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Using eye tracking for the investigation of visual attention has become increasingly popular during the
last few decades. Nevertheless, only a small number of eye tracking studies have employed 3D displays,
although such displays would closely resemble our natural visual environment. Besides higher cost and
effort for the experimental setup, the main reason for the avoidance of 3D displays is the problem of
computing a subject’s current 3D gaze position based on the measured binocular gaze angles. The
geometrical approaches to this problem that have been studied so far involved substantial error in the
measurement of 3D gaze trajectories. In order to tackle this problem, we developed an anaglyph-based
3D calibration procedure and used a well-suited type of artificial neural network—a parametrized self-
organizing map (PSOM)—to estimate the 3D gaze point from a subject’s binocular eye-position data. We
report an experiment in which the accuracy of the PSOM gaze-point estimation is compared to a
geometrical solution. The results show that the neural network approach produces more accurate results
than the geometrical method, especially for the depth axis and for distant stimuli.
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1. Introduction

In their endeavour to understand the mechanisms that underlie cognitive function,
researchers recently made considerable progress, in particular with regard to the human
visual system. A significant contribution to this success was made by the analysis of human
eye movements (for a review see [1]). One of the most prominent experimental paradigms to
investigate biological vision is visual search. In a typical visual search task, subjects have to
decide whether a search display, i.e. a set of search items, contains a designated target.
Recent visual search studies successfully employed eye-movement recording to gain a new
level of insight into visual processing with regard to visual attention, object recognition, text
comprehension, and visual working memory [2—9]. Despite the success of these studies, the
validity of their findings may be restricted since they were based on two-dimensional stimuli.
In order to investigate all capabilities of the visual system—which evolved in a 3D
environment—and analyse them in their natural context, experiments employing 3D scenes
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are inevitable. It is interesting to note that, despite the substantial scientific promise, to the
authors’ knowledge there has been only one prior study that measured and analysed eye
movements during visual search in 3D stimuli [10].

The same situation is encountered in the development of more sophisticated gaze-
controlled human-computer interfaces. The recent availability of gaze-controlled interfaces
has significantly improved the lives of many physically challenged computer users [11-16].
One of the most popular types of such interfaces is called “typing by eye” [17]. The user is
presented with a virtual keyboard on a computer screen and can type letters by looking at the
corresponding key for some adjustable minimum duration. With the help of this system,
users can type text of any length by just moving their eyes. If researchers implemented
appropriate 3D gaze position tracking, physically challenged users could control with their
eyes complex and realistic virtual 3D scenarios. This would allow them to further enhance
interaction with their environment. Why are no such systems in use today and what are the
reasons that discourage researchers from investigating eye movements in 3D scenes?

Besides higher cost and effort for the setup, the main reason for the avoidance of 3D
displays is the problem of precisely computing a subject’s current 3D gaze position. Previous
studies attempting the measurement of gaze trajectories in 3D space used geometrical
approaches [18]. The basic idea behind these techniques is to employ a binocular eye tracker,
measure the vergence angle ®, and use this information to determine the location of the 3D
gaze point. The vergence angle is defined as half the angle between the viewing axes of the
two eyes (see figure 1). Usually, the intersection of the two visual axes (more realistically, the
midpoint of the shortest straight line connecting them) is geometrically computed and used
as the 3D gaze-position estimate. Unfortunately, device specific systematic errors, noise in
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Figure 1. The definition of the vergence angle ®.
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gaze angle measurement, and necessarily imperfect modelling of the actual geometry
typically induce large errors in the calculation of 3D gaze position.

The aim of the present study was to tackle the 3D eye tracking problem with a neural-
network approach. This idea was motivated by the results of previous work on standard 2D
eye tracking. It was shown that a specialised, individually calibrated artificial neural network
could be used to significantly reduce the error in gaze-position measurement [19]. The
network type applied in that study was a parametrized self-organizing map (PSOM), which is
a rapidly learning variant of Kohonen’s self-organizing maps (SOMs, see [20]). PSOMs are
well-suited for the learning of smooth and highly non-linear functions [21]. Prior to an
experimental session, a standard calibration procedure was administered in which the subject
had to visually track a marker that appeared successively at different positions on the screen.
The subject’s gaze positions—as measured by the eye tracker—for each of the calibration
markers were used to train the network. Through this training the network learned the eye
tracker’s error in measurement as a function of the subject’s gaze position. In the subsequent
experiment, the PSOM was used to estimate the actual gaze positions based on the gaze
coordinates obtained by the system. In an empirical investigation, the network was shown to
reduce the error in gaze-position measurement to less than 40% of its initial value.

Based on this finding, it seemed promising to construct a PSOM for the computation of a
subject’s 3D gaze position from binocular gaze-direction data. The PSOM approach could be
assumed to be flexible and adaptable enough to compensate for factors that are difficult to
handle for purely geometrical algorithms. These factors include differences in the geometry
of the eye-tracker setup, non-linear distortions of the camera images and even characteristics
of individuals’ vergence eye-movements. Therefore, our hypothesis was that using a PSOM
for the computation of 3D gaze positions should lead to results that are accurate enough for
useful eye-movement studies and human—computer interfaces in virtual or real 3D space.
In the present article, we describe how to use the PSOM to compute the 3D gaze position
from binocular gaze angle information. The precision of this method is demonstrated using
one of the most common and least intrusive types of eye tracker, namely a binocular video-
based device.

The remainder of the article is organised as follows: In Section 2, we report a 3D
calibration procedure that needs to be performed prior to an experimental session. The data
obtained through this procedure are used to train the PSOM, which is presented in complete
mathematical detail in Section 3. In Section 4, an empirical study is carried out to evaluate
the precision of the neural network approach and compare it to the geometrical solution.
Section 5 concludes the article by discussing the results and the applicability of the presented
approach to different problems.

2. From a 2D to a 3D calibration procedure

The most common apparatus used for eye-movement studies is a video-based eye tracking
system combined with a computer screen for stimulus presentation. For eye tracking in such
two-dimensional scenes, the device typically computes the point of intersection of one
or both visual axes with the screen. Video-based systems achieve this with the help
of cameras directed at the subject’s eyes. Using image processing algorithms, these systems
continuously determine the subject’s pupil positions in the stream of camera images.
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This information, in turn, is used to estimate the subject’s horizontal and vertical gaze angles
and the intersection of the visual axes with the screen.

However, there are physical differences across subjects, and the eye tracker setup (e.g. the
position of the camera relative to the subject’s head) varies considerably between
experimental sessions. This requires the precise mapping of pupil positions to gaze positions
on the screen to be determined prior to the experiment. Usually, this mapping is obtained
through a calibration procedure during which the subject is shown a marker that appears at
different positions on the screen, and the subject is asked to visually track this marker.
Typically there are nine marker positions that are arranged in a 3 X 3 array. This procedure
allows the system to obtain a set of samples indicating how pupil positions relate to gaze
positions on the screen. An interpolation algorithm is applied to this data to approximate a
pupil-to-gaze mapping for the entire stimulus presentation area. This interpolation is usually
performed by fitting polynomials of degree two to the calibration data [22]. However, the
same type of calibration procedure can also be used to obtain training data for a PSOM that
performs such a mapping [19].

In the present study, an SMI EyeLink eye tracker was chosen for the implementation and
evaluation of the proposed method. This binocular, video-based system measures a subject’s
gaze position on a computer screen with a frequency of 250 Hz and an accuracy between 0.5
and 1.0° of visual angle. The method for 3D stimulus presentation was decided to be
anaglyph (“red—green”) images. These images are perceived as 3D when viewed through
glasses with a red filter for one eye and a green filter for the other eye. Although this
technique has certain restrictions such as its incompatibility with colored stimuli, it could be
integrated with the EyeLink system in a simple and straightforward way (see figure 2).

Figure 2. Eye tracker headset with ‘red—green’ glasses.
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Previous experiments [23] demonstrated that vergence eye movements during the
examination of anaglyph images were very similar to those in real-world 3D scenes,
supporting the choice of the anaglyph method for the present study. However, it is important
to note that the method of 3D gaze tracking presented here can also be applied to other
techniques of 3D stimulus presentation such as shutter goggles.

Obviously, for the purpose of 3D gaze tracking a 3D calibration procedure needs to be
developed. As a first step, let us consider the standard 2D calibration procedure of the
EyeLink device. During this procedure, the subject has to visually track a dot that
successively appears at nine different positions—arranged in a 3 X 3 array—on the screen.
For these points the eye tracker system relates the pupil positions of the left (x;, y;) and the
right eye (x;, y,) to the screen coordinates (x;, y,) of the corresponding calibration marker.
These are the reference vectors of the calibration, which are used to estimate the gaze
position that corresponds to a given pupil position. For those pupil positions that did not
occur during the calibration of the system, the corresponding gaze positions are estimated by
means of interpolation. The EyeLink system achieves this interpolation by fitting
polynomials of degree two to the reference vectors.

In order to provide an adequate 3D calibration, we used anaglyphs to construct a virtual
3 X 3 X 3 calibration cube. It consisted of three lattices that were parallel to the screen, each
of them containing 3 X 3 cross markers. The horizontal and vertical distance between
neighboring markers, as perceived by the subject, was 8 cm. The planes were 8 cm in front of
the screen, on the screen, and 8 cm behind the screen, respectively. An anaglyph image of the
cube is shown in figure 3.

The following calibration procedure was administered: Prior to the 3D gaze tracking
experiment, the eye tracker headset was fitted to the subject’s head, the cameras were
adjusted correctly, and the red—green glasses were fixed at a suitable position on the headset.
Once the subject had taken a defined position in front of the screen, the calibration procedure
began. At first, all nine cross markers of the middle plane were presented to the subject at
once. One of them was randomly selected to be highlighted with a surrounding circle.
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Figure 3. The calibration points on the last plane of the cube. The colors black, red, green, and yellow are
represented by grey values of increasing brightness.
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Subjects were asked to gaze exactly at this marker and then press a mouse button. After that
another cross marker was randomly chosen to be highlighted, and so on, until every marker
had been selected. Then the cross markers on the front plane and finally the cross markers of
the back plane were shown in the same way.

This procedure was chosen for two reasons: First, showing all markers of one plane at the
same time facilitates the subjects’ perception of virtual depth and their ability to perform a
precise eye movement towards the designated target. Second, showing only one plane at a
time avoids visual interference between the planes. The data obtained through this method
are used to train the PSOM, which is described in the following section.

3. Mathematical description of the PSOM

Some classes of neural networks are able to “learn” highly non-linear functions, which is a
desired capability for the mapping of pupil to gaze positions. Among these networks are the
so-called SOMs, developed by Kohonen [20]. It is indeed likely that SOMs could learn an
accurate mapping from pupil to screen coordinates. However, SOMs have two properties that
make them unsuitable for such purposes: First, they supply only the position of the most
stimulated neuron in a “neuron lattice” rather than a continuous output. This means that for
the present purpose every pixel of the screen would have to be represented by one neuron.
Second, an SOM learning process usually requires thousands of training samples. For the
required number of neurons, it would be impossible to collect sufficient calibration data
within a reasonable amount of time.

Hence, we use a variant of the SOM, namely a PSOM [21]. This variant does not have the
disadvantages of SOMs mentioned above. It provides the desired continuous output, and it
does not require a training procedure with multiple iterations. Instead of such training, the
PSOM receives only some selected input—output pairs as parameters, that is, the coordinates
of the calibration points and the binocular gaze position data measured by the eye tracker.

The PSOM’s task in the subsequent gaze-recording session is to approximate the 3D
coordinates of the subjects’ gaze point from the (x;, y;) and (x,, y,) coordinates on the screen
as recorded by the eye tracker. Instead of using the raw pupil positions in the camera images
as input to the PSOM, we use this gaze-position data to take advantage of certain pre-
processing steps such as head-movement compensation performed by the EyeLink system.
Moreover, while different eye trackers derive distinct data from the camera input, all of them
compute the 2D gaze coordinates on the screen. Therefore, basing the neural computation on
2D gaze coordinates makes it more easily applicable to a variety of eye tracking systems.

The operation of the PSOM consists of two components: First it maps 3D gaze positions
(xp, Y, 2pp) through interpolation onto corresponding 2D (on-screen) gaze positions (xj, y;) and
(x;, yr), based on the calibration data. Second, its recurrent component computes the inverse
of this mapping, thereby providing the desired projection from 2D to 3D gaze coordinates.

Mathematically speaking, a PSOM is a recurrent neural network that realizes a multi-
dimensional projection f. For the present application we use a network with five input
neurons, 27 inner neurons, and three output neurons, with bidirectional connections between
the inner and output layers. The training of the PSOM consists in setting parameters for the
inner neurons. Each neuron receives the spatial coordinates of one of the 27 calibration points
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k € A, where
A = {kylky, = x€, +yé, + 285 x,y,2=0,...,2}. (1)

Obviously, these 27 points are arranged in a 3 X 3 X 3 grid with coordinates scaled from
0 to 2 in each dimension (see figure 4). All PSOM computations refer to this coordinate
system.

For each point k, the corresponding inner neuron also receives information on the
calibration data for k, that is, the gaze parameters measured while the subject was looking at k
during the calibration procedure. These data are provided in the form of a vector w given by
Wi = (X, Yiks Xrks Yoe» Xak) E R3, where Xy 1s the x-coordinate for the left eye, and yj the
corresponding y-coordinate for the left eye while fixating point k. For the right eye, the
corresponding values are x,4 and y,;. The fifth element of Wy results from xg:=x4 — Xj.

We introduce the divergence x  as the fifth dimension of W, because the z-coordinate of
the 3D gaze-position mainly depends on this divergence. Since the differences in the
divergence are smaller than those in the x- and y-directions, the divergence has to be
weighted with a specific factor. This method leads to a faster termination of the PSOM
calculations.

Having received the points k and associated reference vectors Wy, our PSOM “knows” the
expected gaze parameters when the subject fixates one of the calibration points. In its
feedforward step, for a given 3D gaze position, the PSOM interpolates between the vectors
W, in order to estimate the subject’s gaze parameters for any given 3D gaze position within
or near the calibration cube. This interpolation function f(s) is constructed from the
superposition of a suitable number of simpler basis functions H(.,.) as follows:

f(s) = ZH(S, k)W ©)

kEA

The values of the three basis functions are within the interval [0, 1] depending on different
values s (see figure 5), so that the reference vector of a calibration point which is close to the
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Figure 4. The calibration points in the virtual 3 X 3 X 3 cube. The PSOM computation uses a 3D coordinate
system that maps every calibration point to the value 0, 1, or 2 in each dimension.
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current gaze position is weighted strongly (near 1) and points which are far away are
weighted weakly (near 0). The basis functions H : R* X A — R have to comply with the
requirement

Hs, k=84 V skeEA 3)

where 6 represents the Kronecker symbol. It is defined as:
1 i=j
o = 0 : i V i,j=0,1,2 (inthe special case)

This ensures that
fs)=w, V s€EA

Thus, it is guaranteed that the interpolation function passes through the given points. But
how can we choose suitable functions H that obey equation (3), that are smooth, and simple
to handle?

One convenient solution is to make a product ansatz and to combine the suitable function
from three 1D functions (one for each coordinate direction x, y and z):

H(s,&, + 5,8, + 5.8, 790) = H V(5,00 - HV(s,,3) - HV (52, 2) )
The new 1D functions must then have the property H®V : R x {0,1,2} — R:

HYg,n=8,, YV ¢geR, ne{0,1,2} 3)
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Figure 5. The three different basis functions.
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Because n has only three possible values (0, 1 and 2), it is sufficient to choose a set of three
basis functions R— R. For this purpose, polynomials of second degree seem to be
particularly suitable because they have no redundant degrees of freedom (see figure 5).

So far, we have seen how the PSOM, in its feedforward step, is able to project 3D
coordinates onto corresponding 2D gaze positions for both eyes. However, our desired
function should do the opposite, namely approximate the subject’s 3D gaze-position from the
system’s 2D measurements. The feedback property of the PSOM accomplishes this by
calculating the inverse function £ ' of f. The network’s recurrent connections implement an
iterative minimisation of an error function. This error function is defined as:

1
E(s) = 5(E(s) — fo)?, ©)

which is the deviation of the 2D gaze data £, measured by the eye tracker from those 2D gaze
data f(s) calculated by the PSOM for the current estimate s of the 3D gaze position. This
estimate is stored in the activation pattern of the three output neurons and is updated in an
iterative gradient-descent procedure until the results of equation (2) closely approximate the
actual current 2D gaze-position data provided by the system:

OE(s)

)
A

st+1)=s(t) — € with € >0 @)

This means that the iteration process stops if E(s(7)) falls below a specified threshold value,
which we should set accordingly to the screen resolution. The final value of s is taken as the
network’s output, indicating the subject’s 3D gaze position as a function of the current 2D
binocular input to the network.

4. An empirical investigation of the accuracy of measurement

The aim of this experiment was to measure how precisely the PSOM calculates a subject’s
3D gaze position. To have a baseline measure for comparison, we also determined the
accuracy of the geometrical solution which was based on the 2D calibration procedure.
The subjects had to gaze at cross markers in space, created through anaglyph images. The
deviation of the 3D gaze coordinates calculated with each method to the exact positions of
the markers were measured, analysed and compared.

4.1 Method

4.1.1 Subjects. Eight students of the University of Bielefeld participated in this experiment
(1 female, 7 male). They had already taken part in eye tracking experiments and had
experience with anaglyph images. They had normal or corrected visual acuity and, according
to their own statements, after a short time of practice no problems to perceive the 3D
structure of the anaglyph images presented to them.

4.1.2 Stimuli. The only stimuli were cross markers with a diameter of about one degree of
visual angle. Individual markers were highlighted by drawing a circle around them. The
circle served as an indication to the subjects to direct their fixation on that particular marker.
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Through the anaglyph technique these markers could be shown at virtual positions in front of,
behind, or on the screen.

4.1.3 Apparatus. We used an SMI Eyelink eye tracker for the experiments. This system
enables binocular eye-movement recording at a sampling rate of 250 Hz. The resolution of its
gaze-position measurement is 0.005° with an average gaze position error between 0.5 and
1.0°. For stimulus presentation we used a screen (Sony Multiscan 20 sfII) with a diagonal size
of 20in. (36.5 X 28.0cm), where the resolution of the image was 640 X 480 pixels.

4.1.4 Procedure. After setting up the eye tracker hardware, the standard 2D calibration
procedure was performed, followed by the 3D calibration routine as described above.
Afterwards, a similar procedure using the same cross marker symbol was carried out. Sixteen
markers on each of four equidistant planes of a cube were presented to the subject in order to
investigate the accuracy of the 3D gaze-point calculation. None of these 64 positions was
identical to any of the 27 positions in the calibration procedure. The virtual planes were
located at 11 and 3.67 cm in front of and 3.67 and 11 cm behind the screen. In the first
experimental condition, stimuli were shown plane by plane. The temporal sequence of planes
was third, fourth, first, and second (as seen from the subject’s perspective, that is, the first
plane being closest to the subject). The subject’s task was the same as during the 3D
calibration. In the second experimental condition, only one out of 64 cross markers was
shown to the subject at a time and the temporal order of the planes was chosen randomly.

4.1.5 Data analysis. As a baseline for assessing the performance of the neural network, we
determine the precision of a purely geometrical solution. This solution is based on the
standard 2D calibration. In a first step, the equations for the left and right visual axes are
calculated on the basis of both the measured binocular gaze positions on the screen and the
subject’s head position. The coordinates of the left and the right eye were set to (values in cm)
(figure 6):

-33 3.3
a=| 00 a,=| 00 (8)
50 50

Thus, we ensured that the subjects sat 50 cm in front of the screen and assumed a distance
of 6.6 cm between the centers of the eyeballs. The linear equations for the visual axes can be
written as:

gl = 51 + lJ“‘?VI gr = 2_ir + nVVr; (9)

where W, and W, are the direction vectors for the left and right visual axis, respectively,
pointing to the screen plane. The estimated 3D gaze position is the midpoint of the shortest
straight line connecting the two visual axes:

|a; + p(s1 — @) — a, + n(S, — a,)| := min (10)
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X-Axis

Figure 6. The geometrical solution.

With d = &, — a,, equation (10) can be written as:
(d + pW, + nW,)? := min (1)
Resolving equation (11) to w and 7 results in:

j+mh+ uk=0 (12)

g+ uh—+ni=0, (13)

where g = var, h=wwy,i= va,j =dwy, k= Vvlz. From equations (12) and (13), we can
derive the values of w and 7 that accomplish the distance minimization:

ij—gh
= 14
P (14)
hj — gk
= 15
T= 2 "k (15

By combining equations (9), (14) and (15) the estimated 3D gaze position can then be
calculated as:
B] + Br
2 )

b= (16)

with Bl =a, + /..L\7V1 and Br =a,+ 1]‘7!’1-.
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4.2 Results and discussion

We compare the precision of the 3D gaze-position by the neural network using a three-
factorial analysis of variance. The three independent variables are: the sequence of
looking at the cross markers (individual or by the plane), the method of position
calculation (PSOM or geometrical solution), and the depth plane (0—3, where O signifies
the plane with the longest distance from the subject). The measurement error, defined as
the Euclidean distance from the measured to the real gaze-position, is the only
dependent variable.

For the first independent variable (sequence of cross markers) the statistical analysis of the
experiment data shows that the difference between the individual or the plane-by-plane
sequence of viewing is not significant. The average total error of the neural net and the
geometrical method in x-, y- and z-direction is 4.41 cm for the plane-by-plane sequence and
4.55cm for the individual sequence of viewing. This result suggests that the vergence
movements that are executed between the fixation of crosses with different distances from
the subject are fast and exact. Since the influence of this variable is not significant it will be
disregarded in further analyses.

For the other two independent variables the ANOVA shows significant results. The
methods for the gaze-position calculation (neural network vs. geometrical calculation)
provide results with a different precision (F(1,9) = 19.42; p < 0.005). The average total
error in x-, y- and z-direction for the geometrical solution is 6.18 cm, whereas the neural
net provides a value of 2.78 cm. Hence, the neural net calculates 3D gaze positions from
the eye tracker data with an error of only 45% in comparison to the geometrical
solution.

Furthermore, for both methods, the precision of the calculation of the exact gaze-point
coordinates increases from the back to the front plane (F(3,27) = 44.44; p < 0.001). Table 1
shows the significant differences of the average total error in x-, y- and z-direction between
the individual planes. In the following, O signifies the plane with the longest and 3 the one
with the shortest distance to the subject. The values for the geometrical method and the
neural network indicate the average values and their standard error.

Obviously, the measurement error decreases from the back to the front plane for both
methods of computation. The standard error decreases similarly (see figure 7). There is an
obvious explanation for this effect: The greater a subject’s vergence angle (i.e. the closer the
3D gaze position to the subject), the more it changes during a shift of the 3D gaze point.
Hence, the resolution and the precision of the spatial measurement of the eye tracker is higher
for near than for distant gaze points.

The statistical analysis of the experiment data furthermore shows that the interaction
between the method of calculation and the depth plane is significant (F(3,27) = 11.99;

Table 1. Average total error for individual planes.

Both methods Geometrical method Neural net

Plane 1 Average total error (cm) Average total error (cm) Average total error (cm)

0 5.89 8.27 £ 0.81 351 +0.22
1 5.08 7.20 = 0.64 2.96 = 0.20
2 3.95 537043 2.53 £0.16
3 3.00 3.87 £ 0.35 2.14 £0.17
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Figure 7. The measurement errors for the gaze-point calculation at different depth planes. The values on the x-axis
indicate how far before (positive values) or behind (negative values) the corresponding depth plane is located relative
to the screen plane. Error bars show standard error.

p < 0.0001). The interaction means, as shown in figure 7, that the measurement error for the
geometrical method depends much more strongly on the depth plane as it is the case for the
PSOM.

We calculated a second analysis of variance with a fourth independent variable, the
“dimension of the measurement error”. The result of the ANOVA shows that the distribution
of the measurement error varies significantly across the x-, y- and z-coordinates
(F(2,18) = 54.26; p < 0.0001).

Table 2 shows the average total error for all subjects, separated for the individual
coordinates.

Figure 8 shows the results in a bar-chart diagram. It is obvious that the z-error is always
higher than the x- and y-errors, because the z-coordinate is much more sensitive to small
changes in the binocular gaze positions than are the x- and y-coordinates. Table 3 shows the
measurement errors for the individual planes.

Obviously, the changes in the measurement error from plane to plane in the z-coordinate
are considerably greater than those for the x- and y-coordinates. It can also clearly be seen
that the measurement errors decrease from the back to the front plane. This suggests that the
neural network compensates the errors in the back plane better than the geometrical method.
Figure 9 summarizes the results for the geometrical method in a bar-chart diagram, while
figure 10 shows the corresponding results for the neural network.

Table 2.  Average total error for individual coordinates.

Both methods Geometrical method Neural net
Coordinate Average total error (cm) Average total error (cm) Average total error (cm)
X 0.97 141 £0.04 0.52 = 0.05
Y 1.03 1.24 £ 0.05 0.82 = 0.05

z 4.16 5.79 = 0.36 2.53 £0.11
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Figure 8. The measurement errors for the gaze-point calculation relating to the x-, y- and z-coordinates. Error bars
show standard error.

5. Conclusions

The results confirm that a subject’s gaze position can be calculated considerably more
accurately with the neural network than with a geometrical approach. One of the critical
improvements attained by the neural net is the superior error compensation for both the z-
coordinate and the back plane. Hence, the proposed integration of the neural net with an eye
tracking environment is an effective, fast and economical method to accurately compute an
individual’s gaze position from the 2D binocular coordinates. Furthermore, the new neural
network calibration overcomes the limitations of purely geometrical solutions by adapting to
each user’s gaze characteristics and compensating for camera-related image distortions.
The ability to precisely calculate 3D gaze position has many positive ramifications for
human-machine interfaces. With an accurately calculated 3D gaze position, the system can
more precisely react to user inputs, which makes visually mediated navigation more

Table 3. Measurement error for individual coordinates and planes.

Plane Coordinate Geometrical method (cm) Neural net (cm)
0 X 1.63 = 0.09 0.79 = 0.14
y 1.37 £ 0.11 0.95 £ 0.11
z 7.89 = 0.85 3.17 £ 0.24
1 X 1.52 = 0.08 0.49 = 0.08
y 1.34 £ 0.10 0.83 + 0.06
z 6.84 £ 0.67 2.76 = 0.20
2 X 1.34 = 0.07 0.45 = 0.07
y 1.19 = 0.11 0.81 £ 0.11
z 497 = 0.46 2.28 £0.16
3 X 1.15 £ 0.06 0.36 = 0.05
y 1.05 + 0.09 0.71 £ 0.12

zZ 3.44 = 0.38 1.92 £ 0.15
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Figure 9. The measurement errors in the gaze-point calculation using the geometrical method. The values on the x-
axis indicate how far before (positive values) or behind (negative values) the corresponding depth plane is located
relative to the screen plane. Error bars show standard error.
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Figure 10. The measurement errors of the gaze point calculation using the neural network. The values on the x-axis
indicate how far before (positive values) or behind (negative values) the corresponding depth plane is located relative
to the screen plane. Error bars show standard error.

powerful than in existing systems. Individuals could navigate through a variety of VR-
scenarios, such as a virtual museum, and gaze at the desired points or directions of interest.
One area to which this neural network method can be successfully applied is assistive
technology. Physically challenged users could be able to not only steer their way through
virtual environments but also through real environments. By simply moving their eyes, they
could adeptly control a computer or other machines. In a typical construction scenario, a
subject points to individual parts that a robot manipulator should sequentially grasp and
assemble. With the average accuracy of 2.78 cm provided by the neural net method, it would
be possible to determine at which object the subject is looking and to translate that gaze
position into an instruction to the robot manipulator to maneuver towards that object.
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With the described techniques, it is possible to generate more complex experiments to
investigate the capabilities of the visual system by measuring eye movements in a more
naturalistic setting. For example, given the spatial accuracy of the new approach, 3D visual
search experiments could be conducted in which the subject’s sequence of attended search
items could be analysed. The results obtained from these environments can yield deeper
insight into the mechanisms underlying natural 3D vision. The combination of eye tracking
with arising technologies opens up a wide range of possibilities not only for the scientific
investigation of 3D vision but also for the development of assistive tools for the physically
challenged.
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