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Optical measuring device and method for capturing at least one parameter of at
least one eye wherein an illumination characteristic is adjustable

DESCRIPTION:

The invention relates to an optical measuring device for capturing at least one parame-
ter of at least one eye of a test person wearing the optical measuring device, compris-
ing a frame, which is configured to fix the optical measuring device to the head of the
test person, at least one capturing unit, which is configured to optically capture the at
least one parameter of the at least one eye, and an illumination unit for illuminating the
at least one eye. The invention also relates to a method for capturing at least one pa-

rameter of at least one eye.

It is known from the prior art to use head mounted eye tracker devices. US RE39,539 E
discloses an apparatus for monitoring movement of a person’s eye. The system in-
cludes a frame that is worn on a person’s head, an array of emitters on the frame for
directing light towards the person’s eye, and an array of sensors on the frame for de-
tecting light from the array of emitters. The sensors detect light that is reflected off of
respective portions of the eye or its eyelid, thereby producing output signals indicating
when the reflective portion of the eye is covered by the eyelid. The system allows to

monitor the persons level of drowsiness.

US 6,163,281 discloses a system and method for communication using movement of a
person’s eye, including an emitter for directing light towards an eye, a sensor for detect-
ing emitted light from the emitter, and a processor coupled to the sensor for converting

sequential light intensity signals received from the sensor to a stream of data, and/or for

converting the signals into an understandable message.
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US 2004/0196433 A1 discloses an eye tracking system for monitoring the movement of
a user’s eye comprising an eye camera and a scene camera for supplying to interlace
electronics video data indicative of an image of the user’s eye and an image of the
scene observed by the user. In addition, the system incorporates a frame grabber for
digitizing the video data and for separating the eye and scene data into two processing
channels, and a spot location module for determining from the video data the location of
a reference spot formed on the user’s eye by illumination of the user’s eye by a point
source of light. The system further incorporates a pupil location module in order to de-

termine the user’s line of gaze.

WO 2010/83853 A1 discloses a gaze point detection system with one or more infrared
signal sources to be placed in a test scene as reference points, at least one pair of eye
glasses worn by a test subject, and a data processing and storage unit for calculating a
gaze point of the person. The eye glasses comprise an image sensor adapted to detect
IR signals from the at least one IR signal source and to generate an IR signal source
tracking signal, an eye tracking unit adapted to determine the gaze direction of the test
subject person and to generate an eye tracking signal, and a camera unit adapted to

acquire a test scene picture.

WO 2004/066097 A2 discloses an eye tracking system for displaying a video screen
pointer at a point of regard of a users gaze. The system comprises a camera focused
on the user’s eye, a support connected to the camera for fixing the relative position of
the camera to the user’s pupil, and a computer having a CPU and an eye tracking inter-
face. By determining the center of the eye, a pointer on the video display screen can be
displayed at the point of regard. WO 2004/066097 A2 discloses an optical measuring

device according to the preamble of the present application.

US 2010/0220291 A1 discloses an eye tracking system with a transparent lens, at least
one light source, and a plurality of light detectors. The transparent lens is adapted for
disposal adjacent an eye. At least one light source is disposed within the transparent
lens and is configured to emit light towards the eye. The at least one light source is
transparent to visible light. The plurality of light detectors is disposed within the trans-
parent lens and is configured to receive light that is emitted from the at least one light

source and is reflected off of the eye. Each of the light detectors is transparent to visible
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light and is configured, upon receipt of light that is reflected off of the eye, to supply an

output signal.

Known head mounted eye trackers suffer from the disadvantage that environmental
stray light being reflected on the test person’s eye may negatively influence the eye
tracking functionality. Cameras monitoring the test person’s eyes may not be able to
distinguish between features of the eyes explicitly used for keeping track of the eye
movement and features, such as reflections, arising from environmental lighting condi-
tions. In general, the illumination situation is not very well defined. Reliable eye tracking
is often compromised by environmental conditions and undesired stray light disturbing
the tracking mechanism. Thus, known head mounted eye tracker devices usually suffer
from a limited accuracy and robustness. To improve detection accuracy, time consum-
ing and difficult calibration procedures are required. Furthermore, existing eye tracking
devices need extensive multi-point calibration routines in order to correct for various
individual characteristics of the eye(s) of the user. One such characteristic is the indi-
vidual corneal astigmatism or non-sphericity of the cornea — which for approximately a
third of the population is so significant that it needs optical correction and that is also so
significant that it needs individual correction through calibration for an eye tracker.

An objective of the present invention is to provide an optical measuring device and a
method which allow for a more reliable capturing of at least one parameter characteriz-

ing an eye.

This task according to the invention is solved by an optical measuring device having the
features according to patent claim 1, and a method having the features according to
patent claim 9. Advantageous embodiments of the invention are the subject matter of
the independent claims and the description.

The optical measuring device according to the invention serves for capturing at least
one parameter of at least one eye of a test person wearing the optical measuring de-
vice. The optical measuring device comprises a frame, which is configured to fix the
optical measuring device to the head of the test person, at least one capturing unit,
which is configured to optically capture the at least one parameter of the at least one
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eye, and an illumination unit for illuminating the at least one eye. According to the inven-

tion an illumination characteristic is adjustable by means of the illumination unit.

This way, a very well defined illumination situation can be created. With the illumination
unit reflections on the test person’s eyes can be deliberately created, which may then
be captured by the capturing unit. By correlating the capturing performed by the captur-
ing unit with the illumination characteristic according to a lock-in similar technique (peri-
odic subtraction of a background signal from a measurement signal) background and
stray light can be very well suppressed. The capturing unit may thus become insensitive
to environmental stray light. Detection accuracy and eye tracking capability is very high.
The illumination characteristic can serve as a recognition pattern for the capturing unit.

Complicated calibration procedures are not necessary.

With the optical measuring device it is possible to directly assess the corneal astigma-
tism by means of a structured illumination. This is usually done with separate medical
diagnostic devices (keratometers). According to an embodiment of the present inven-
tion this measurement capability is advantageously integrated into a headmounted de-
vice and combined with an eye tracker, thereby integrating the assessment and correc-
tion of corneal astigmatism for the structured illumination instead from multiple calibra-

tion points.

Advantageously, the illumination unit is configured to be adjustable with regard to a
temporal illumination sequence and/or a spatial illumination distribution. The illumination
unit may comprise a single illumination element. Then, the temporal illumination se-
quence can be achieved by varying the temporal light emission characteristics of the
illumination element. The temporal illumination sequence may then be given by an
on/off switching frequency. The illumination unit may alternatively comprise two or more
illumination elements. A temporal illumination sequence can then be given by correlated
or anti-correlated switching of the individual illumination elements. For each illumination
element within the illumination unit a different temporal illumination or light emission
pattern can be realized. The temporal frequency of emitted light intensity of each indi-
vidual illumination element may depend on the respective illumination characteristic of
some or all other illumination elements. The spatial illumination distribution can be

achieved by correlated illumination time traces of individual illumination elements. Con-
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sequently, a very well defined illumination pattern can be created, which establishes a
very well defined illumination environment for the at least one eye. The more artificial
the illumination pattern is, the easier it is to distinguish it from environmental stray light.
Furthermore the illumination pattern can be created such that for two different sensor
types, €.g. a camera sensor and a photo diode (array) different illuminations specifically
suited to the sensitivity and resolution characteristic of the respective sensor type are
shone on the eye(s).

Advantageously, the illumination unit is attached to the frame in such a way that with
the optical measuring device fixed to the head of the test person it faces the at least one
eye, and is configured to emit radiation in such a way that the radiation at least partly
hits the at least one eye. This way, reflections in the eyes can be created deliberately.
The reflections then also show the same illumination pattern as the illumination unit.
The reflections can be easily captured by the capturing unit and the illumination pattern
can serve as a distinguishing feature to discriminate between deliberate reflections and
reflections resulting from undesired stray light. The detection accuracy is highly im-
proved.

Advantageously, the illumination unit comprises at least two illumination segments
which, with regard to their luminosity and/or luminous color and/or main radiation direc-
tion and/or temporal sequence of the light emission, are separately adjustable. The il-
lumination segments may be identical to the illumination elements of the illumination
unit. An illumination segment may be a separate, individual and with regard to its illumi-
nation characteristics homogenous entity within the illumination unit. Different illumina-
tion segments may then be spatially separated or easily distinguishable with respect to
their illumination characteristics. Luminosity, luminous color, main direction of radiation
and temporal illumination sequence are characteristics that can be easily captured and
discerned by the capturing unit.

In one embodiment the illumination unit may comprise at least one optical wave guide
and/or at least two illuminants, in particular light emitting diodes. Light emitting diodes
are long lived, do not require much power and have very well defined light emission

characteristics. Consequently, they are very well suited for a mobile optical measuring
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device. With optical wave guides and light emitting diodes point source like illumination
can be realized. Spatial illumination patterns may thus be very well defined.

Advantageously, the illumination unit may be configured to emit visible light. Additionally
or alternatively the illumination unit may be configured to emit light in the infrared spec-
tral range, particularly in the wavelength range between 750 nanometers and 1000 na-
nometers. Infrared light can be distinguished very easily from unwanted environmental

stray light. This way, detection accuracy is further improved.

Advantageously, the frame comprises at least one frame element for receiving an eye-
glass lens, wherein with the optical measuring device fixed to the head of the test per-
son the portion framed by the frame element is positioned in front of the at least one
eye of the test person, and the illumination unit is arranged on or within the frame ele-
ment. Consequently, no additional elements for holding the illumination unit are re-
quired. In particular, the optical measuring device can be designed as spectacle device
which can be worn as conventional eye-glasses by the test person. The illumination unit
would then be fully integrated into the frame and the overall device would resemble a
usual eye-glass device. This increases acceptance by the test person. In particular, the
illumination unit may then comprise several individual illumination segments or illumina-
tion elements which may be positioned in a circular manner in a 360 ° circumference
around each eye-glass lens. A very well defined spatial illumination distribution can be
realized.

Advantageously, the at least one captured parameter concerns an orientation and/or a
position and/or an eyelid closure and/or a pupil diameter and/or limbus characteristic
and/or a sclera characteristic and/or an iris characteristic and/or a characteristic of a
blood vessel and/or a cornea characteristic of the at least one eye. In particular the at
least one captured parameter may concern a cornea radius (anterior, posterior), an
eyeball radius, a distance pupil-center to cornea-center, a distance cornea-center to
eyeball-center, a distance pupil-center to limbus center, a cornea keratometric index of
refraction, a cornea index of refraction, a vitreous humor index of refraction, a distance
crystalline lens to eyeball-center and to cornea center and to corneal apex, a crystalline
lens index of refraction, a visual axis orientation, an optical axis orientation, a pupil axis

(achromatic axis) orientation, a line of sight orientation, an astigmatism degree (diop-
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ters) and orientation angle of flat and steep axis, an iris diameter, pupil diameters (pupil
major and minor axes), pupil area), limbus major and minor axes, eye cyclo-torsion, eye
intra-ocular distance, eye vergence, statistics over eye adduction/abduction and statis-
tics over eye elevation/depression. The optical measuring device can then work as an

eye tracking device.

The method according to the invention serves for capturing at least one parameter of at

least one eye of a test person and comprises the following steps:

- fixing an optical measuring device to the head of a test person, the optical measuring
device comprising at least one capturing unit and one illumination unit;

- illuminating the at least one eye by means of the illumination unit;

- optically capturing the at least one parameter of the at least one eye by means of the
capturing unit;

- setting an illumination characteristic; and

- illuminating the at least one eye by means of the illumination unit according to the set

illumination characteristic.

Advantageously, in the step of illuminating the at least one eye the illumination unit is
regulated in dependency of a temporal illumination sequence and/or a spatial illumina-

tion distribution and/or an illumination pattern.

Advantageously, the step of optically capturing the at least one parameter of the at least

one eye comprises the following sub-steps:

- optically capturing of at least two light reflections and/or features of the at least one
eye; and

- determining the at least one parameter of the at least one eye by means of the cap-
tured light reflections and/or features.

In particular, the at least two light reflections can be deliberately generated by the illu-
mination unit. In one embodiment a first light reflection of the at least two light reflec-
tions may be generated by a first illumination element of the illumination unit while a
second light reflection of the at least two light reflections may be generated by a second
illumination element of the illumination unit. The at least two light reflections may then

directly reflect an illumination pattern realized by the illumination unit. Alternatively, the
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illumination unit may solely be used for illuminating the eye such that the features of the
at least one eye become detectable by the respective capturing unit. For this, a specific

illumination color could be used.

Advantageously, the at least two light reflections and/or features are then captured at

different illuminations caused by the illumination unit.

In one embodiment, the method comprises the following additional steps:

- capturing data which concern a viewing behavior of the test person and/or an eye mo-
tion characteristic and/or a pupil change and/or an environmental condition and/or in-
puts of the test person;

- in dependency on the captured data setting an illumination program for the temporal
and/or spatial illumination distribution and/or the illumination pattern; and

- regulating the temporal illumination sequence and/or the spatial illumination distribu-
tion and/or the illumination pattern according to the said illumination program.

This way the illumination program can be dynamically adjusted to the respective situa-
tion. For different viewing behaviors of the test person, eye motion characteristics, pupil
diameters or environmental lighting conditions different illumination programs may be
suited best. The capturing unit may determine such a change and based on this infor-
mation the illumination program may be adjusted automatically. If the test person rec-
ognizes that the detection accuracy needs improvement it may also alternatively or ad-
ditionally be able to set the illumination program manually. If the optical measuring de-
vice is used in darkness (for example during the night), a different illumination program
may lead to better detection results than an illumination program used during daylight
conditions. The method for capturing the at least one parameter may be adjusted
automatically to this environmental change and thus allow for very good eye tracking

results even under highly changing environmental conditions.

Further features of the invention derive from the claims, the figures, and the description
of the figures. All features and feature combinations previously mentioned in the de-
scription as well as the features and feature combinations mentioned further along in

the description of the figures and/or shown solely in the figures are not only usable in
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the combination indicated in each case, but also in different combinations or on their

own.

The invention is now explained in more detail with reference to individual preferred em-

bodiments and with reference to the attached drawings. These show in:

Figure 1A

Figure 1B

Figure 1C

Figure 1D

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6A

Figure 6B

Figure 7

a front view of a spectacle device according to an embodiment of the in-

vention;

a side view of the spectacle device of Figure 1A;

a top view of the spectacle device of Figure 1A;

a perspective view of the spectacle device of Figure 1A;

a rear view of a spectacle device;

a schematic rear view of a spectacle device with an eye camera making

use of a deflection element to direct its optical path onto the eye;

a side view of a spectacle device schematically showing the orientation of

an eye camera,

a schematic view of individual electronic components comprised by a

spectacle device;

a picture with a symbol indicating a large parallax error attained with an
optical measuring device according to the prior art;

a picture showing a symbol indicating the lack of a parallax error with a
spectacle device according to an embodiment of the invention;

a parallax error model;
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Figure 8 a diagram comparing parallax errors of measuring devices according to
the prior art and according to an embodiment of the invention;

Figure 9A  afirst field of view acquired by a scene camera;

Figure 9B  a second field of view acquired by the scene camera,;

Figure 10A a schematic side view of a spectacle device were the optical path of an

eye camera extends in a straight line from the eye camera to an eye; and

Figure 10B a schematic side view of a spectacle device where the optical path of an

eye camera extends from the eye camera via a mirror to the eye.

In the figures same elements or elements of the same function are equipped with the
same reference signs. Figures 2, 3, and 4 show the same reference frame with a Car-

tesian coordinate system and perpendicular axes x, y and z.

Figures 1A to 1D show an optical measuring device which has the form of a spectacle
device 1 or eye tracking device, respectively. The spectacle device 1 is designed such
that a person can wear it on its head just like a normal pair of glasses. It comprises a
frame 4 with two side bars 51 and 5r which support the spectacle device 1 on the ears of
the person who is wearing it. Furthermore, the spectacle device 1 is held in place on the
head by a nose support 7. The mainframe has a specific width w1 and height h. Its
length | depends on the length of the sidebars 51 and 5r. As can be seen in Figure 1C
the sidebars 5l and 5r are hinged to the front part of the frame 4 such that the distance
w2 between the side bars 5l and 5r can be enlarged or reduced (see dashed sidebar

configuration for sidebar 5l in Figure 1C).

Alternatively, the optical measuring device may not be designed in form of a regular pair
of eye glasses, but may be designed such that it resembles a helmet, forming a frame,

with a face shield, forming a frame insert.

Above the nose support 7 in the frame 4 a scene camera 2 is installed. It can either be

attached to or integrated into the frame 4. With the scene camera 2 virtually a similar
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field of view can be captured as seen by a test person when wearing the spectacle de-
vice 1. In the lower part of the frame 4 the spectacle device 1 contains two eye cameras
3l 'and 3r. When the spectacle device 1 is worn by a person the person’s eyes can be
captured by the eye cameras 3l and 3r, which are integrated into the frame 4 at a suit-
able angle. Eye cameras 3l and 3r are designed to observe the person’s left eye and
right eye, respectively, i.e. capture characteristics of the person’s eyes.

The frame 4 contains two openings which are filled with eye glass lenses 81 and 8r thus
forming frame inserts. The pictures acquired by the scene camera 2 and the eye cam-
eras 3l and 3r lead to signals which are processed in one or several pre-processing
units 6 integrated into the sidebars 51 and 5r.

Figure 2 shows an inside view of the spectacle device 1. Along the rim of the frame part
enclosing the eye glass lenses 8l and 8r several Light Emitting Diods (LEDs) 9 are lo-
cated in a ring arrangement. When the spectacle device 1 is worn by a person, those
LEDs 9 can illuminate the eyes of the test person in a defined way. The LEDs 9 will
cause reflections on the eyes of the test person (cornea reflections) for all possible gaze
angles. Those reflections can be detected by the eye cameras 3l and 3r and can be
used for eye tracking.

The LEDs 9 can be switched on an off individually, in groups or all together following a
specific time pattern, strobe characteristic or spatial variation. The on-off-switching-
frequency of different LEDs 9 or groups of LEDs 9 may vary. Certain groups of LEDs 9
may get switched on exactly when other groups of LEDs 9 get switched off. A specific
spatial and temporal correlation pattern may be implemented with regard to the switch-
ing and thus illumination characteristics. This way a reflection pattern can be created on
the eyes that can be recognized easily by the eye cameras 3.

The overall setup with the most important electronic components is shown in Figure 5.
The eye cameras 3l and 3r are connected to specific camera electronics 15 by 100 mm
long cables 14. In particular, the cameras 3l and 3r comprise only basic electronic com-
ponents while their major electronic components are located within the camera elec-
tronics 15. This way, the primarily “optical part” of the cameras 3l and 3r can be located

remote to the primarily “electronic part” within the camera electronics 15. Both parts can
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then be connected by flex-PCB cables 14. This way, the optical sensor and the basic
electronic components within the cameras 3l and 3r form a very small and highly com-
pact entity while bulkier electronic components within the electronics 15 can be placed
on more spacious integrated circuit boards elsewhere. The electronics 15 are con-
nected to a pre-processing unit 16 which can process the signals from the eye cameras
3l and 3r. The pre-processing unit 16 can be identical to the pre-processing unit 6 lo-
cated in the sidebars 51 and 5r of the spectacle device 1. The pre-processing unit 16 is
connected to a USB-hub 19. The LEDs 9 installed in the frame 4 form a first and a sec-
ond IR LED chain 21 and 22 arranged in a ring configuration around the eye glass
lenses 8l and 8r. The IR LED chains 21 and 22 are connected to an IR LED constant
current source 20, which is also connected to the USB-hub 19. The USB-hub 19 addi-
tionally serves as a power source for the IR LED constant current source 20. The LEDs
9 of the IR LED chains 21 and 22 can be switched on an off individually. To achieve
this, they may be connected to the IR LED constant current source 20 in a parallel net-
work with individual electrical switches for each LED 9 being implemented.

The USB-hub 19 is connected via a USB 2.0 cable 25 to a pre-processing unit 26. The
signals pre-processed in the pre-processing unit 26 are finally analyzed in a personal
computer 27, which contains a recorder device 28. An additional aux-/sync-port 13
forming an interface on the spectacle device 1 can also be connected to the USB-hub
19. The aux-/sync-port 13 can serve as interface for synchronization with other elec-
tronic devices or for triggering parallel data acquisitions. The electronics 15, pre-
processing unit 16, USB-hub 19 and IR LED constant current source 20 are located on

a common printed circuit board PCB 23.

In analogy to this setup the scene camera 2 is also connected to electronics 15 via a
100 mm cable 14. In this case the electronics 15 are located on a second printed circuit
board PCB 24, which also contains a pre-processing unit 17. The pre-processing unit
17 can be based on electronics according to the DaVinci digital signal processor (DSP).
It contains an MPEG encoder 18 for encoding the signals received from the electronics
15. A microphone 12 may also be connected to the pre-processing unit 17. The pre-
processing unit 17 located on the PCB 24 is connected to the USB-hub 19. This way,
processing signals acquired by the scene camera 2 are finally analyzed in the personal

computer 27.
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The pre-processing units 6, 16, 17 and 26 may be able to compress at least one of the
three image streams generated by the two eye cameras 3l and 3r and the scene cam-
era 2. Here, different alternatives are possible. A pre-processing unit may compress
only the image stream of one camera while each camera has its own pre-processing
unit. Alternatively, a single pre-processing unit may compress the image streams of all
cameras. Furthermore, the pre-processing units may be configurable via a system inter-
face and corresponding software to manage the bandwidth by adjustment of resolution,
region of interest, frame rate and compression parameters. The pre-processing units
may be designed to trigger synchronously the camera’s image acquisition. They may
provide time stamps for each acquired image which can be used to synchronise several

or all camera data streams offline.

The pre-processing units may either be located on integrated circuit boards of the cam-
eras or on a separate integrated circuit board that is located at or on a head mount (e.
g. in the side bar 51 or 5r of the spectacle device 1) or in a separate housing that is worn

by the test person 31, e.g. on a belt.

The spectacle device 1 may also comprise an auxiliary interface which allows to acquire
data in real time from external sensors. Such sensors may be biometric sensors (includ-
ing but not limited to EEG, ECG, etc.) or attitude sensors (including but not limited to
accelerometers, magnetometers, gyroscopes, etc.). It is then possible to synchronise
the data stream of the external sensors with the data streams acquired from the cam-
eras 2, 3l and 3r. Furthermore, an external clock or trigger signal can be provided that
can be used by the external sensors to synchronise themselves with the system. The
bandwidth of data acquired from the interface can be reduced or compressed by means
of on-board processing resources integrated in the system in its dedicated recording
unit 28.

The eye cameras 3| and 3r can either be suited for visible or near infrared light. They
are located symmetrically with respect to a vertical centre line that divides the user’s
face into two halves. The eye cameras 3l and 3r may be positioned in front and below
the eyes 10l and 10r respectively, for example in or at the lower rim of a pair of eye
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glass lenses 8l and 8r, pointing at the eyes 10l and 10r in an angle of 30°to 50°and
being mounted in the frame 4 in an angle a of 30°to 50°.

In the embodiment the eye cameras 3l and 3r are sensitive in the near infrared. They

have a resolution of 640480 and are read out with a 60 Hz frequency.

The scene camera 2 can be located on a vertical centre line that divides the user’s face
into two halves in or at the nose bridge of the frame 4. Alternatively, it may also be lo-
cated at, in or close to the rim of a helmet, cap or headband. The scene camera 2 may
have HD (high definition) and/or adjustable resolution of at least 720p (1280x720 pixels)
and is operated at 30 Hz or 60 Hz. It can either be mounted in landscape or portrait ori-
entation. Furthermore, it can be mounted such that its orientation can be changed from
landscape to portrait orientation (camera roll) and also the direction the camera is point-
ing in (camera pan and tilt).

Instead of a single scene camera 2, the spectacle device 1 can also comprise a pair of
scene cameras, where each scene camera can be oriented either in portrait mode or in
landscape mode. Furthermore, each scene camera can be oriented independently of
the respective second scene camera. Alternatively, both scene cameras 2 may have
fixed orientations, which may or may not differ from each other.

Furthermore a prism or lens can be mounted in front of the scene camera 2 to create a
different positioning of the field of view of the scene camera 2 with respect to the
glasses, especially a more downward oriented field of view for near range reading ap-
plications.

Six LEDs 9 are located around each eyeglass lens 8. They emit in the infrared wave-
length range (typically above 750 nm and below 1000 nm) at a central wavelength of
850 nm. They are driven by 50 mA current provided by the IR LED constant current

source 20.

Instead of direct illumination of the eyes with the LEDs 9 also an implementation with a
light guide can be envisaged. One or several segments of light guides (e.g. fiber optics)

may be used. The illumination of the eyes may be implemented with focusing optics
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(structured illumination). Instead of the LEDs 9 suitable diffractive optics or lasers may
be used to generate a pattern of coherent light for illuminating the eyes. The light
source can be used together with an optical element in order to create a pattern of re-
flections on the eyes 10l and 10r (e.g. with focusing optics or diffractive optics). The il-
lumination source may either emit visible or near infrared light. The illumination source
may be positioned in or on the frame 4, in particular in a circle-like arrangement around
the eye glass lenses 8l and 8r. Alternatively, the illumination source may be located on
the rim or frame of a head mounted display. It may specifically be designed to create a

pattern of reflections on the eye surfaces of the test person 31.

When the spectacle device 1 shown in Figure 2 is worn by a test person the situation
shown in Figure 10A in a simplified way is realized. The eye camera 3 is arranged in

such a way on the frame 4 that with the spectacle device 1 fixed to the head of a test
person the optical path M capturing at least one parameter of the eye 10 extends in a
straight line from the eye camera 3 to the eye 10.

Figures 3 and 10B show a different configuration of the spectacle device 1. The specta-
cle device 1 comprises a mirror 11, forming an optical deflection element attached to
the frame 4, the mirror 11 and the eye camera 3 being arranged in such a way on the
frame 4 that with the spectacle device 1 fixed to the head of the test person the optical
path M for capturing at least one parameter of the eye 10 extends from the eye camera
3 via the mirror 11 to the eye 10. The three dimensional representation of Figure 3
shows the spectacle device 1 from a rear or inside view. In the figure, reflections of the
left and right eye 10l and 10r, respectively, show in the eyeglass lenses 8l and 8r. The
coordinate system is a Cartesian one with the z-axis being directed into the plane of

projection.

Thus, the eye cameras 3l and 3r may be mounted in front of and above the eyes 10l
and 10r with an optical guide or mirror 11 located in front and below the eyes 10l and
10r, for example in or at the lower rim of a pair of eye glass lenses 8l and 8r in order to
acquire an image of each eye 10l and 10r from a forward and low perspective and to
make that image visible to the eye cameras 10l and 10r. The optical guide or mirror 11

can either be a (flat) mirror, a spherical mirror, a dome, a custom lens, a holographic
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image guide, etc. The mirror 11 can be reflecting only a specific range of wavelength

and be transparent to others.

The mirror 11 can either be a flat mirror or a spherical mirror. The advantage of a
spherical mirror is that it magnifies the field of view of the eye camera 3 beyond the field
of view achievable with a flat mirror. The configuration of Figure 3 furthermore allows to
place the optical system very close to the eye 10 (set direction) thus improving ergo-
nomics and aesthetics. The test person’s own field of view is hardly obstructed. The
mirror 11 can be a so-called hot mirror, i.e. the mirror 11 is transparent in the visible
wavelength range while having a higher reflectivity in the infrared wavelength range. It
can be very thin and hollow (so-called dome) thus, minimizing the distortion due to re-
fraction. It can be made out of a material showing a very low index of refraction (IOR).

In both cases (Figures 10A and 10B) the eye camera 3 is arranged in such a way that
the optical path M for the capturing of at least one parameter of the eye 10 excludes the
frame insert, i.e., the eye glass lens 8. Furthermore, the eye glass lens 8 is arranged in
such a way that the optical axis K of the eye 10 and the optical path M as single jointly
used optical element comprise the eye 10. Furthermore, the optical path M entirely runs

within a space Sp which extends on the side of the eye glass lens 8 facing the eye 10.

The embodiments shown in Figures 2 and 3 and Figures 10A and 10B, respectively,

both reduce eye occlusion due to the upper eye-lid.

Figures 6A to 8 illustrate the reduction of parallax errors in the spectacle device 1 com-
pared to the prior art. As can be seen in Figure 6A the position of an object 29 the test
person actually focuses its eyes on and the point of regard 32 determined by the spec-
tacle device 1 usually do not coincide very well when using spectacle devices 1 as
known from the prior art. This effect is usually the more pronounced the closer the test
person is located to the object 29 that is to be focused. However, with the spectacle
device 1 according to an embodiment of the invention the coincidence between the de-
termined point of regard 32 and the actual object 29 is very good, even for measuring
distances as low as 0.5 m (see Figure 6B). This is achieved by minimizing the distance

between the eye ball center and the camera focal point.
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The situation is again illustrated in Figure 7. As eye 10 and scene camera 2 are located
at slightly different positions the difference in their respective viewing angles for focus-
sing the object 29 becomes the more pronounced the closer the object 29 is located to
the eye 10 and scene camera 2, respectively (i.e. larger distortions for smaller z-
values). The spectacle device 1 may get calibrated in the situation shown in Figure 6B.
The object 29 then lies in the calibration plain P and by calibrating the spectacle device
1 one can make sure that the determined point of regard 32 indeed falls onto the actual
object 29. Calibration is typically performed on a plane at some distance from the test
subject. It relates measured gaze direction (angles) to pixels in the scene video frame.
This calculation gives valid results only for points that lie in that calibration plane. For
points that do not lie on that plane, a systematic error (parallax) is introduced. When the
distance of the spectacle device from the object 29 is increased the difference between
the distance to the calibration plain P and the actual distance to the object 29 causes
the pronounced deviations. With the spectacle device 1 according to an embodiment of
the invention these deviations or parallax errors (indicated by symbols S2, circles, in
Figure 8) for all distances d are considerably smaller than with devices according to the
prior art (symbols S1, rectangles). Thin-lined crosses relate to the group of symbols S2,
while bold crosses relate to the group of symbols S1. The crosses correspond to the
point of regard 32 used for calibration purposes.

The parallax error is mathematically modelled as a function of the position of the scene
camera 2 with respect to the eye position. The gaze estimation error due to parallax is
minimized by placing the scene camera 2 as close as possible to the eye 10, according
to the results shown by the mathematical simulation. The parallax error can be further
corrected by estimating the distance to the point of regard by using vergence from bin-
ocular tracking and by estimating the position of the eyes with respect to the eye track-
ing device.

To achieve even better results the field of view of the scene camera 2 can be optimized.
The scene camera 2 with standard optics has a field of view that does not cover the full
physiological gaze range (horizontal field of view of standard optics: 40°to 50°; typical
physiological gaze range: 60 °). In an embodiment the field of view of the scene camera
2 can thus be optimized depending on the respective application. One such field of view

optimization method is illustrated in Figure 9A and 9B. A user wearing the spectacle
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device 1 is at the same time observing a background B and his mobile phone 30. Ac-
cording to Figure 9A the field of view FOV1 mainly covers the background B. When the
test person 31 looks down onto its mobile phone 30 the change in gaze direction is
automatically determined by the eye cameras 3l and 3r and the scene camera’s 2 field
of view is automatically adjusted by switching from landscape to portrait orientation
(field of view FOV2). This can be achieved by a z-axis 90 ° mechanical roll of the scene
camera 2 or by the use of an optical prism in front of the scene camera 2. Also the use
of two scene cameras with different tilt or roll angles is possible. Alternatively, also an

optical beam splitter may be used in front of the scene camera 2.

In summary, the spectacle device 1 forms a head-mounted eye tracking system which
consists of three cameras: two eye cameras 3l and 3r and at least one scene camera 2.
The three cameras 3, 3r and 2 can have a manageable bandwidth, for example by ad-
justable frame rates or resolutions. One or several pre-processing units 6, 16, 17 and
26 may exist that perform variable compression of the video streams received from the
cameras 2, 3l and 3r. The level of compression of the video streams may be the same
for the eye cameras 3l and 3r and the scene camera 2, or the video streams may be
separately compressed for the eye cameras 3l and 3r and the scene camera 2. The
frame rate for eye camera 3l may correspond to full speed acquisition, the one of eye
camera 3r may correspond to 1/10 speed acquisition and the one for the scene camera
2 may correspond to 1/2 speed acquisition. Instead of adjusting the frame rates of the
different cameras, alternatively the acquisition rates may be chosen to be the same,
while data processing is performed differently for each camera. Data provided by one
camera may be compressed more than data provided by another camera, although
both cameras acquire the same amount of data. One may also combine different com-
pression rates with different acquisition rates. It is also possible to omit, for example,
every second acquired image when transferring the data and thus reduce the amount of
data to be sent to the CPU by half. The signals of the cameras 2, 3l and 3r may be
transferred to a CPU in the PC 27 via a wired or wireless interface (see Figure 5). Auxil-
iary interfaces for other data sources and methods for synchronisation with these data
sources may be implemented in the spectacle device 1.

The spectacle device 1 can come as a system comprising several exchangeable

pieces. The spectacle device 1 can have an exchangeable set of nose pieces or nose
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supports 7 for faces with small or large noses. This way, the spectacle device 1 can be
worn over vision correction glasses without a problem. Furthermore, the spectacle de-
vice 1 has a holding mechanism for exchangeable glasses that can have different levels
of light transmittance (e g. clear glasses or sun glasses) for a certain range of wave-
lengths. Additionally or alternatively the exchangeable glasses can have a near infrared
optical filter to match the wavelength of the illumination source and block some or all
light from the outside of same and similar wavelengths from reaching the eye surface to
improve signal to noise on the eye surface. The spectacle device 1 has rims and a nose
bridge that serve as a mount or housing for the eye cameras 3l and 3r and the scene
camera 2. The eye cameras 3l and 3r are mounted in such a way that their field of view
extends behind the exchangeable glasses 8l and 8r.

With the spectacle device 1 it is possible to do eye tracking, occulometrics, biometrics
and position and motion measurements in order to measure and classify as fully as
possible human behaviour in a free range movement setup. A head mounted eye
tracking device is realised which is calibration-free and provides an astigmatism estima-
tion. The eye-tracking functionality has zero set-up time. No adjustments are necessary.
A test person 31 can just put the spectacle device 1 on and start using it. It has a very
large gaze-tracking range covering the physiological range of human eye movement
(80°horizontal, 60° vertical). It is very robust and has a high accuracy in gaze mapping.
Astigmatism is compensated for, parallax is minimized, pupil axis shift is compensated
and the device is calibration free or can be calibrated using a one-point calibration fea-
ture. Furthermore, it is designed to work irrespective of ethnic group (Caucasian, Asian,
African, etc.), gender and age. The field of view of the scene camera 2 is optimized. By
the use of optical, inertial or magnetic sensors a head tracking functionality can be im-
plemented. The spectacle device furthermore offers biometric features, such as meas-
uring the pupil diameter and offering interfacing and synchronisation options with EEG,
ECG, etc. Finally, it can be integrated with a head mounted display. It is possible to pro-
ject a virtual image onto a subject’s eye of a portable computer screen. Furthermore,
the possibility is offered to interact with “objects” in the virtual image using eye move-
ment (gaze, blinks).
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Head tracking functionality can be realized by the use of three axis gyroscopes, three
axis accelerometers and/or three axis magnetometers with optional sensor fusion for six

dimensional head tracking.

In summary, the spectacle device 1 offers a very specific optical and electronic architec-
ture. With respect to the electronic architecture three or more high resolution cameras
with allocateable bandwidth are incorporated in the device 1. Separate processing
channels for eye cameras 3l and 3r and the scene camera 2 are envisaged. The optical
architecture is characterized by exchangeable glasses with various properties. The op-
tical path of the eye cameras 3l and 3r extends behind the glasses or eye glass lenses
8l and 8r respectively. Furthermore, a set of LEDs 9 allows for highly variable illumina-
tion of the eyes 10l and 10r. For instance, the illumination geometry around the eye can
be controlled. The specific LED subsets can be controlled with regard to strobe effect
and sequencing. Finally, eye illumination can be achieved by point, line or two-

dimensional light sources.
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PATENT CLAIMS:

An optical measuring device (1) for capturing at least one parameter of at least
one eye (10I, 10r) of a test person (31) wearing the optical measuring device
(1), comprising a frame (4), which is configured to fix the optical measuring de-
vice (1) to the head of the test person (31), at least one capturing unit (3l, 3r),
which is configured to optically capture the at least one parameter of the at least
one eye (10l, 10r), and an illumination unit (9, 21, 22) for illuminating the at least
one eye (10l, 10r),

characterized in that

an illumination characteristic is adjustable by means of the illumination unit (9,
21, 22).

The optical measuring device (1) according to claim 1,
characterized in that
the illumination unit (9, 21, 22) is configured to be adjustable with regard to a

temporal illumination sequence and/or a spatial illumination distribution.

The optical measuring device (1) according to claim 1 or 2,

characterized in that

the illumination unit (9, 21, 22) is attached to the frame (4) in such a way that
with the optical measuring device (1) fixed to the head of the test person (31) it
faces the at least one eye (10I, 10r) and is configured to emit radiation in such a

way that the radiation at least partly hits the at least one eye (10l, 10r).
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The optical measuring device (1) according to one of the preceding claims,
characterized in that

the illumination unit (21, 22) comprises at least two illumination segments (9)
which with regard to their luminosity and/or luminous color and/or main radiation
direction and/or temporal sequence of the light emission are separately adjust-
able.

The optical measuring device (1) according to one of the preceding claims,
characterized in that

the illumination unit (9, 21, 22) comprises at least one optical waveguide and/or
at least two illuminants, in particular light-emitting diodes (9).

The optical measuring device (1) according to one of the preceding claims,
characterized in that
the illumination unit (9, 21, 22) is configured to emit visible light and/or light in

the infrared spectral range.

The optical measuring device (1) according to one of the preceding claims,
characterized in that

the frame (4) comprises at least one frame element for receiving an eyeglass
lens (81, 8r), wherein with the optical measuring device (1) fixed to the head of
the test person (31) the portion framed by the frame element is positioned in
front of the at least one eye (10l, 10r) of the test person (31), and the illumina-
tion unit (9, 21, 22) is arranged on or within the frame element.

The optical measuring device (1) according to one of the preceding claims,
characterized in that

the at least one capturable parameter concerns an orientation and/or a position
and/or an eyelid closure and/or a pupil diameter and/or a limbus characteristic
and/or a sclera characteristic and/or an iris characteristic and/or a characteristic
of a blood vessel and/or a cornea characteristic of the at least one eye (10l,
10r).
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A method for capturing at least one parameter of at least one eye (10l, 10r) of a

test person (31), the method comprising the following steps:

- fixing an optical measuring device (1) to the head of a test person (31), the op-
tical measuring device (1) comprising at least one capturing unit (3l, 3r) and
one illumination unit (9, 21, 22),

- illuminating the at least one eye (10I, 10r) by means of the illumination unit (9,
21, 22); and

- optically capturing the at least one parameter of the at least one eye (10l, 10r)
by means of the capturing unit (3l, 3r),

characterized by the following steps:

- setting an illumination characteristic; and

- illuminating the at least one eye (10I, 10r) by means of the illumination unit (9,

21, 22) according to the set illumination characteristic.

The method according to claim 9,

characterized in that

in the step of illuminating the at least one eye (10l, 10r) the illumination unit (9,
21, 22) is regulated in dependency of a temporal illumination sequence and/or a

spatial illumination distribution and/or an illumination pattern.

The method according to claim 9 or 10,

characterized in that

the step of optically capturing the at least one parameter of the at least one eye

(10I1, 10r) comprises the following sub-steps:

- optically capturing of at least two light reflections and/or features of the at least
one eye (10l, 10r);

- determining the at least one parameter of the at least one eye (10l, 10r) by
means of the captured light reflections and/or features.

The method according to claim 11,

characterized in that

the at least two light reflections and/or features are captured at different illumi-
nations caused by the illumination unit (9, 21, 22).
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13. The method according to one of claims 10 to 12,

characterized by the following steps:

- capturing data which concern a viewing behaviour of the test person (31)
and/or an eye motion characteristic and/or a pupil change and/or an environ-

5 mental condition and/or inputs of the test person (31);

- in dependency on the captured data setting an illumination program for the
temporal and/or spatial illumination distribution and/or the illumination pattern;

- regulating the temporal illumination sequence and/or the spatial illumination
distribution and/or the illumination pattern according to the set illumination pro-

10 gram.
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