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(54) Eye/gaze tracker and method of tracking the position of an eye and/or a gaze point of a subject

(57) An eye/gaze tracker is associated with first and second light sources (121, 122; 125) each of which is configured
to illuminate an eye (E) of a subject and controlled to selectively emit light (L1, L2; λ1, λ2) towards the eye (E) in such
a manner that within an operation sequence (t0-t6) the eye (E) is illuminated by the first light source (121 ; 125-λ1) during
at least one first interval (P1, P3; P5) and by the second light source (122; 125-λ2) during at least one second interval
(P2, P4; P6). An image sensor has a plurality of photodiodes (PD) each of which is associated with first and second
charge storages (A1, A2) configured to store electric charges based on an amount of light reaching the photodiode (PD).
At least one switch (S1 , S2) of the image sensor is controlled such that the electric charges are stored in the first charge
storage (A1) as a result of the illumination during the at least one first interval (P1, P3; P5) and in the second charge
storage (A2) as a result of the illumination during the at least one second interval (P2, P4; P6).
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Description

THE BACKGROUND OF THE INVENTION AND PRIOR 
ART

[0001] The present invention relates generally to reli-
able tracking of a subject’s eyes and/or gaze point. More
particularly the invention relates to an eye/gaze tracker
according to the preamble of claim 1, a portable comput-
ing device according to the preamble of claim 12, a motor
vehicle according to the preamble of claim 13 and a meth-
od according to the preamble of claim 14. The invention
also relates to a computer program product according to
claim 21 and a computer readable medium according to
claim 22.
[0002] High-performance eye tracking systems often
use active illumination of a subject’s eyes. This typically
means that one or more light sources emit near-infrared
light and one or more cameras capture images of the
illumunated eyes. In the captured images, various fea-
tures are extracted, such as the specular reflections of
the illumination light source on the cornea (so-called
glints) and/or the position of the pupil relative to the po-
sition of the eye.
[0003] There are two principal illumination strategies,
which differ in how the pupil appears in the captured im-
ages. If the light source is located close to the camera,
in the resulting image the pupil will typically be represent-
ed by image elements associated with a relatively bright
signal level compared to the surrounding iris. If, instead,
the light source is located further away from the camera,
the pupil will normally appear comparatively dark in the
captured images. This is referred to as bright pupil (BP)
imaging and dark pupil (DP) imaging respectively.
[0004] For some people, the contrast between iris and
pupil, and hence the stability of the eye tracking algo-
rithms, may be optimal in BP mode and for other people,
that lack a distinct bright-pupil effect, DP images will have
the best contrast. Since an automatic eye/gaze tracker
cannot know beforehand whether a particular subject be-
longs to the former or latter category, it is an advantage
if the system is capable of capturing both BD and DP
images. This, in turn, however, requires either two cam-
eras or the capture of two images which are separated
in time. The former alternative is assiciated with costs
and technical complexity, whereas the latter suffers from
motion-related errors.
[0005] Further, in some implementations, it may be ad-
vantageous to use more than one light source being
physically separated from one another to obtain two or
more glint signals on the image of the eye. Namely, this,
in combination with the known geometry of how the cam-
era and light sources are arranged in the eye/ gaze track-
er components, can be used to calculate both the radius
of the cornea and the distance to the eye. However, si-
multaneous illumination from two or more light sources
is problematic because it may result in a hybrid DP/BP
effect in the registered images. This causes a poor pu-

pil/iris contrast. Moreover, if the glints are located too
close to one another with respect to the available reso-
lution (due to limited optical performance, the size of the
pixels or a combination thereof), the glints will blend into
each other. This causes inaccuracy when determining
the center-of-glint-positions. Additionally, such inter-
mixed glints may obscure the pupil edge, which must be
visible for accurate eye tracking algorithms.
[0006] US 6,959,102 describes a method for increas-
ing the signal-to-noise ratio in infrared-based eye gaze
trackers used in the presence of ambient light, such as
sunlight. Here, an infrared illuminator is modulated in syn-
chronicity with a camera, such that for example, a first
frame contains both the iluminator signal and the ambient
radiation information, and a second frame contains only
the ambient radiation information. Thus, given that the
variation in the ambient radiation is slow, it is possible to
subtract the ambient radiation information from the image
data of the first frame, and thereby the eye/gaze tracking
can be improved.
[0007] EP 2 519 001 discloses another solution for de-
terming the ambient radiation contribution to a scene.
Here, a stream of light pulses periodically illuminates the
scene. Light reflected from the scene is registered in such
a manner that during a light pulse electric charges orig-
inating from the incoming light are stored in a first storage
element of a pixel in an image sensor; and between the
light pulses, electric charges originating from the incom-
ing light are stored in a second storage element of the
same pixel.

PROBLEMS ASSOCIATED WITH THE PRIOR ART

[0008] Consequently, there are solutions for reducing
the influence from ambient light, e.g. the sun, which may
generate patterns and/or reflections disturbing the eye
tracking algorithms and deteriorating the eye tracker per-
formance. However, as discussed above, several addi-
tional problems must also be addressed to improve the
tracking robustness of the eye/gaze tracker.

SUMMARY OF THE INVENTION

[0009] The object of the present invention is to mitigate
the above problems, and thus offer a robust eye/gaze
tracking solution for a wide range of subjects irrespective
of their ethnicity and the environment in which the
eye/gaze tracker is used.
[0010] According to one aspect of the invention, the
object is achieved by the initially described eye/gaze
tracker, wherein the image registering means includes
an image sensor with a plurality of photodiodes. Each
photodiode is here associated with first and second
charge storages configured to store electric charges
based on an amount of light reaching the photodiode.
One or more switches are controllable to cause the elec-
tric charges to be stored in the first charge storage or the
second charge storage. The control unit is configured to
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control the light sources to selectively emit light towards
the eye in such a manner that, within an operation se-
quence, the eye is illuminated by the first light source
during at least one first interval and by the second light
source during at least one second interval. Alternatively,
the image sensor may be configured to control the light
sources in this manner. I.e. the control unit may be par-
tially integrated across the image sensor and external,
or integrated directly with the image sensor. In any case,
the control unit is further configured to control the
switch(es) such that the electric charges are stored in
the first charge storage as a result of the illumination dur-
ing the at least one first interval and in the second charge
storage as a result of the illumination during the at least
one second interval. The eye/gaze tracker also includes
a data processor that is configured to process image data
recorded by the image registering means. The image da-
ta have been registered when the eye is illuminated by
light from one of the light sources. Based on the image
data, the data processor is configured to generate an
output signal describing a position of the eye and/or a
gaze point for the eye.
[0011] This eye/gaze tracker is advantageous be-
cause it provides simultaneous illumination from more
than one light source without risking any undesired ef-
fects resulting from the interference between the light
from the different light sources. Thus, high-quality
eye/gaze tracking is enabled.
[0012] According to one preferred embodiment of this
aspect of the invention, the data processor is configured
to process image data that have been registered when
the eye is illuminated by light from two (or all) of the light
sources, and based thereon generate the output signal
Hence, a high-quality output signal is obtained, which
may be used for a wide range purposes, e.g. to control
a computer.
[0013] According to another preferred embodiment of
this aspect of the invention the data processor is config-
ured to derive an image quality metric describing a quality
level of the image data recorded in a given interval of the
at least one first or second interval. Here, the control unit
is configured to produce the output signal exclusively
based on image data having an image quality metric ex-
ceeding a predetermined quality threshold. Thereby, the
output signal can be kept free from the influence of poor-
quality eye-tracking data.
[0014] According to yet another preferred embodiment
of this aspect of the invention the eye/gaze tracker con-
tains a third light source in addition to the first and second
light sources. The third light source is likewise configured
to illuminate the eye of the subject. The control unit is
configured to control the light sources to selectively emit
light towards the eye in such a manner that within an
operation sequence the eye is illuminated by the first light
source during the at least one first interval, and by one
of the second and third light sources during at least one
second interval. The control unit is also configured to
control the switch(es) such that the electric charges are

stored in the first charge storage as a result of the illumi-
nation during the at least one first interval and in the sec-
ond charge storage as a result of the illumination during
the at least one second interval. In other words, a subset
of the light sources is used to generate the image data.
Preferably, the subset is selected so that one or more
quality-related parameters are optimized. For example,
the active subset of the light sources may be selected
based on an image quality metric, such that only light
from the light sources being associated with a highest
image quality is used at each occasion. In fact, according
to the invention, this principle may be extended to a gen-
eral case, such that whenever the number of light sources
exceeds the number of charge storages associated with
each photodiode of the image sensor, a subset of light
sources is selected, which subset contains a number of
light sources equal to the number of charge storages
associated with each photodiode.
[0015] According to still another preferred embodiment
of this aspect of the invention the control unit is configured
to illuminate the eye and register the image data accord-
ing to a periodic scheme. This scheme defines a respec-
tive sequence of illumination intervals when each of the
light sources shall be active and passive respectively.
Thus, an operation routine for the image registering
means is synchronized to the sequence of illumination
intervals, such that a first portion of the image data re-
corded when the eye is illuminated by the first light source
is separated from a second portion of the image data
recorded when the eye is illuminated by the second light
source. Preferably, referring to the general case above,
the periodic scheme defines a sequence of illumination
intervals including as many different categories of inter-
vals as there are charge storages associated with each
photodiode. This means that a subject’s eye can be es-
sentially simultaneously illuminated by light from a large
number of light sources without risking that the different
light sources interfere with one another in a counter pro-
ductive manner.
[0016] According to a further preferred embodiment of
this aspect of the invention the periodic scheme specifi-
cally defines a first sequence of illumination intervals dur-
ing which the first light source shall be active, and a sec-
ond sequence of illumination intervals during which the
second light source shall be active. The first sequence
of intervals is here temporally interleaved with the second
sequence of intervals. Moreover, the control unit is con-
figured to read out the image data after that at least one
of the light sources has been activated at least two times.
In other words, a first image is generated based on light
from one light source which is collected during periods
in between which light is emitted, which serves as a basis
for a second image. Thereby, the first and second images
can be regarded as representing the same time instance.
[0017] Preferably, the operation sequence corre-
sponds to the exposure time for one standard frame of
a moving-image sequence recorded by the image regis-
tering means. This means that, if two light sources are

3 4 



EP 2 778 846 A2

5

5

10

15

20

25

30

35

40

45

50

55

used, two essentially simultaneously registered images
are produced, which each is exposed during half the du-
ration of one standard frame.
[0018] According to yet a further preferred embodi-
ment of this aspect of the invention, the light sources are
arranged at a distance to the image registering means
and a stipulated operating distance between the
eye/gaze tracker and the eye, such that the light emitted
from each of the light sources is expected to cause a
dark-pupil effect in the image data representing the eye.
Hence, efficient DP-based eye/gaze tracking is enabled
also in situations where a conventional DP-tracker would
fail for example due to unfortunate reflections in a sub-
ject’s spectacles.
[0019] According to another preferred embodiment of
this aspect of the invention a first light source is arranged
at a distance to the image registering means and a stip-
ulated operating distance between the eye/gaze tracker
and the eye, such that the light emitted from the first light
source is expected to cause a bright-pupil effect in the
image data representing the eye; and a second light
source of the light sources is arranged at a distance to
the image registering means and a stipulated operating
distance between the eye/gaze tracker and the eye, such
that the light emitted from the second light source is ex-
pected to cause a dark-pupil effect in the image data
representing the eye. This arrangement is advantageous
because it facilitates automatic selection between BP or
DP operation depending on which is more efficient for
the subject in question.
[0020] According to still another preferred embodiment
of this aspect of the invention a first light source of the
light sources is configured to emit light at a first center
wavelength, and a second light source of the at least two
light sources is configured to emit light at a second center
wavelength which is separated from the first center wave-
length by at least 60 nm. Thus, the first and second light
sources may for example emit light at around 850 nm
and 940 nm respectively, where due to absorption differ-
ences in the water molecule, the former wavelength is
prone to cause a BP-effect, whereas the latter more prob-
ably causes a DP-effect.
[0021] Preferably, the first and second light sources
are implemented in a common illuminator unit, which is
tunable in response to a wavelength control signal so as
to generate both the light at the first center wavelength
and the light at the second center wavelength. The control
unit is further arranged to generate the wavelength con-
trol signal and provide the common illuminator with this
signal, such that the common illuminator unit is caused
to generate light at the first center wavelength during the
at least one first interval and generate light at the second
center wavelength during the at least one second inter-
val. Consequently, a highly compact and uncomplicated
design is attained.
[0022] According to other aspects of the invention, the
object is achieved by the portable computing device and
the motor vehicle respectively described initially each into

which the proposed eye/ gaze tracker is integrated.
These entities are associated with the same advantages
as discussed above referring to the proposed eye/gaze
tracker.
[0023] According to another aspect of the invention,
the object is achieved by the method described initially,
wherein the image registering means is presumed to
have an image sensor with a plurality of photodiodes
each of which is associated with first and second charge
storages configured to store electric charges based on
an amount of light reaching the photodiode. Further, at
least one switch is controllable to cause the electric
charges to be stored in the first charge storage or the
second charge storage. The method involves controlling
the light sources to selectively emit light towards the eye
in such a manner that, within an operation sequence, the
eye is illuminated by the first light source during at least
one first interval and by the second light source during
at least one second interval. The method also involves
controlling the at least one switch, such that the electric
charges are stored in the first charge storage as a result
of the illumination during the at least one first interval and
in the second charge storage as a result of the illumina-
tion during the at least one second interval. The image
data recorded by the image registering means when the
eye was illuminated by light from one of the light sources
are processed. Based thereon, an output signal is gen-
erated, which describes a position of the eye and/or a
gaze point for the eye. The advantages of this method,
as well as the preferred embodiments thereof, are ap-
parent from the discussion above with reference to the
proposed eye/gaze tracker.
[0024] According to a further aspect of the invention
the object is achieved by a computer program product,
which is loadable into the memory of a computer, and
includes software adapted to implement the method pro-
posed above when said computer program product is run
on a computer.
[0025] According to another aspect of the invention the
object is achieved by a computer readable medium, hav-
ing a program recorded thereon, where the program is
to control a computer to perform the method proposed
above when the program is loaded into the computer.
[0026] Further advantages, beneficial features and ap-
plications of the present invention will be apparent from
the following description and the dependent claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] The invention is now to be explained more
closely by means of preferred embodiments, which are
disclosed as examples, and with reference to the at-
tached drawings.

Figure 1 shows an eye/gaze tracker according to
a first embodiment of the invention;

Figures 2a-d exemplify the illumination and image
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registering sequences according to one
embodiment of the invention;

Figure 3 shows a schematic view of a light sen-
sitive element according to one embod-
iment of the invention;

Figures 4a-b illustrate the BP- and DP-effect for a
subject without and with glasses respec-
tively;

Figures 5a-c illustrate how the pupil edge of an eye
may be reconstructed based on dual im-
aging according one embodiment of the
invention;

Figure 6 shows an eye/gaze tracker according to
a second embodiment of the invention;

Figure 7 illustrates how the eye of a subject may
be illuminated by multiple light sources
according to one embodiment of the in-
vention;

Figure 8 illustrates, by means of a flow diagram,
the general method according to the in-
vention; and

Figure 9 shows flow diagram illustrating an em-
bodiment of the method according the
invention.

DESCRIPTION OF PREFERRED EMBODIMENTS OF 
THE INVENTION

[0028] Figure 1 shows an eye/gaze tracker according
to a first embodiment of the invention. The eye/gaze
tracker includes first and second light sources 121 and
122 respectively, an image registering means 120 and a
control unit 130.
[0029] Each of the first and second light sources 121
and 122 is configured to illuminate an eye E of a subject.
The image registering means 120 is configured to record
image data D-Img representing the eye E. The control
unit 130 is configured to control the light sources 121 and
122 as well as the image registering means 120. The
image registering means 120 contains an image sensor
with a plurality of light sensitive elements, or pixels, which
each is associated with a photodiode PD, and that are
preferably arranged in a matrix, i.e. as a first number of
columns and a second number of rows. For example, in
a 5 megapixel sensor (having in total 5 090 816 light
sensitive elements), the first number of columns may be
2 608 and the second number of rows may be 1 952. The
image sensor may for example be implemented in CMOS
or CCD technology (CMOS = complementary metal-ox-
ide-semiconductor; CCD = charge-couple device).
[0030] Figure 3 shows a schematic view of a light sen-

sitive element according to one embodiment of the in-
vention. The light sensitive element includes the photo-
diode PD, which allows electric charge to be accumulated
in response to incoming light L1 or L2. Each photodiode
PD, in turn, is associated with first and second charge
storages A1 and A2 respectively, which are configured
to store electric charge transferred from the photodiode
PD.
[0031] Switches S1 and S2 respectively are controlla-
ble to cause the electric charge that has been temporarily
stored on the photodiode PD to be transferred either to
the first charge storage A1 or the second charge storage
A2. Thus, only one of the switches S1 and S2 is closed
at each point in time. Naturally, such a selective storage
of charges in either one of the first and second charge
storages A1 and A2 may alternatively be accomplished
via a single two-stage switch instead of the switches S1
and S2 illustrated in Figure 3.
[0032] In any case, via a first control signal Ctrl-L1/L2,
the control unit 130 is configured to control the light sourc-
es 121 and 122 to selectively emit light L1 and L2 towards
the eye E. Specifically, according to the invention, light
L1 and L2 is emitted in such a manner that within an
operation sequence, the eye E is illuminated by light L1
from the first light source 121 during at least one first
interval and by light L2 from the second light source 122
during at least one second interval. Furthermore, via a
second control signal Ctrl-S1/S2, the control unit 130 is
configured to control the switches S1 and S2 such that
electric charge from the photodiode PD is transferred to
the first charge storage A1 during the at least one first
interval, and to the second charge storage A2 during the
at least one second interval.
[0033] Figure 2a shows a first graph exemplifying how
the first light source L1 is activated within an operation
sequence from t = t0 to t = t6. Specifically, the first light
source L1 is here active during a first set of intervals P1,
P3 and P5 extending from t0 to t1, from t2 to t3 and from
t4 to t5 respectively.
[0034] Figure 2b shows a second graph exemplifying
how the second light source L2 is activated within the
operation sequence t = t0 to t = t6. Specifically, the second
light source L2 is active during a second set of intervals
P2, P4 and P6 extending from t1 to t2, from t3 to t4 and
from t5 to t6 respectively.
[0035] Thus, as can be seen, the first and second sets
of intervals P1, P3, P5 and P2, P4, P6 are non-overlap-
ping. According to the invention, temporally overlapping
illumination intervals are also conceivable. However, to
simplify the image data processing, it is preferable if the
image registering means 120 is configured to exclusively
record the image data D-Img when only one of the light
sources L1 or L2 is active.
[0036] Figure 2c shows a graph illustrating how electric
charge is accumulated in the first charge storage A1 as
a function of time t, and analogously, Figure 2d shows a
graph illustrating the accumulation of electric charge in
the second charge storage A2 as a function of time t. In
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the first charge storage A1, charges are stored whenever
the first light source L1 is active, i.e. in connection with
the first interval P1 from t0 to t1, the third interval P3 from
t2 to t3 and in connection with the fifth interval from t4 to
t5. Thus, at t = t5, the electric charge in the first charge
storage A1 reaches a final value of CL1. Analogously,
charges are stored in the second charge storage A2
whenever the second light source L2 is active, i.e. in con-
nection with the second interval P2 from t1 to t2, the fourth
interval P4 from t3 to t4 and in connection with the sixth
interval from t5 to t6, so that at t = t6, the electric charge
in the second charge storage A2 reaches a final value of
CL2. Given uniform ambient light conditions and that all
the intervals P1, P2, P3, P4, P5 and P6 have an equal
extension in time, CL1 will be equal to CL2; assuming
that the image was captured in an integrating sphere or
imaging some other form of uniform reflector.
[0037] Figures 2c and 2d thus illustrate that charge is
accumulated at the charge storages A1 and A2 respec-
tively. This means that the switches S1 and S2 are open
during the whole respective intervals. An alternative is to
have the switches S1 and S2 opened only for a short
period at the end of each respective interval. This em-
bodiment of the invention is described below referring to
Figure 9.
[0038] The extension in time for the operation se-
quence t0 to t6 preferably corresponds to a standard ex-
posure time for one frame of a moving-image sequence
recorded by the image registering means 120.
[0039] Preferably, the control unit 130 is configured to
cause the eye E to be illuminated and corresponding the
image data D-Img to be registered according to a periodic
scheme, which defines a respective sequence of illumi-
nation intervals P1, P3, P5 and P2, P4, P6 when each
of the light sources 121 and 122 respectively shall be
active or passive. An operation routine for the image reg-
istering means 120 is synchronized to the sequences of
illumination intervals P1, P3, P5 and P2, P4, P6, such
that a first portion of the image data D-Img recorded when
the eye E is illuminated by the first light source 121 is
separated from a second portion of the image data D-
Img recorded when the eye E is illuminated by the second
light source 122.
[0040] The periodic scheme may define a first se-
quence of illumination intervals P1, P3 and P5 during
which the first light source 121 shall be active, and a
second sequence of illumination intervals P2, P4 and P6
during which the second light source 122 shall be active.
The first sequence of intervals P1, P3 and P5 is here
temporally interleaved with the second sequence of in-
tervals P2, P4 and P6. The control unit 130 is configured
to read out the image data D-Img only after that at least
one of the light sources 121 and 122 has been activated
at least two times. Otherwise, there is no temporal inter-
leaving.
[0041] Returning now to Figure 1, according to one em-
bodiment of the invention, the eye/gaze tracker includes
a data processor 135. This unit is configured to process

image data D-Img recorded by the image registering
means 120, which image data D-Img have been regis-
tered when the eye E is illuminated by light from one of
the light sources 121 and 122. Based thereon, the data
processor 135 is configured to generate an output signal
D-Eye describing a position of the eye E and/or a gaze
point GP for the eye E, for instance on an active area
110A of the display unit 110 into which the eye/gaze is
integrated.
[0042] Preferably, the data processor 135 is also con-
figured to derive an image quality metric describing a
quality level of the image data D-Img recorded in a given
interval P1, P2, P3, P4, P5 or P6 respectively. The control
unit is further configured to produce the output signal D-
Eye (e.g. representing eye/gaze data) exclusively based
on image data D-Img having an image quality metric ex-
ceeding a predetermined quality threshold. Thus, it can
be avoided that eye/gaze data D-Eye is calculated based
on poor/ unreliable image data D-Img.
[0043] Figure 4a illustrates a design of the eye/gaze
tracker, where the first light source 121 is arranged at a
distance to the image registering means 120 and a stip-
ulated operating distance between the eye/gaze tracker
and the eye E, such that the light L1 emitted from the first
light source 121 is expected to cause a bright-pupil effect
in the image data D-Img representing the eye E. In prac-
tice, this is equivalent to locating the first light source 121
as close as possible to the image registering means 120.
[0044] The second light source 122 is here arranged
at a distance to the image registering means 120 and a
stipulated operating distance between the eye/gaze
tracker and the eye E, say 45 cm to 100 cm, such that
the light L2 emitted from the second light source 122 is
expected to cause a dark-pupil effect in the image data
D-Img representing the eye E. This typically means that
the distance between the image registering means 120
and the second light source 122 is around 3 cm to 60 cm.
[0045] Depending on which set of the image data D-
Img that provides a strongest contrast between the pupil
and the cornea, the eye/ gaze data D-Eye may be based
on the image data recorded when the eye E is illuminated
by the first or second light source 121 or 122. Of course,
if both sets provide sufficient contrast, no image data D-
Img need to be discarded.
[0046] Figure 4b illustrates the same eye/gaze-tracker
design as Figure 4a. Here, however, the subject wears
glasses 210. This causes additional reflections in the im-
age data D-Img. Assuming that these reflections only
overlap with the pupil edge in the images of the eye E
due to the light L2 from the second light source 122, it is
generally preferable to calculate the eye/gaze data D-
Eye based exclusively on the image data D-Img recorded
when the eye E is illuminated by the first light source 121.
Namely, to attain high accuracy, the eye tracking algo-
rithms normally require that the pupil edge is visible.
Hence, other factors than the pupil-cornea contrast may
determine which light source 121 or 122 is preferable.
[0047] Nevertheless, as mentioned above, according
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to the invention, it is not necessary to select one set of
the image data D-Img registered when one of the light
sources 121 or 122 is active (or a subset of the image
data D-Img registered when a subset of the light sources
is active). Instead, under certain circumstances, it is pref-
erable if the the eye/gaze data D-Eye are calculated
based on all the registered image data D-Img.
[0048] For example, referring to Figure 5a, in a first
image registered when a first light source 121 is active,
a first part of the pupil edge of a subject’s eye may be
obscured by a first glint G1. In a second image (see Figure
5b) registered when a second light source 122 is active,
a second part of the pupil edge may be obscured by a
second glint G2. This is simply the result of that the po-
sition of the glint changes when a different light source
is active. Since both images are captured by the image
registering means 120 with the same pixel geometry and
also essentially simultaneously (or in a temporally inter-
leaved manner as described above), the images have a
perfect geometric matching. Consequently, the pupil
edge points in the first image can be directly combined
with the pupil edge points calculated from the second
image. This is illustrated in Figure 5c. To finally calculate
pupil ellipse parameters, pupil points from both the first
and second images may therefore be used. In fact, a
substantial benefit of doing so is that a larger portion of
the pupil edge will thereby have correctly calculated data
points. As a result, an ellipse fitting of the eye-tracking
algorithm will be improved significantly.
[0049] Additionally, non-uniform lighting may cause
shading across the pupil, which may introduce small er-
rors in the pupil calculations. Using two or more illumi-
nation sources as described above may reduce this un-
desired effect substantially.
[0050] Furthermore, when comparing said two images,
it is also straightforward to identify any reflections caused
by ambient light sources. Namely, such reflections are
present at the same locations in both images. A more
robust eye tracker may thus be attained by identifying
and removing disturbances from ambient light sources.
[0051] According to one embodiment of the invention,
two or more of the light sources are arranged at such
respective distances to the image registering means 120
and a stipulated operating distance between the
eye/gaze tracker and the eye E, such that the light L1
and L2 respectively emitted from each of the light sources
is expected to cause a dark-pupil effect in the image data
D-Img representing the eye E. For example, any unde-
sired reflections may thereby be avoided without having
disregard image data which otherwise is of good quality,
e.g. with respect to pupil-cornea contrast.
[0052] Figure 7 illustrates how the eye E of a subject
is illuminated by a first light source 121 arranged close
to the image registering means 120 and by second and
third light sources 122 and 123 respectively, which are
arranged at such respective distances to the image reg-
istering means 120 and a stipulated operating distance
between the eye/gaze tracker and the eye E, such that

the light L2 and L3 respectively emitted from each of the
light sources 122 and 123 is expected to cause a dark-
pupil effect in the image data D-Img representing the eye
E.
[0053] In this case, the control unit 130 is configured
to control the light sources 121, 122 and 123 to selectively
emit light L1, L2 and L3 respectively towards the eye E
in such a manner that within an operation sequence, the
eye E is illuminated by the first light source 121 during
the at least one first interval, and by one of the second
and third light sources 122 or 123 during at least one
second interval. Preferably, the selection between the
second and third light sources 122 and 123 is based on
an image-quality related parameter, such as whether or
not a particular light source is associated with quality de-
teriorating reflections and/or poor contrast. Naturally, the
control unit 130 need not select between the second and
third light sources 122 and 123, however it may equally
well select between any other pair of light sources.
[0054] In any case, the control unit 130 is configured
to control the switches S1 and S2 such that the electric
charges are stored in the first charge storage A1 in con-
nection with the at least one first interval and in the second
charge storage A2 in connection with the at least one
second interval.
[0055] The invention may be extended to a general
case with any number of light sources larger than or equal
to two, and any number larger than or equal to two of
charge storages associated with each photodiode PD of
the image sensor. If the number of light sources exceeds
the number of charge storages associated with each pho-
todiode, the control unit 130 is configured to select a sub-
set of light sources, which subset contains a number of
light sources equal to the number of charge storages
associated with each photodiode PD.
[0056] Figure 6 shows an eye/gaze tracker according
to a second embodiment of the invention, wherein a com-
mon illuminator unit 125 implements both a first light
source and a second light source. The first implemented
light source is configured to emit light L1 at a first center
wavelength λ1 and the second implemented light source
is configured to emit light L2 at a second center wave-
length λ2 which is separated from the first center wave-
length λ1 by at least 60 nm. Thus, the first light source
may emit light at around 850 nm and the second light
source may emit light at around 940 nm.
[0057] The common illuminator unit 125 is tunable, so
that, in response to a wavelength control signal Ctrl-
λ1/λ2, it generates either the light L1 at the first center
wavelength λ1 or the light L2 at the second center wave-
length λ2. Furthermore, the control unit 130 is arranged
to generate the wavelength control signal Ctrl-λ1/λ2,
such that the common illuminator unit 125 is caused to
generate light L1 at the first center wavelength λ1 during
at least one first interval, say P1, P3 and P5; and generate
light L2 at the second center wavelength λ2) during at
least one second interval, say P2, P4 and P6.
[0058] As an alternative to a truly common unit, the
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common illuminator 125 may be implemented as two
physically separate illuminators configured to emit light
at different wavelengths, which are placed closely togeth-
er. By "closely together" is here understood, so close to
one another that the illuminators’ centers of illumination
as seen from the eye E is less than two degrees apart in
gaze angle.
[0059] Preferably, the data processing device 130 con-
tains, or is in communicative connection with a memory
unit 140 storing a computer program product PP, which
contains software for controlling the data processing unit
130 to perform the above-described actions when the
computer program product PP is run on the data process-
ing device 130.
[0060] The proposed eye/gaze tracker may be incor-
porated in a wide range of entities, and thus enhance the
user-friendliness and reliability thereof. For example, the
eye/gaze tracker may be included in battery operated
equipment in the form of a portable computing device,
such as a laptop PC, a tablet computer, an ultra-book or
a smart phone. However, the eye/gaze tracker may
equally well be integrated into a motor vehicle, such as
a car, motorcycle or truck for example to detect driver
drowsiness and/ or to control various functions in the ve-
hicle.
[0061] To sum up, we will now describe the proposed
operation sequence of the eye/gaze tracker according to
the invention with reference to the flow diagram in Figure
8.
[0062] In a first step 810, a first light source illuminates
at least one eye of a subject. In parallel, a step 820
records image data representing the at least one eye.
Specifically, electric charges are stored in a first charge
storage in response to an amount of light received when
the first light source is active. Subsequently, i.e. after
completing a first illumination interval, in a step 830, a
second illumination interval is initiated, wherein a second
light source illuminates the at least one eye. In parallel,
a step 840 records image data representing the at least
one eye by storing electric charges in a second charge
storage in response to an amount of light received when
the second light source is active. After that, a step 850
checks whether the image recording is completed. Pref-
erably, the image recording involves at least two itera-
tions for at least one of the illuminator/charge-storage
pairs. Thus, after a first run-through of steps 810 to 840,
it is desirable if the procedure loops back from step 850
to steps 810 and 820 for continued recording of image
data.
[0063] Nevertheless, after completing an operation se-
quence involving a set of first and second intervals during
which the first and second light sources are active re-
spectively, a step 860 follows after step 850. In step 860,
the recorded image data are read out for further process-
ing in order to derive eye/gaze data there from. The image
data, as such, may be represented by two separate im-
ages captured with the light L1 and L2 from the first and
second light sources 121 and 122 respectively. Alterna-

tively, the image data may be represented by a difference
image between said separate images.
[0064] Figure 9 contains another flow diagram, which
illustrates the method according to one embodiment of
the invention with further reference to Figures 1, 2a - 2d
and 3.
[0065] In a first step 905, the first charge storage A1,
the second charge storage A2 and the photodiode PD
are all reset. Then, in a step 910, analogous to the above,
the first light source 121 illuminates the eye E with light
L1 during a first interval P1. In a parallel step 915, electric
charges are accumulated on the photodiode PD of each
image element in the image sensor in response to the
amount of light that reaches that image element.
[0066] Upon expiry of the first interval P1, i.e. at t = t1,
the charge accumulated on the photodiode PD is trans-
ferred to the first charge storage A1 in a step 920. There-
after, the photodiode PD is reset.
[0067] Then, as of t = t1, follows a step 925 in which
the second light source 122 illuminates the eye E with
light L2 during a second interval P2. In parallel, a step
930 accumulates electric charges on the photodiode PD
of each image element in the image sensor in response
to the amount of light that reaches that image element.
[0068] Upon expiry of the second interval P2, i.e. at t
= t2, the charge accumulated on the photodiode PD is
transferred to the second charge storage A2 in a step
935. Thereafter, the photodiode PD is reset.
[0069] Subsequently, a step 940 checks whether the
operation sequence includes any additional first or sec-
ond intervals. If so, the procedure loops back to steps
910 and 915. Otherwise, a step 845 follows in which first
and second image frames are read out as separate sets
of image data D-Img from the first and second charge
storages A1 and A2 respectively, or as mentioned above
with reference to step 860, as a difference image.
[0070] Based on the image data D-Img, a step 950
calculates eye and/or gaze data D-Eye. After step 945,
the procedure also loops back to step 905 in order to
register another frame of image data D-Img, and thus run
through another first and second set of intervals wherein
the eye E is illuminated by the first and second light sourc-
es 121 and 122.
[0071] It should be noted that the reset of the photodi-
ode may be effected in other steps of the proposed pro-
cedure than in the above-described steps 920 and 935.
[0072] All of the process steps, as well as any sub-
sequence of steps, described with reference to Figures
8 and 9 above may be controlled by means of a pro-
grammed computer apparatus. Moreover, although the
embodiments of the invention described above with ref-
erence to the drawings comprise a computer apparatus
and processes performed in a computer apparatus, the
invention thus also extends to computer programs, par-
ticularly computer programs on or in a carrier, adapted
for putting the invention into practice. The program may
be in the form of source code, object code, a code inter-
mediate source and object code such as in partially com-
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piled form, or in any other form suitable for use in the
implementation of the process according to the invention.
The program may either be a part of an operating system,
or be a separate application. The carrier may be any en-
tity or device capable of carrying the program. For exam-
ple, the carrier may comprise a storage medium, such
as a Flash memory, a ROM (Read Only Memory), for
example a DVD (Digital Video/ Versatile Disk), a CD
(Compact Disc) or a semiconductor ROM, an EP-ROM
(Erasable Programmable Read-Only Memory), an EEP-
ROM (Electrically Erasable Programmable Read-Only
Memory), or a magnetic recording medium, for example
a floppy disc or hard disc. Further, the carrier may be a
transmissible carrier such as an electrical or optical signal
which may be conveyed via electrical or optical cable or
by radio or by other means. When the program is em-
bodied in a signal which may be conveyed directly by a
cable or other device or means, the carrier may be con-
stituted by such cable or device or means. Alternatively,
the carrier may be an integrated circuit in which the pro-
gram is embedded, the integrated circuit being adapted
for performing, or for use in the performance of, the rel-
evant processes.
[0073] The term "comprises/comprising" when used in
this specification is taken to specify the presence of stat-
ed features, integers, steps or components. However,
the term does not preclude the presence or addition of
one or more additional features, integers, steps or com-
ponents or groups thereof.
[0074] The invention is not restricted to the described
embodiments in the figures, but may be varied freely with-
in the scope of the claims.

Claims

1. An eye/gaze tracker, comprising:

first and second light sources (121, 122; 125),
each configured to illuminate an eye (E) of a
subject;
an image registering means (120) configured to
record image data (D-Img) representing the eye
(E); and
a control unit (130) configured to control the light
sources (121, 122) and the image registering
means (120b), characterized in that the image
registering means (120) comprises an image
sensor with a plurality of photodiodes (PD) each
of which is associated with first and second
charge storages (A1, A2) configured to store
electric charges based on an amount of light
reaching the photodiode (PD), and at least one
switch (S1, S2) controllable to cause the electric
charges to be stored in the first charge storage
(A1) or the second charge storage (A2),
the control unit (130) is configured to:

control (Ctrl-L1/L2; Ctrl-λ1/λ2) the light
sources (121, 122; 125) to selectively emit
light (L1, L2; λ1, λ2) towards the eye (E) in
such a manner that within an operation se-
quence (t0-t6) the eye (E) is illuminated by
the first light source (121 ; 125-λ1) during
at least one first interval (P1, P3; P5) and
by the second light source (122; 125-λ2)
during at least one second interval (P2, P4;
P6); and
control (Ctrl-S1/S2) the at least one switch
(S1, S2) such that the electric charges are
stored in the first charge storage (A1) as a
result of the illumination during the at least
one first interval (P1, P3; P5) and in the sec-
ond charge storage (A2) as a result of the
illumination during the at least one second
interval (P2, P4; P6); and

comprising a data processor (135) configured to:

process image data (D-Img) recorded by the im-
age registering means (120), which image data
(D-Img) have been registered when the eye (E)
is illuminated by light from one of the light sourc-
es (121, 122; 125-λ1, 125-λ2); and based ther-
eon
generate an output signal (D-Eye) describing at
least one of a position of the eye (E) and a gaze
point (GP) for the eye (E).

2. The eye/gaze tracker according to claim 1, compris-
ing a third light source (123) configured to illuminate
the eye (E) of the subject, and the control unit (130)
is configured to:

control the light sources (121, 122, 123) to se-
lectively emit light (L1, L2, L3) towards the eye
(E) in such a manner that within an operation
sequence the eye (E) is illuminated by the first
light source (121) during the at least one first
interval (P1, P3, P5), and by one of the second
and third light sources (122, 123) during at least
one second interval (P2, P4; P6); and
control the at least one switch (S1, S2) such that
the electric charges are stored in the first charge
storage (A1) as a result of the illumination during
the at least one first interval (P1, P3; P5) and in
the second charge storage (A2) as a result of
the illumination during the at least one second
interval (P2, P4; P6).

3. The eye/gaze tracker according to claim 1, wherein
the control unit (130) is configured to illuminate the
eye (E) and register the image data (D-Img) accord-
ing to a periodic scheme defining:

a respective sequence of illumination intervals
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(P1, P3, P5; P2, P4, P6) when each of the light
sources (121, 122; 125-λ1, 125-λ2) shall be ac-
tive and passive respectively, and
an operation routine for the image registering
means (120) being synchronized to the se-
quence of illumination intervals (P1, P3, P5; P2,
P4, P6) such that a first portion of the image data
(D-Img) recorded when the eye (E) is illuminated
by the first light source (121) is separated from
a second portion of the image data (D-Img) re-
corded when the eye (E) is illuminated by the
second light source (122).

4. The eye/gaze tracker according to claim 3, wherein:

the data processor (135) is configured to derive
an image quality metric describing a quality level
of the image data (D-Img) recorded in a given
interval (P1, P2, P3, P4, P5, P6) of the at least
one first or second interval, and
the control unit is configured to produce the out-
put signal (D-Eye) exclusively based on image
data (D-Img) having an image quality metric ex-
ceeding a predetermined quality threshold.

5. The eye/gaze tracker according to any one of the
claims 3 or 4, wherein the periodic scheme defines
a first sequence of illumination intervals (P1, P3, P5)
during which the first light source (121, 125-λ1) shall
be active, and a second sequence of illumination in-
tervals (P2, P4, P6) during which the second light
source (122, 125-λ2) shall be active; the first se-
quence of intervals (P1, P3, P5) is temporally inter-
leaved with the second sequence of intervals (P2,
P4, P6), and the control unit (130) is configured to
read out the image data (D-img) after that at least
one of the light sources (121, 122, 123) has been
activated at least two times.

6. The eye/gaze tracker according to any one of the
preceding claims, wherein the light sources (121,
122) are arranged at a distance to the image regis-
tering means (120) and a stipulated operating dis-
tance between the eye/gaze tracker and the eye (E)
such that the light (L1 ; L2) emitted from each of the
light sources (121, 122) is expected to cause a dark-
pupil effect in the image data (D-Img) representing
the eye (E).

7. The eye/gaze tracker according to any one of claims
1 to 5, wherein:

a first light source (121) of the light sources is
arranged at a distance to the image registering
means (120) and a stipulated operating distance
between the eye/gaze tracker and the eye (E)
such that the light (L1) emitted from the first light
source (121) is expected to cause a bright-pupil

effect in the image data (D-Img) representing
the eye (E); and
a second light source (122) of the light sources
is arranged at a distance to the image registering
means (120) and a stipulated operating distance
between the eye/gaze tracker and the eye (E)
such that the light (L2) emitted from the second
light source (122) is expected to cause a dark-
pupil effect in the image data (D-Img) represent-
ing the eye (E).

8. The eye/gaze tracker according to any one of the
claims 1 to 5, wherein:

a first light source (121, 125-λ1) of the light
sources is configured to emit light (L1) at a first
center wavelength (λ1); and
a second light source (122, 125-λ2) of the at
least two light sources is configured to emit light
(L2) at a second center wavelength (λ2) which
is separated from the first center wavelength
(λ1) by at least 60 nm.

9. The eye/gaze tracker according to claim 8, wherein
the first and second light sources (121 ; 122) are
implemented in a common illuminator unit (125) tun-
able, in response to a wavelength control signal (Ctrl-
λ1/λ2), to generate the light (L1) at the first center
wavelength (λ1) as well as the light (L2) at the second
center wavelength (λ2), and
the control unit (130) is arranged to generate the
wavelength control signal (Ctrl-λ1/λ2) such that it is
configured to cause the common illuminator unit
(125) to generate light (L1) at the first center wave-
length (λ1) during the at least one first interval (P1,
P3; P5) and generate light (L2) at the second center
wavelength (λ2) during the at least one second in-
terval (P2, P4; P6), and provide the common illumi-
nator (125) with the wavelength control signal (Ctrt-
λ1/λ2).

10. The eye/gaze tracker according to any one of the
preceding claims, wherein the operation sequence
(t0-t6) corresponds to an exposure time for one
frame of a moving-image sequence recorded by the
image registering means (120).

11. The eye/gaze tracker according to any one of the
preceding claims, wherein the data processor (135)
is configured to:

process image data (D-Img) recorded by the im-
age registering means (120), which image data
(D-Img) have been registered when the eye (E)
is illuminated by light from two or more of the
light sources (121, 122, 123; 125-λ1, 125-λ2);
and based thereon
generate an output signal (D-Eye) describing at
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least one of a position of the eye (E) and a gaze
point (GP) for the eye (E).

12. A portable computing device comprising the
eye/gaze tracker according to any one of the pre-
ceding claims.

13. A motor vehicle comprising the eye/gaze tracker ac-
cording to any one of the claims 1 to 11.

14. A method of tracking the position of an eye (E) and/or
a gaze point of a subject, comprising illuminating the
eye (E) of the subject with light from first and second
light sources (121, 122; 125), and recording image
data (D-Img) representing the eye (E) by means of
an image registering means (120), characterized
by the image registering means (120) comprising an
image sensor with a plurality of photodiodes (PD)
each of which is associated with first and second
charge storages (A1, A2) configured to store electric
charges based on an amount of light reaching the
photodiode (PD), and at least one switch (S1, S2)
controllable to cause the electric charges to be
stored in the first charge storage (A1) or the second
charge storage (A2), and the method comprising:

controlling (Ctrl-L1/L2; Ctrl-λ1/λ2) the light
sources (121, 122; 125) to selectively emit light
(L1, L2; λ1, λ2) towards the eye (E) in such a
manner that within an operation sequence (t0-
t6) the eye (E) is illuminated by the first light
source (121 ; 125-λ1) during at least one first
interval (P1, P3; P5) and by the second light
source (122; 125-λ2) during at least one second
interval (P2, P4; P6);
controlling (Ctrl-S1/S2) the at least one switch
(S1, S2) such that the electric charges are stored
in the first charge storage (A1) as a result of the
illumination during the at least one first interval
(P1, P3; P5) and in the second charge storage
(A2) as a result of the illumination during the at
least one second interval (P2, P4; P6);
processing image data (D-Img) recorded by the
image registering means (120), which image da-
ta have been registered when the eye (E) is il-
luminated by light from one of the light sources
(121, 122; 125-λ1, 125-λ2); and based thereon
generating an output signal (D-Eye) describing
at least one of a position of the eye (E) and a
gaze point (GP) for the eye (E).

15. The method according to claim 14, comprising:

deriving an image quality metric describing a
quality level of the image data (D-Img) recorded
in a given interval (P1, P2, P3, P4, P5, P6) of
the at least one first or second interval, and
producing the output signal (D-Eye) exclusively

based on image data (D-Img) having an image
quality metric exceeding a predetermined qual-
ity threshold.

16. The method according to any one of claims 14 or 15,
comprising illuminating the eye (E) and registering
the image data (D-Img) according to a periodic
scheme defining:

a respective sequence of illumination intervals
(P1, P3, P5; P2, P4, P6) when each of the light
sources (121, 122; 125-λ1, 125-λ2) shall be ac-
tive and passive respectively, and
an operation routine for the image registering
means (120) being synchronized to the se-
quence of illumination intervals (P1, P3, P5; P2,
P4, P6) such that a first portion of the image data
(D-Img) recorded when the eye (E) is illuminated
by the first light source (121) is separated from
a second portion of the image data (D-Img) re-
corded when the eye (E) is illuminated by the
second light source (122).

17. The method according to claim 16, wherein the pe-
riodic scheme defines a first sequence of illumination
intervals (P1, P3, P5) during which the first light
source (121, 125-λ1) shall be active, and a second
sequence of illumination intervals (P2, P4, P6) during
which the second light source (122, 125-λ2) shall be
active; the first sequence of intervals (P1, P3, P5) is
temporally interleaved with the second sequence of
intervals (P2, P4, P6), and the method comprising
reading out the image data (D-Img) after having ac-
tivated at least one of the light sources (121, 122,
123) at least two times.

18. The method according to any one of the claims 14
to 17, wherein the first and second light sources
(121 ; 122) are implemented in a common illuminator
unit (125) tunable, in response to a wavelength con-
trol signal (Ctrl-λ1 /λ2), to generate light (L1) cen-
tered at a first center wavelength (λ1) as well as light
(L2) centered at a second center wavelength (λ2)
which is separated from the first center wavelength
(λ1) by at least 60 nm, and the method comprises:

generating the wavelength control signal (Ctrl-
λ1/λ2) such that it is configured to cause the
common illuminator unit (125) to generate light
(L1) at the first center wavelength (λ1) during
the at least one first interval (P1, P3; P5) and
generate light (L2) at the second center wave-
length (λ2) during the at least one second inter-
val (P2, P4; P6); and
providing the common illuminator (125) with the
wavelength control signal (Ctrl-λ1/λ2).

19. The method according to any one of the claims 14
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to 18, wherein the operation sequence (t0-t6) corre-
sponds to an exposure time for one frame of a mov-
ing-image sequence recorded by the image regis-
tering means (120).

20. The method according to any one of the claims 14
to 19, wherein the data processor (135) is configured
to:

process image data (D-Img) recorded by the im-
age registering means (120), which image data
(D-Img) have been registered when the eye (E)
is illuminated by light from two or more of the
light sources (121, 122, 123; 125-λ1, 125-λ2);
and based thereon
generate an output signal (D-Eye) describing at
least one of a position of the eye (E) and a gaze
point (GP) for the eye (E).

21. A computer program product (PP) loadable into the
memory (140) of a computer, comprising software
for controlling the steps of any of the claims 15 to 22
when the computer program product is run on the
computer.

22. A computer readable medium (140), having a pro-
gram recorded thereon, where the program is to
make a computer control the steps of any of the
claims 15 to 22.
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