordinate system of the scene video is not fixed when the
head and body move, analysis of the recorded data is
difficult to perform. Algorithms developed for the analysis
of data recorded from remote-, and tower-mounted
eye-trackers do not take head movements into account
and are therefore not suitable to use when head-, and
body movements are present [4]. In this paper, we present
preliminary work on the feasibility to measure head
movements with an IMU, and subtract it from the
eye-tracking signals to isolate eye movements.

Related work
In the literature, there are several methods presented for
recording head movements together with eye movements,
e.g., with a magnetic field [2], optically with a laserBird

system [8], with an omnidirectional vision sensor [7],
image processing of the scene video [5], and an
accelerometer [1]. Both of the methods in [2] and [8] are
only applicable when the recording is performed in the
laboratory or in a limited area. The other three methods
can be used in recordings with natural environments.
Previously, recordings using an accelerometer have
suffered from problems with drift and difficulties to
synchronize the accelerometer data with the eye-tracking
data [5]. The main goal with compensation of the head
movements is to be able to perform automatic analysis of
the signals recorded with a mobile eye-tracker.

Method
When an eye-tracker is used in a natural situation where
the head can be moved, the signal that the eye-tracker is
recording, s(n), is a combination of eye movements and
head movements and can be expressed as the sum of
these movements. The expression for the movement in
the horizontal direction, x, is

sx(n) = ex(n) + hx(n) + ηx(n) (1)

where ex(n) is the movements of the eye, hx(n) the
movements of the head, and ηx(n) is a noise component.
An analogue expression for the recorded signal can be
written for the vertical direction, sy(n). In order to
compensate for the effect of hx(n) and hy(n), head
movements are measured with the sensors in the IMU.
The IMU board includes an AHRS-algorithm described
in [6]. The AHRS-algorithm is a fusion algorithm that
combines the three signals from each of the gyro, the
accelerometer, and the magnetometer into a three
dimensional signal containing the orientations of each of
the Euler angles. The Euler angles describe the pitch, φ,
roll, θ, and yaw, ψ, which correspond to rotations around
the x′, y′, and z′-axes, respectively [6].
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Figure 1: A description of the coordinate system for the IMU,
where the y′-direction points in the direction of the nose.
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Figure 2: The apparatus setup used in this work. a) The IMU,
and b) the eye-tracking glasses.

The description of the coordinate system for the IMU is
shown in Figure 1, where the y′-direction points in the
direction of the nose. In this study we are only using the
estimated orientations of the head movements around the
x′ and z′-axes, e.g., nodding corresponds to a rotational
movements around the x′-axis and shaking the head
corresponds to a rotational movement around the z′-axis.

The estimated orientation is described in angles, while the
eye-tracking data extracted from the eye-tracker are
expressed in pixels of the scene video. In order to
compensate for the head movements in the eye-tracking
data, the signals need to be converted to the same
coordinate system. We decided to map the angles of the
head movements to the coordinate system of the
eye-tracking data. The projections of the angles, φ, and
ψ, are described by

ĥx = A
xmax

2 tan(αmax

2
)
tan(φ) (2)

ĥy = B
ymax

2 tan(βmax

2
)
tan(ψ) (3)

where xmax and ymax are the resolution of the scene
video in pixels in the x and y directions, respectively. The
corresponding maximum angles of the camera in the x

and y directions are αmax and βmax, respectively. A and
B are compensatory factors that are chosen to optimize
the subtraction of the head movements, (A = 1.15 and B

= 1.19). By subtracting the estimated head movements,

ĥx and ĥy, from Equation 1, the resulting signals, ŝx(n)
and ŝy(n), can be expressed by

ŝx(n) = sx(n)− ĥx(n) = êx(n) + ηx(n) (4)

ŝy(n) = sy(n)− ĥy(n) = êy(n) + ηy(n) (5)

which consist of the estimated eye movement signal and a
noise component.
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Experiment and apparatus
In this pilot study, the eye-tracking signals were recorded
using the eye-tracking glasses from SensoMotoric
Instruments (SMI), with a sampling frequency of 60 Hz.
On the forehead of the test person, an Inertial
Measurement Unit (IMU) from x-io Technologies was
placed, see Figure 2. The IMU consisted of a three-axial
gyro, a three-axial accelerometer, and a three-axial
magnetometer, and had a sampling frequency of 512 Hz.

The stimulus consisted of black dots on a white
background, presented with a video projector on a large
white wall with dimensions (1.4 x 1.9 m). The test person
was placed in front of the screen at a distance of 2.5 m,
with the eyes aligned with the center of the screen. In
order to be able to synchronize the eye-tracking signals
with the signals recorded with the IMU, the experiment
started with a short synchronization period, where the test
person was asked to fixate on a dot and move the head
horizontally. The second part of the experiment consisted
of only movements of the eyes. A dot was shown in each
of the four corners of the wall, and the task was to move
only the eyes to the next corner and fixate on the dot
while having the head as still as possible. The next task
was to move only the head. The eyes were fixating on a
dot in the center of the wall while the head was moved
horizontally, vertically, and a mix of both. The last part of
the experiment consisted of combined movements of the
eyes and the head.
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Figure 3: Example of recorded eye-tracking signal when
fixating a stationary target and moving the head, (a) in the
x-direction and (b) in the y-direction.

Results
An example of the recorded eye-tracking signal, when the
eyes are fixating a stationary target and the head is
moving first in the horizontal and then in the vertical
direction, is shown in Figure 3. The estimated orientation
of the head is shown in Figure 4 and the resulting eye
signal after subtraction of the estimated head movements
is shown in Figure 5.
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Figure 4: Example of estimated head orientation when fixating
a stationary target and moving the head, in (a) φ, (b) ψ, and
(c) θ.
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Figure 5: Example of the resulting eye signal when the
compensation of the head movements is preformed. Black line
corresponds to the x-direction and grey line to the y-direction.

In order to evaluate the effect when compensating for
head movements in the eye-tracking data, the standard
deviation of the data during fixating on a stable target
was calculated for four different cases.

1. Fixating on a stationary target with the head still
and no compensation of head movements.

2. Fixating on a stationary target with head moving
and no compensation of head movements.

3. Fixating on a stationary target with the head still
and compensation of head movements.

4. Fixating on a stationary target with head moving
and compensation of head movements.

The standard deviation of the data for the four cases was
calculated as

σ =

√√√√ 1

N

N∑
n=1

(ŝx(n)− ¯̂sx)2 (6)

for the horizontal and the vertical direction separately,
where ŝx(n) is the resulting eye signal, ¯̂sx is its mean and
N is the length of the signal.
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Not compensated Compensated
σ (◦) x y x y

Head still 0.46 0.42 0.21 0.26
Head moving 12.89 7.99 0.61 0.85

Table 1: Standard deviation of the data for a stationary target
with and without head movements, for compensated and not
compensated data, in both the horizontal and vertical
directions.

The results for the four cases are shown in Table 1. Even
when the test person is asked to not move the head, the
compensation reduces the standard deviation of the data
from around 0.5◦ without compensation to around 0.2◦

when using head movement compensation. When the
head is intentionally moving, compensation of the head
movement reduces the standard deviation from 12.89◦ to
0.61◦ in the horizontal direction and from 7.99◦ to 0.85◦

in the vertical direction.

Discussion
In this work, the orientation of the head has been
estimated using an IMU and has been subtracted from the
recorded eye-tracking signal. The results show that by
compensating for the head movements, the standard
deviation of the eye-tracking data is significantly reduced,
also for data when the test person is asked to keep the
head as still as possible. The reduction of the standard
deviation makes the signal recorded with a mobile
eye-tracker more similar to the eye-tracking signals
recorded with a remote-, or tower-mounted eye-tracker,
which in turn makes it easier to develop algorithms that
are able to separate between the eye movements saccades,
fixations, smooth pursuits, and VOR.

Previous work where an accelerometer has been used to

measure the movements of the head, has suffered from
drift in the accelerometer. By estimating the head
orientation with the AHRS-algorithm, which combines the
signals from the gyro, the accelerometer, and the
magnetometer, this drift can be compensated for [9].

The present work demonstrates that, in a controlled
environment, head movements can accurately be
compensated for in eye-tracking data by estimating the
orientation of the head using an IMU. Future work will
show whether the method can be extended to more
complex situations, where both the head, the body, and
the environment may be moving. Such work requires the
use of the third estimated head orientation as well.

Future work will involve performing a larger study where a
greater number of participants is included and where the
proposed method is compared to previously presented
ones.

In relation to other head movement estimation
techniques, an IMU is light and relatively easy to integrate
into a mobile eye-tracking device.
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