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(54) Title: DEVICES, SYSTEMS AND METHODS FOR PREDICTING GAZE-RELATED PARAMETERS

FIG 2A

(57) Abstract: A method (1000) for generating data suitable for determining a parameter of a human eye (H) having an eyeball (H,)
and an iris (H;) defining a pupil (H3) is presented. The method includes receiving a first image of the eye (H) for a first time (t;) from
a camera (14, 24) of known camera intrinsics defining an image plane (I,), determining a first ellipse (E)) in the first image, the first
ellipse (E|) at least substantially representing a border of the pupil (Hs) at the first time (t;), using the first ellipse (E|) to determine
an orientation vector (1) of a first circle (C;) and a first center line (L|) on which a center of the first circle (C)) is located, so that a
projection of the first circle (C)), in a direction parallel to the first center line (L)), onto the image plane (Ip) is expected to reproduce
the first ellipse (E), and determining a first eye intersecting line (D) expected to intersect a center (M) of the eyeball (H)) at the first
time (t;) as a line which is, in the direction of the orientation vector (1), parallel-shifted to the first center line (L) by an expected
distance (R) between the center (M) of the eyeball (H) and a center (P) of the pupil (Hz)
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DEVICES, SYSTEMS AND METHODS FOR PREDICTING GAZE-RELATED

PARAMETERS

TECHNICAL FIELD

[001] Embodiments of the present invention relate to a method for generating data suitable
for determining a parameter of a human eye, in particular a method for generating the data
suitable for determining the parameter of the human eye using a head-wearable device, a
method for determining a correction function for the parameter, and a system comprising a

head-wearable device having a camera for taking images of a user’s eye.

BACKGROUND

[002] Over the last decades, camera-based eye trackers have become a potent and wide-
spread research tool in many fields including human-computer interaction, psychology, and
market research. Offering increased mobility compared to remote eye-tracking solutions,
head-mounted eye trackers, in particular, have enabled the acquisition of gaze data during
dynamic activities also in outdoor environments. Remote eye trackers typically rely on
complex optical setups involving the active generation of corneal reflections (so called
“glints”) by means of infrared (IR) LEDs and/or pairs of calibrated stereo cameras. Glint-
based (i.e. using corneal reflections) gaze estimation needs to reliably detect those reflections
in the camera image and needs to be able to associate each with a unique light source. If
successful, the 3D position of the cornea center (assuming a known radius of curvature) can
be determined. Beside hardware requirements, one issue encountered in this approach are
spurious reflections produced by other illuminators, which may strongly impact the
achievable accuracy. Due to the technical infeasibility of robustly porting such solutions to
head-mounted eye trackers, the latter are desired to resolve ambiguities during parameter
estimation with more restricted hardware setups. From an engineering point of view, glint-
free estimation of gaze-related and other parameters of a human eye using a single near-eye
camera is highly desirable. However, determining of human eye parameters from images
taken with a single near-eye camera (solving an inverse problem) is challenging and so far
requires comparatively high computing power often limiting the application area, in particular

if “slippage” of the eye tracker is to be compensated.



WO 2020/244752 PCT/EP2019/064656
-2-

[003] Accordingly, there is a need to further improve the speed and accuracy of the
detection of gaze direction and other gaze-related parameters of the human eye and reduce the

computational effort required therefor.

SUMMARY

[004] According to an embodiment of a method for generating data suitable for determining
a parameter of a human eye having an eyeball and an iris defining a pupil, the method
includes receiving a first image of the eye for a first time from a camera defining an image
plane and being of known camera intrinsics. A first ellipse at least substantially representing a
border of the pupil at the first time is determined in the first image. The known camera
intrinsics and the ellipse are used to determine an orientation vector of a first circle and a first
center line on which a center of the first circle is located, so that a projection of the first circle,
in a direction parallel to the first center line, onto the image plane is expected to reproduce the
first ellipse. A first eye intersecting line expected to intersect a center of the eyeball at the first
time is determined as a line which is, in the direction of the orientation vector, parallel-shifted
to the first center line by an expected distance between the center of the eyeball and a center

of the pupil.

[005] According to an embodiment of a method for generating data for determining a
correction function for at least one parameter of a human eye which is derivable from at least
one image of the human eye taken with a camera of known camera intrinsics, the method
includes calculating, using the known camera intrinsics, synthetic camera images of several
model eyeballs of the human eye with varying effective corneal refraction index, for a
plurality of given values of the at least one parameter of the model eyeballs. The synthetic
camera images are used to determine expected values of the at least one parameter. The
expected values of the at least one parameter and the given values of the at least one
parameter are used to determine a correction function which maps, depending on the effective
corneal refraction index, the expected values of the at least one parameter to the respective

given values of the at least one parameter.

[006] According to an embodiment of a system, the system comprises a head-wearable
device and a computing and control unit, the head-wearable device includes a camera for
taking images of an eye of a user wearing the head-wearable device. The eye includes an

eyeball and an iris defining a pupil. The camera intrinsics of the camera are known. The
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camera includes a sensor defining an image plane of the camera. The computing and control
unit is configured to receive from the camera a first image of the eye of the user taken at a
first time, to determine a first ellipse in the first image, the first ellipse at least substantially
representing a border of the pupil at the first time, to use the known camera intrinsics and the
first ellipse to determine an orientation vector of a first circle and a first center line on which a
center of the first circle is located, so that a projection of the first circle, in a direction parallel
to the first center line, onto the image plane is expected to reproduce the first ellipse, and to
determine a first eye intersecting line expected to intersect a center of the eyeball at the first
time as a line which is, in the direction of the orientation vector, parallel-shifted to the first
center line by an expected distance between the center of the eyeball and a center P of the
pupil.

[007] Other embodiments include (non-volatile) computer-readable storage media or
devices, and one or more computer programs recorded on one or more computer-readable
storage media or computer storage devices. The one or more computer programs can be
configured to perform particular operations or processes by virtue of including instructions
that, when executed by one or more processors of a system, in particular a system comprising
the head-wearable devices as explained herein, cause the system to perform the operations or

processes.

[008] Those skilled in the art will recognize additional features and advantages upon reading

the following detailed description, and upon viewing the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[009] The components in the figures are not necessarily to scale, instead emphasis being
placed upon illustrating the principles of the invention. Moreover, in the figures, like

reference numerals designate corresponding parts. In the drawings:

[0010] Fig. 1A illustrates a top view of a head-wearable device according to an embodiment;
[0011] Fig. 1B shows the front view on the head-wearable device according to Fig. 1A;
[0012] Fig. 1C is a lateral view on head-wearable device according to Fig. 1A;

[0013] Fig. 2A to 2C illustrates processes used in a method for generating data suitable for

determining a parameter of a human eye according to embodiments;

[0014] Fig. 3A is a schematic view of an exemplary two-sphere eye model;
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[0015] Fig. 3B illustrates the computational runtime of methods for determining a parameter

of a human eye ;

[0016] Fig. 4A illustrates a flow chart of a method for generating data suitable for

determining a parameter of a human eye according to embodiments;

[0017] Fig. 4B illustrates a flow chart of a method for determining a correction function

according to embodiments;

[0018] Fig. 4C illustrates a flow chart of a method for determining a correction function

according to embodiments;

[0019] Fig. 5A shows curves for estimated gaze angles of the optical axis as a function of the

respective ground truth value;

[0020] Fig. 5B shows curves for estimated pupil radius as a function of ground truth value of

the angle of the optical axis; and

[0021] Fig. 6A to 6C show curves for the estimated eyeball position as a function of the

respective ground truth value.

DETAILED DESCRIPTION

[0022] In the following Detailed Description, reference is made to the accompanying
drawings, which form a part hereof, and in which is shown by way of illustration specific
embodiments in which the invention may be practiced. In this regard, directional terminology,

"o

such as "top," "bottom," "front," "back,"” "leading," "trailing," etc., is used with reference to
the orientation of the Figure(s) being described. Because components of embodiments can be
positioned in a number of different orientations, the directional terminology is used for
purposes of illustration and is in no way limiting. It is to be understood that other
embodiments may be utilized and structural or logical changes may be made without
departing from the scope of the present invention. The following detailed description,

therefore, is not to be taken in a limiting sense, and the scope of the present invention is

defined by the appended claims.

[0023] It is a task of the invention to provide methods, systems and devices allowing for
improved generating, in particular computationally faster, easier and/or more reliably

generating of data suitable for determining parameters of a human eye using a head-wearable
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device including an eye camera for generating images of a respective eye of a user wearing

the head-wearable device.
[0024] Said tasks are solved by the subject matter of the independent claims.

[0025] The head-wearable device is configured for being wearable on a user’s head and may
be used for determining one or more gaze-related parameters of a user wearing the head-

wearable device.

[0026] The head-wearable device may be implemented as (head-wearable) spectacles device
comprising a spectacles body, which is configured such that it can be worn on a head of a
user, for example in a way usual glasses are worn. Hence, the spectacles device when worn by
a user may in particular be supported at least partially by a nose area of the user’s face. The
head-wearable device may also be implemented as an augmented reality (AR-) and/or virtual
reality (VR-) device (AR/VR headset), in particular a goggles, an AR head-wearable display,
and a VR head-wearable display. For the sake of clarity, head-wearable devices are mainly

described with regard to head-wearable spectacles devices in the following.

[0027] This state of usage of the head-wearable (spectacles) device being arranged at the
user’s face will be further defined as the “intended use” of the spectacles device, wherein
direction and position references, for example horizontal and wvertical, parallel and
perpendicular, left and right, front and back, up and down, etc., refer to this intended use. As a
consequence, lateral positions as left and right, an upper and lower position, and a
front/forward and back/backward are to be understood from user’s usual view. Equally, this
applies to a horizontal and vertical orientation, wherein the user’s head during the intended

use is in a normal, hence upright, non-tilted, non-declined and non-nodded position.

[0028] The spectacles body (main body) typically includes a left ocular opening and a right
ocular opening, which mainly come with the functionality of allowing the user to look
through these ocular openings. Said ocular openings can be embodied, but not limited to, as
sunscreens, optical lenses or non-optical, transparent glasses or as a non-material, optical

pathway allowing rays of light passing through.

[0029] The spectacles body may, at least partially or completely, form the ocular openings by
delimiting these from the surrounding. In this case, the spectacles body functions as a frame

for the optical openings. Said frame is not necessarily required to form a complete and closed
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surrounding of the ocular openings. Furthermore, it is possible that the optical openings
themselves have a frame like configuration, for example by providing a supporting structure
with the help of transparent glass. In the latter case, the spectacles device has the form similar
to frameless glasses, wherein only a nose support/bridge portion and ear-holders are attached
to the glass screens, which therefore serve simultaneously as an integrated frame and as

optical openings.

[0030] In addition, a middle plane of the spectacles body may be identified. In particular, said
middle plane describes a structural centre plane of the spectacles body, wherein respective
structural components or portions, which are comparable or similar to each other, are placed
on each side of the middle plane in a similar manner. When the spectacles device is in

intended use and worn correctly, the middle plane coincides with a median plane of the user.

[0031] Further, the spectacles body typically includes a nose bridge portion, a left lateral
portion and a right lateral portion, wherein the middle plane intersects the nose bridge portion,
and the respective ocular opening is located between the nose bridge portion and the

respective lateral portion.

[0032] For orientation purposes, a plane being perpendicular to the middle plane shall be
defined, which in particular is oriented vertically, wherein said perpendicular plane is not

necessarily firmly located in a defined forward or backward position of the spectacles device.

[0033] The head-wearable device has an eye camera having a sensor arranged in or defining
an image plane for taking images of a first eye of the user, i.e. of a left or a right eye of the
user. In other words, the eye camera, which is in the following also referred to as camera and
first eye camera, may be a left eye camera or a right (near-) eye camera. The eye camera is

typically of known camera intrinsics.

[0034] As used herein, the term “camera of known camera intrinsics” shall describe that the
optical properties of the camera, in particular the imaging properties (imaging characteristics)
of the camera are known and/or can be modelled using a respective camera model including
the known intrinsic parameters (known intrinsics) approximating the eye camera producing
the eye images. Typically, a pinhole camera model is used for modelling the eye camera. The

known intrinsic parameters may include a focal length of the camera, an image sensor format
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of the camera, a principal point of the camera, a shift of a central image pixel of the camera, a

shear parameter of the camera, and/or one or more distortion parameters of the camera.

[0035] In addition, the head-wearable device may have a further eye camera of known camera
intrinsics for taking images of a second eye of the user, i.e. of a right eye or a left eye of the
user. In the following the further eye camera is also referred to as further camera and second

€yec camera.

[0036] In other words, the head-wearable device may, in a binocular setup, have a left and a
right (eye) camera, wherein the left camera serves for taking a left image or a stream of
images of at least a portion of the left eye the user, and wherein the right camera takes an

image or a stream of images of at least a portion of a right eye of the user.

[0037] Typically, the first and second eye cameras have the same camera intrinsics (are of the
same type). Accordingly, generating of data suitable for determining (a) parameter(s) of the

user’s eyes may be unified.

[0038] However, apart from a few exceptions referring to 3D gaze points of the eyes as
human eye parameter, the methods explained herein refer to one eye and are thus applicable

in a monocular setup having one (near) eye camera only.

[0039] The parameter of the human eye typically refers to an eyeball the human eye and/or a
pupil of the human eye.

[0040] In particular, the parameter of the human eye may refer to and/or be a center of the
eyeball, in particular a center of rotation of the eyeball or an optical center of the eyeball,

and/or a gaze related parameter of the human eye(s).

[0041] The gaze-related parameter may be a gaze-direction related parameter , a pupil area, a
pupil size, a pupil diameter, a pupil radius, an iris diameter, a cornea characteristic of at least
one eye, a cornea radius, 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, to cornea center and/or to corneal apex, a
crystalline lens index of refraction, a degree of astigmatism, a limbus major and/or minor axes
orientation, an eye cyclo-torsion, an eye intra-ocular distance, an eye vergence, a statistics

over eye adduction and/or eye abduction, and a statistics over eye elevation and/or eye
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depression, data about drowsiness and/or awareness of the user, parameters for user iris

verification and/or identification.

[0042] The gaze-direction related parameter may be a gaze direction, a cyclopean gaze
direction, a 3D gaze point, a 2D gaze point, a visual axis orientation, an optical axis

orientation, a pupil axis orientation, and a line of sight orientation of the user.

[0043] The gaze-direction related parameter(s) is/are typically determined with respect to a

coordinate system that is fixed to the eye camera(s) and/or the head-wearable device.

[0044] For example, a Cartesian coordinate system defined by the image plane of the eye

camera(s) may be used.

[0045] Points and directions may also be specified within and/or converted into a device
coordinate system, a head coordinate system, a world coordinate system or any other suitable

coordinate system.

[0046] The eye camera(s) can be arranged at the spectacles body in inner eye camera
placement zones and/or in outer eye camera placement zones, in particular wherein said zones
are determined such, that an appropriate picture of at least a portion of the respective eye can
be taken for the purpose of determining one or more a gaze-related parameter; in particular,
the cameras are arranged in a nose bridge portion and/or in a lateral edge portion of the
spectacles frame such, that an optical field of a respective eye is not obstructed by the
respective camera. The optical field is defined as being obstructed, if the camera forms an
explicitly visible area/portion within the optical field, for example if the camera points out
from the boundaries of the visible field into said field, or by protruding from the boundaries
into the field. For example, the cameras can be integrated into a frame of the spectacles body
and thereby being non-obstructive. In the context of the present invention, a limitation of the
visible field caused by the spectacles device itself, in particular by the spectacles body or

frame is not considered as an obstruction of the optical field.

[0047] Furthermore, the head-wearable device may have illumination means for illuminating
the left and/or right eye of the user, in particular if the light conditions within an environment

of the spectacles device are not optimal.

[0048] Typically, a frame of the spectacles body is essentially symmetrical to the middle

plane, wherein only minor areas, portions or elements of the frame are non-symmetrical.
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[0049] In one embodiment, a method for generating data suitable for determining a parameter
of a human eye includes receiving a first image of the human eye from a camera of known
camera intrinsics. The first image is taken at a first time with an image sensor defining an
image plane of the camera. A first ellipse representing a border of a pupil of the human eye at
the first time is determined in the first image. The camera intrinsics and the ellipse are used to
determine (in 3D space) an orientation vector of a first circle and a first center line on which a
center of the first circle is located, so that a projection of the first circle, in a direction parallel
to the first center line, onto the image plane is expected to reproduce the first ellipse at least
substantially, i.e. reproduces the first ellipse with high accuracy, i.e. with a an error of less
than 5% or even less than 2%. A first eye intersecting line expected to intersect a center of the
eyeball of the human eye at the first time is determined as a line which is, in the direction of
the orientation vector, parallel-shifted to the first center line by an expected distance between

the center of the eyeball and a center of the pupil.

[0050] Accordingly, the first eye intersecting line, which limits the position of the center of
the eyeball to a line and thus can be considered as a parameter of the human eye, can be
determined without using glints or markers and with low calculation costs, low numerical
effort and/or very fast. This even allows determining the parameters of a human eye in real
time (within sub-milliseconds range per processed image) with comparatively low hardware
requirements. Accordingly, parameter(s) of the human eye may be determined with hardware
that is integrated into the head-wearable device during taking eye images with the camera of
the head-wearable device and with a negligible delay only, respectively with hardware of low

computational power, like smart devices, connectable to the head-wearable device.

[0051] Note that the process of determining the orientation vector of the first circle and the
first center line is typically done similar as explained in reference [1]. Reference [1] describes
a method of 3D eye model fitting and gaze estimation based on pupil shape derived from
(monocular) eye images. Starting from a camera image of an eye and having determined the
area of the pupil represented by an ellipse, the first step is to determine the circle in 3D space,
which gives rise to the observed elliptical image pupil, assuming a (full) perspective
projection and known camera parameters. If this circle is found, it can serve as an
approximation of the actual pupil of the eye, i.e. the approximately circular opening of
varying size within the iris. Mathematical methods for achieving this “unprojection” give rise

to two ambiguities: firstly, there are two solution circles for a given fixed circle radius on the
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cone which represents the space of all possible solutions. Deciding which one is a correct
pupil candidate is described in reference [1]. The second ambiguity is a size-distance
ambiguity: given only a 2D image it is not possible to know a priori whether the pupil is small
and close to the camera or large and far away from the camera. The second ambiguity is
resolved in reference [1] by generating a model which comprises 3+3N parameters, including
the 3 eyeball center coordinates and parameters of pupil candidates extracted from a time
series of N camera images. This model is then optimized numerically in a sophisticated

iterative fashion to yield the final eyeball center coordinates.

[0052] Compared to reference [1], the proposed solution herein for resolving the size-distance
ambiguity (which is based on the eye intersecting line(s)) represents a considerable
conceptual and computational simplification. This allows determining parameters of human
eye(s) such as eyeball position(s), pupil size(s) and gaze direction(s) in real-time with
considerably reduced hardware and/or software requirements. Accordingly, lightweight
and/or comparatively simple head-wearable device may be more broadly used for purposes

like gaze-estimation and/or pupillometry, i.e. measuring the actual size of the pupil.

[0053] Note that the method does not require taking into account a glint from the eye for

generating data suitable for determining the parameter of the human eye.

[0054] In other words, the method may be glint-free. Therefore, the method does not require

using structured light and/or special purpose illumination to derive parameters of the eye.

[0055] Note further that human eyes only vary in size within a very narrow margin and many

physiological parameters can thus be assumed constant/equal between different persons.

[0056] For known distance R between center of the eyeball, in the following also referred to
as eyeball center, and center of the pupil, in the following also referred to as pupil center, of a
human, the eyeball center is, for each image/observation, expected to lie on the respectively
determined eye intersecting line. For humans the distance R can be even assumed with high
accuracy as a constant (R = 10.39mm). Alternatively, the distance R may be measured for

humans in advance and optionally averaged. However, this is usually not required.

[0057] Each further image / observation of the eye with a different gaze direction gives rise to

an independent eye intersecting line in 3D. Finding the nearest intersection of at least two
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independent eye intersecting lines thus yields the coordinates of the eyeball center in a non-

iterative manner.

[0058] Accordingly, the method for determining a parameter of a human eye typically
includes receiving a second image of the eye for a second time from the camera, more
typically a plurality of further images at respective times, determining a second ellipse in the
second image, the second ellipse at least substantially representing the border of the pupil at
the second time, more typically determining for each of the further images a respective
ellipse, using the second ellipse to determine an orientation vector of a second circle and a
second center line on which a center of the second circle is located, so that a projection of the
second circle, in a direction parallel to the second center line, onto the image plane is
expected to reproduce the second ellipse, more typically using the respective ellipse to
determine an orientation vector of the further circle and a further center line on which the
further circle is located, so that a projection of the further circle, in a direction parallel to the
further center line, onto the image plane is expected to reproduce the respective further
ellipse, and determining a second eye intersecting line expected to intersect the center of the
eyeball at the second time as a line which is, in the direction of the orientation vector of the
second circle, parallel-shifted to the second center line by the expected distance, more
typically determining further eye intersecting lines each of which is expected to intersect the
center of the eyeball at the respective further time as a line which is, in the direction of the
orientation vector of the further circle, parallel-shifted to the further center line by the

expected distance.

[0059] In other words, a camera model such as a pinhole camera model describing the
imaging characteristics of the camera and defining an image plane (and known camera
intrinsic parameters as parameters of the camera model) is used to determine for several
images taken at different times with the camera an orientation vector of a respective circle and
a respective center line on which a center of the circle is located, so that a projection of the
circle, in a direction parallel to the center line, onto the image plane reproduces the respective
ellipse in the camera model, and determining a respective line which is, in the direction of the
orientation vector, which typically points away from the camera, parallel-shifted to the center
line by an expected distance between a center of an eyeball of the eye and a center of a pupil

of the eye as an eye intersecting line which intersects the center of the eyeball at the first time.
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Thereafter, the eyeball center may be determined as nearest intersection point of the eye

intersecting lines in a least squares sense.

[0060] Typically, the respective images of the eye which are used to determine the plurality
of eye intersecting lines (Dx, k=1..n) are acquired with a frame rate of at least 25 frames per
second (fps), more typical of at least 30 fps, more typical of at least 60 fps, and more typical
of at least 120 fps or even 200 fps.

[0061] Once the eyeball center is known, other parameters of the human eye such as gaze

direction and pupil radius or size can be calculated non-iteratively.

[0062] In particular, an expected gaze direction of the eye may be determined as a vector

which is antiparallel to the respective circle orientation vector.

[0063] Further, the expected co-ordinates of the center of the eyeball may be used to
determine for at least one of the times an expected optical axis of the eye, an expected
orientation of the eye, an expected visual axis of the eye, an expected size of the pupil and/or

an expected radius of the pupil.

[0064] Furthermore, at one or more later times a respective later image of the eye may be
acquired by the camera and used to determine, based on the determinant respective later eye
intersecting line, at the later time(s) an expected gaze direction, an expected optical axis of the
eye, an expected orientation of the eye, an expected visual axis of the eye, an expected size of

the pupil and/or an expected radius of the pupil.

[0065] Alternatively and/or in addition, effects of refraction by the cornea may be taken into

account.

[0066] According to an embodiment, a method for determining a correction function for one
or more parameter(s) of a human eye is disclosed, the method includes calculating, using
known (optical) camera properties (typically including camera intrinsics) of the camera used
for taking one or more image(s) of the human eye, for a plurality of given values of the one
or more parameters of the model eyeballs and varying corneal refraction index synthetic
camera images of several model eyeballs of the human eye. The synthetic camera images are
used to determine (calculate) expected values of the one or more parameters of a human eye.
The expected values and the corresponding given values of the one or more parameters are

used to determine a correction function which maps, depending on the effective corneal
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refraction index, the expected values to the respective given values of the one or more

parameters.

[0067] The given values typically include co-ordinates of respective centers of the model
eyeballs, given radii of a pupil of the model eyeballs and/or given gaze directions of the

model eyeballs.

[0068] Determining the expected values typically includes determining respective first eye
intersecting lines expected to intersect the center of the respective model eyeball for the
plurality of given co-ordinates of respective centers of the model eyeballs, given radii of a

pupil of the model eyeballs and/or given gaze directions.

[0069] Determining the correction function may be achieved using a multivariate polynomial

regression analysis.

[0070] Calculating the synthetic camera images may be achieved by raytracing an
arrangement of a camera model, which describes the camera, and (three-dimensional) model

eyeballs arranged in the field of view of the camera model.

[0071] According to embodiments, a respective two-sphere (three-dimensional) eye model

may be used as model eyeballs.

[0072] For example, the so-called LeGrand eye model may be used (see also reference [1]).
Alternatively, the so-called Navarro eye model may be used for modelling eyeballs (see also

reference [2] for more details) and calculating synthetic images, respectively.

[0073] The model of the camera typically includes a focal length, a shift of a central image

pixel, a shear parameter, and/or one or more distortion parameters of the camera.
[0074] The camera may be modelled as a pinhole camera.

[0075] Typically, the camera defines a co-ordinate system, wherein all calculations described

herein are performed with respect to this co-ordinate system.

[0076] The camera may be assumed to be substantially immobile with respect to the eye on

the time scales considered, at least for a few subsequent image frames.

[0077] Likewise, the center of the eyeball may be assumed to have at least substantially non-
varying co-ordinates in the co-ordinate system while the respective images of the eye are
acquired by the camera on the time scales considered, at least for a few subsequent image

frames.
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[0078] The correction function is typically stored and may later be used to correct one or
more parameters of a human eye determined from respective eye images. In particular, a
corrected value for the center of the eyeball of the human eye, the expected gaze direction of
the human eye, the expected optical axis of the human eye, the expected orientation of the
human eye, the expected visual axis of the human eye, the expected size of the pupil of the
human eye, and/or the expected radius of the pupil of the human eye may be calculated using

the correction function.

[0079] Note that determining the respective (pupil circle) center line as described herein is
based on the unprojection of the image ellipse using the known camera model. Different
thereto, determining the respective eye intersecting line is based on the thus derived centre
line and an eye model, typically a 3-D eye model. In the simplest case and without correcting
the corneal refraction effects, the eye model may only have one parameter, namely the

expected distance R between the center of the eyeball and the center of the pupil.

[0080] According to an embodiment, a system comprises a head-wearable device and a
computing and control unit, the head-wearable device including a camera of known camera
intrinsics for taking images of an eye of a user wearing the head-wearable device, and a
computing and control unit connected with or connectable to the camera. The camera includes
a sensor defining an image plane of the camera. The computing and control unit is configured
to receive from the camera a first image of the eye of the user taken at a first time, determine
in the first image a first ellipse at least substantially representing a border of the pupil at the
first time, to use the camera intrinsics to determine an orientation vector of a first circle and a
first center line on which a center of the first circle is located, so that a projection of the first
circle, in a direction parallel to the first center line, onto the image plane is expected to
reproduce the first ellipse, and to determine a first eye intersecting line expected to intersect a
center of the eyeball of the eye at the first time as a line which is, in the direction of the
orientation vector, parallel-shifted to the first center line by an expected distance between the

center of the eyeball and a center of the pupil.

[0081] Typically, the computing and control unit is configured to perform the methods for

generating data suitable for determining a parameter of a human eye as explained herein.

[0082] For example, the computing and control unit may be configured to use the first eye

intersecting line and a second eye intersecting line for determining expected co-ordinates of



WO 2020/244752 PCT/EP2019/064656
-15 -

the center of the eyeball. The second eye intersecting line is typically determined by the same

method used to determine the first eye intersecting line, however for a different point in time.

[0083] Different thereto, the method for determining a correction function as explained herein
is typically performed by a more powerful computing device such as a desktop computer or

the like.

[0084] However, the computing and control unit may be configured to use a stored correction
function taking into account corneal refraction to determine in real-time a corrected value for
one or more parameters of a human eye determined from eye images such as the center of the
eyeball, the expected gaze direction of the eye, the expected optical axis of the eye, the
expected orientation of the eye, the expected visual axis of the eye, the expected size of the

pupil, and the expected radius of the pupil.

[0085] In addition, the head-wearable device may include a further eye camera for taking
images of a further eye of the user. The further camera is connected to or connectable to the
computing and control unit. The further camera has a sensor defining a further image plane of
the further camera. The further eye has a further eyeball and a further iris defining a further
pupil. In this embodiment, the computing and control unit is configured to receive from the
further camera an image of the further eye of a user taken at a further time, determining an
ellipse in the image, the ellipse at least substantially representing a border of the further pupil
at the further time, to use the ellipse to determine an orientation vector of a circle and a center
line on which a center of the circle is located, so that a projection of the circle, in a direction
parallel to the center line, onto the further image plane is expected to reproduce the ellipse,
and to determine an eye intersecting line expected to intersect a center of the further eyeball at
the further time as a line which is, in the direction of the orientation vector of the circle,
parallel-shifted to the center line by an expected distance between the center of the further

eyeball and a center of the further pupil.

[0086] The expected distance between the center of the further eyeball and the center of the
further pupil is at least substantially equal to the expected distance (R) between the center of

the eyeball and a center of the pupil.
[0087] Further, the further time may be at least substantially equal to the first time.

[0088] Typically, several images of the further eye are taken and used to determine respective
eye intersecting lines of the further eye. Furthermore, the eye intersecting lines of the further

eye may, similar as explained above for the eye of the user, be used to determine co-ordinates
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of a center of the eyeball of the further eye and/or other parameters of the further eye and/or

corrected values for the parameter(s) of the further eye.

[0089] Typically, a pose of the respective camera, i.e. a position of the respective camera
and/or an orientation of the respective camera is adjustable and/or fixable with respect to a
frame of the head-wearable device. In either case, a pose of the respective camera with respect
to the frame may be known. In this case calculations may alternatively be performed a the

coordinate-system defined by the frame.

[0090] Note that the calculations concerning the further eye may be performed in the

respective co-ordinate system of the further eye camera.

[0091] For reasons of accuracy, the eye camera(s) may have a resolution of at least 320 x 240
pixels or 640 x 480 pixels. However, a smaller resolution of for example 400x400 or 200x200

or even only 128x128 or 64x64 pixels may also be sufficient for some applications.
[0092] Further, the eye camera(s) may be infrared cameras.

[0093] A right IR-light source of the head-wearable device may be used to illuminate the
right eye of the user and/or a left IR-light source of the head-wearable device may be used to
illuminate the left eye of the respective user in embodiments referring to IR-cameras for the
left and the right eye, respectively. IR-illumination may only be used/invoked when the image
quality is too low or expected to be low, for example in a dark environment. IR-illumination
may also be on permanently, or always be on and only switched off to save power and/or

when image quality is sufficient without illumination.

[0094] In all embodiments, the typically tiny eye camera(s) are not even noticed by the user

when wearing the device.

[0095] For example, the eye camera(s) may have respective volumes of less than about

40mm? or even 10mm3.

[0096] Placing eye camera(s) in the respective lateral portion of the spectacles body allows
for a very discrete and non-obtrusive camera arrangement in the spectacles body without
noticeably obstructing the visible field of the user, and ensures a beneficial view on to the

eyeballs of the user.

[0097] Even further, arranging the eye camera(s) in the respective lateral portion (instead of
in the nose bridge portion) has the benefit that the nose bridge portion can be kept free of

additional electronics and thus can be redesigned easily to adapt to different
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physiognomies/ethnically differing spectacle requirements, while the lateral frame portion can

stay unchanged.

[0098] In addition, the lateral portion of the spectacles body provides more space for the

cameras and (illumination) electronics compared to the nose bridge portion.

[0099] The cameras and (illumination) electronics may represent heat sources, but can be kept
farther away from the eyes compared to arranging them in the nose bridge portion.
Accordingly, wearing comfort may be further increased even if the heat sources are

comparatively weak.

[00100] In one embodiment, the head-wearable (spectacles) device is provided with
electric power from a companion device of the system, in particular a mobile companion
device such as a smart phone, tablet or laptop computer during operation of the spectacles
device. The computing and control unit may be part of the head-wearable device, in particular

integrated into the head-wearable device, or the companion device.

[00101] In embodiments referring to systems including a companion device
connectable with the head-wearable device, the head-wearable spectacles device may not
have an internal energy storage such as a battery. Accordingly, the head-wearable (spectacles)
device may be particularly lightweight. Further, less heat may be produced during device
operation compared to a device with an internal (rechargeable) energy storage. This may also

improve comfort of wearing.

[00102] In other embodiments, the head-wearable (spectacles) device may have a
lightweight (typically less than 50 g or even 20 g or even 10g or even 5g) internal energy
storage with a low capacity of typically not more than 200 mAbh, in particular not more than
100 mAh, in particular not more than 40mAh for feeding an internal clock, supplying the
electric components of the head-wearable (spectacles device) with electric power for a short
time of typically at most one min, saving the images, and/or shutting down the head-wearable
(spectacles) device in case the connection to the companion device is lost or the companion

device is running low of energy.

[00103] The connector for power supply and/or data exchange may be arranged at a

dorsally pointed end of the left holder or the right holder.
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[00104] The integrated computing and control unit typically includes an interface board
(interface controller) for communicating with the companion device, for example a USB-hub

board (controller).

[00105] The integrated computing and control unit may be implemented as control and
processing unit also configured for calculating gaze-related parameter(s) of the user, typically
even in real time or near real time, i.e. at most within 100 ms or 50 ms, more typically at most

20 ms or even at most 5 ms.

[00106] The computing and control unit of the head-wearable (spectacles) device is
typically arranged non-visible within the spectacles body, in particular in the left lateral
portion, in the right lateral portion, in the left holder and/or in the right holder. The control
and/or processing unit (controller) of the head-wearable (spectacles) device may comprise
several interconnected parts arranged in different portions of the spectacles body, for example

also in the spectacles frame.

[00107] The computing and control unit of the head-wearable (spectacles) device may
have a USB-hub board, a camera controller board connected with the camera, and a power-IC
connected with the camera controller board, the camera and/or the connector for power supply
and/or data exchange, in particular a low power SoC (System-on-Chip) for controlling and
processing, and an optional head orientation sensor having an inertial measurement unit
(IMU). The low power SoC may have a CPU, RAM (Random-Access Memory) as well as
non-volatile memory, such as ROM (read only memory), PROM (programmable read only

memory) and flash memory, a DSP and/or even a GPU.

[00108] All this can be achieved with a lightweight, unobtrusive, very comfortable
head-wearable (spectacles) device that may be comparatively easy and cost-effective
manufactured and repaired (easy and quick assembly/disassembly is even possible for a
normal user) and can even be used as normal glasses (with standard optical lenses) or sun
glasses (with detached scene camera(s)) without being easily recognized as an eye tracking

device.

[00109] Furthermore, no particular heat management, physical shields to protect the

user, vents or the like are required.

[00110] Reference will now be made in detail to various embodiments, one or more
examples of which are illustrated in the figures. Each example is provided by way of

explanation, and is not meant as a limitation of the invention. For example, features illustrated
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or described as part of one embodiment can be used on or in conjunction with other
embodiments to yield yet a further embodiment. It is intended that the present invention
includes such modifications and variations. The examples are described using specific
language which should not be construed as limiting the scope of the appended claims. The
drawings are not scaled and are for illustrative purposes only. For clarity, the same elements
or manufacturing steps have been designated by the same references in the different drawings

if not stated otherwise.

[00111] With reference to Figures 1A to 1C, a generalised embodiment of a head-
wearable spectacles device for determining one or more gaze-related parameters of a user is
shown. In fact, with the help of Fig. 1A and 1C a plurality of embodiments shall be
represented, wherein said embodiments mainly differ from each other in the position of the
cameras 14, 24. Thus, the spectacles device 1 is depicted in Fig. 1A with more than one
camera 14, 24 per ocular opening 11, 21 only for presenting each embodiment. However, in
this embodiment the spectacles device does not comprise more than one camera 14, 24

associated to each ocular opening 11, 21.

[00112] Fig. 1A is a view from above on said spectacles device 1, wherein the left side
10 of the spectacles device 1 is shown on the right side of the drawing sheet of Fig. 1A and
the right side 20 of the spectacles device 1 is depicted on the left side of the drawing sheet of
Fig. 1A. The spectacles device 1 has a middle plane 100, which coincides with a median plane
of the user of the spectacles device 1 when worn according to the intended use of the
spectacles device 1. With regard to user’s intended use of the spectacles device 1, a horizontal
direction 101, a vertical direction 102, 100, a direction “up” 104, a direction “down” 103,

direction towards the front 105 and a direction towards the back 106 are defined.

[00113] The spectacles device 1 as depicted in Fig. 1A, Fig. 1B, and Fig. 1C comprises
a spectacles body 2 having a frame 4, a left holder 13 and a right holder 23. Furthermore, the
spectacles body 2 delimits a left ocular opening 11 and a right ocular opening 21, which serve
the purpose of providing an optical window for the user to look through, similar to a frame or
a body of normal glasses. A nose bridge portion 3 of the spectacles body 2 is arranged
between the ocular openings 11, 21. With the help of the left and the right holder 13, 23 and
support elements of the nose bridge portion 3 the spectacles device 1 can be supported by ears
and a nose of the user. In the following, the frame 4 is also referred to as front frame and

spectacles frame, respectively.
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[00114] According to the embodiments represented by Fig. 1A, a left eye camera 14
and/or a right eye camera 24 can be arranged in the spectacles body 2. Generally, the nose
bridge portion 3 or a lateral portion 12 and/or 22 of the spectacles body 2 is a preferred

location for arranging/integrating a camera 14, 24, in particular a micro-camera.

[00115] Different locations of the camera(s) 14, 24 ensuring a good field of view on the

respective eye(s) may be chosen. In the following some examples are given.

[00116] If a camera 14 or 24 is arranged in the nose bridge portion 3 of the spectacles
body 2, the optical axis 15 of the left camera 14 may be inclined with an angle o of 142° to
150°, preferred 144°, measured in counter-clockwise direction (or -30° to -38°, preferred -
36°) with respect to the middle plane 100. Accordingly, the optical axis 25 of the right camera
24 may have an angle 3 of inclination of 30° to 38°, preferred 36°, with respect to the middle
plane 100.

[00117] If a position of a camera 14, 24 is located in one of the lateral portions 12, 22
of the spectacles body 2, the optical axis 15 of the left camera 14 may have an angle vy of 55°
to 70°, preferred 62° with respect to the middle plane, and/or the optical axis 25 of the right
camera 24 may be inclined about an angle 8 of 125° to 110° (or -55° to -70°), preferred 118°
(or -62°).

[00118] Furthermore, a bounding cuboid 30 — in particular a rectangular cuboid — may
be defined by the optical openings 11, 21, which serves four specifying positions of camera
placement zones 17, 27, 18, 28. As shown in Fig. 1A, Fig. 1B, and Fig. 1C the bounding
cuboid 30 — represented by a dashed line — may include a volume of both ocular openings 11,
21 and touches the left ocular opening 11 with a left lateral surface 31 from the left side 10,
the right ocular opening 21 with a right lateral surface 32 from the right side 20, at least one
of the ocular openings 11, 21 with an upper surface 33 from above and from below with a

lower surface 34.

[00119] In case a left/right camera 14, 24 is arranged in the nose bridge portion 3, a
projected position of the left camera 14 would be set in a left inner eye camera placement
zone 17 and the right camera 24 would be (projected) in the right inner eye camera placement

zone 27.

[00120] When being in the left/right lateral portion 12, 22, the left camera 14 may be

positioned — when projected in the plane of the camera placement zones — in the left outer eye



WO 2020/244752 PCT/EP2019/064656
-21-

camera placement zone 18, and the right camera 24 is in the right outer eye camera placement

zone 28.

[00121] With the help of the front view on the spectacles device 1 depicted in Fig. 1B
the positions of the eye camera placement zones 17, 18, 27, 28 are explained. In Fig. 1B
rectangular squares represent said eye camera placement zones 17, 18, 27, 28 in a vertical

plane perpendicular to the middle plane 100.

[00122] As a preferred option, all embodiments of the spectacles device 1 as
represented by Fig. 1A to 1C have in common, that no more than one camera 14/24 is
associated to one of the optical openings 11, 21. Typically, the spectacles device 1 does only
comprise one or two cameras 14, 24 to take a picture of a left and a right eyeball 19, 29,

respectively.

[00123] The spectacles device 100 as shown in Fig. 1A comprises a computing and
control unit 7 configured for processing the left and/or the right picture from the respective

camera 14, 24 for determining parameter(s) of the respective eye.

[00124] Typically, the computing and control unit is non-visibly integrated within the
holder, for example within the right holder 23 or the left holder 13 of the spectacles device 1.
According to a non-shown embodiment, a processing unit can be located within the left
holder. Alternatively, the processing of the left and the right images from the cameras 14, 24
for determining the gaze-related parameter(s) may alternatively be performed by a connected
companion device such as smartphone or tablet or other computing device such as a desktop
or laptop computer, and may also be performed entirely offline, based on videos recorded by

the left and/or right cameras 14, 24.

[00125] The head wearable device 1 may also include components that allow
determining the device orientation in 3D space, accelerometers, GPS functionality and the

like.

[00126] The head wearable device 1 may further include any kind of power source,
such as a replaceable or rechargeable battery, or a solar cell. Alternatively (or in addition), the
head wearable device may be supplied with electric power during operation by a connected

companion device such as smartphone or tablet, and may even be free of a battery or the like.
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[00127] According to an embodiment, the computation of the user’s eye parameter(s)
as explained herein is done by computing and control unit 7 which is fully and invisibly

integrated into a standard spectacle frame.

[00128] The head wearable device may however also be embodied in configurations
other than in the form of spectacles, such as for example as integrated in the nose piece or
frame assembly of an AR or VR head-mounted display (HMD) or goggles or similar device,

or as a separate nose clip add-on or module for use with such devices.

[00129] Fig. 2A to 2C illustrates processes of a method for generating data suitable for

determining a parameter of a human eye.

[00130] With respect to figure 2A, 2B illustrating a camera 14 and the human eye H in
the field of view of the camera 14, determining of eye intersecting lines D; and D> is
explained. The camera 14 is typically a near eye camera as explained above with regard to
figures 1A to 1C. For the sake of clarity, a Cartesian coordinate system y, z is additionally
shown. In the exemplary embodiment, the z-direction is perpendicular to the image plane I, of

the camera 14.

[00131] In the exemplary embodiment, the camera 14 used for taking images of the
user’s eye is modelled as a pinhole camera. The user’s eye H is represented by an appropriate
model for human eyes. In particular, a two sphere eye model as illustrated in figure 3A may

be used.

[00132] Figure 3A is a schematic view of an exemplary two-sphere model H for human
eyes according to LeGrand. It approximates the eye geometry as consisting of two partial
spheres. The larger partial sphere Hi corresponds to the eyeball with center at position M = (x,
y, z) and radius of curvature re. The second partial sphere Hc represents the cornea with center
C and radius of curvature rc. It is assumed that the cornea and the aqueous humor form a
continuous medium with a single effective refractive index, ner. While the effective refractive
index of the cornea varies slightly across the human population, it is reasonable to assume it
to be fixed to the physiologically plausible value ner = 1.3375. The iris and pupil Hs within
the LeGrand eye model are two circles with radius 15 and r, respectively, sharing the same
center P lying at a distance R = (1> —1,)°> from M along the direction MC. Their normal
directions coincide, are parallel to MC, and thus correspond to the optical axis O of the eye.

For calculation the following physiologically plausible values are assumed: radius of
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curvature re = 12 mm, cornea radius rc = 7.8 mm, and iris radius rs = 6 mm. The pupil radius

typically varies in the physiologically plausible range of approximately 1-4 mm.

[00133] Initially, we will focus on estimating the optical axis O of the eye. Depending
on the user/person, the optical axis O of the eye may deviate from the visual axis V of the eye
H. The state of the model, similar to the one employed by reference [1] (Swirksi model), is
uniquely determined by specifying the position of the eyeball center M and the pose and
radius of the pupil H3z = (¢, 0, r), where ¢ and 0 are the spherical coordinates of the normalized
vector pointing from M into the direction of C. We will refer to ¢ and 0 as gaze angles. In
some cases, we will also refer to the angle between the optical axis O and the negative z-axis

as gaze angle.

[00134] In reference [1], a complex optimization is performed to estimate eyeball

positions as well as gaze angles and pupil size for all observations.

[00135] Different thereto, a computationally less demanding two-stage process is

proposed herein.

[00136] First, the eyeball center M is determined at given times, t; and t> in figures 2A,
2B. The other parameters of the eye like gaze-angle and pupil-radius are obtained in a

separate step.

[00137] In order to determine the eyeball position M, the same disambiguation
procedure on pairs of un-projected circles as proposed in reference [1] (see figure 3 and
corresponding description of [1]) may be used. As a result, we obtain circles C; and C; in 3D,

corresponding to respective un-projections of outer contours of the pupil Ha.

[00138] In particular, a first ellipse E; representing a border (outer contour) of the pupil
Hs at the first time t is determined in a first image taken with the camera 14. This is typically

achieved using image processing techniques.

[00139] Likewise, a second ellipse E» representing the border of the pupil Hs at the

second time t; is determined in a second image taken with the camera 14.

[00140] As explained in detail in reference [1] which is incorporated by reference in its
entirety, a camera model of the camera 14 is used to determine an orientation vector N1 of the
first circle C; and a first center line L; on which a center of the first circle C; is located, so
that a projection of the first circle Ci, in a direction parallel to the first center line L1, onto the

image plane I, reproduces the first ellipse E; in the image.



WO 2020/244752 PCT/EP2019/064656
-24 -

[00141] Likewise, the camera model may be used to determine an orientation vector Mz
of the second circle C; and a second center line L on which a center of the second circle C; is
located, so that a projection of the second circle Cs, in a direction parallel to the second center

line L, onto the image plane I, of the camera reproduce the second ellipse E: in the image.

[00142] However, the size-distance ambiguity explained above is resolved in a much

simpler manner.

[00143] For this purpose, a first eye intersecting line D expected to intersect the center
M of the eyeball H; at the first time t; may be determined as a line which is, in the direction of
the orientation vector 1M1, parallel-shifted to the first center line L; by the expected distance R
between the center M of the eyeball H; and the center P of the pupil Hs. As already explained
above, the distance R may be set to its average human (physiological) value R = 10.39 mm,

which is in the following also referred to as a physiological constant of human eyes.

[00144] Likewise, a second eye intersecting line D> expected to intersect the center M
of the eyeball H; at the second time t> may be determined as a line which is, in the direction of

the orientation vector M2, parallel-shifted to the second center line L by the distance R.

[00145] Note that each un-projection circle Cy constrains the eyeball position M in 3D
to the respective line Dx (k=1..2 in Fig. 2A, 2B).

[00146] To this end, note that for each choice of pupil radius r, the circle Cx constitutes
a 3D pupil candidate that is consistent with the observed pupil ellipse Ex . In the framework of
the two-sphere model, if the circle Cx were to be the actual pupil, it would thus need to be

tangent to a sphere of radius R and position given by
[00147] Dk (r) =ck' + R * 1k

[00148] defining a line in 3D that is parameterized by r, in wich ci' represents the

ensemble of possible pupil circle centers, i.e. the circle center line Lk.

[00149] As the 3D pupil corresponds to Ck(r) when 1 is chosen to be the actual pupil

radius, the eyeball center M thus indeed needs to be contained in this line Dx.

[00150] Therefore, the center M of the eyeball Hi may be determined as intersection
point of the first eye intersecting line D; and the second eye intersecting line D or as nearest

point to the first eye intersecting line D) and the second eye intersecting line Do.
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[00151] Typically, the eye intersecting lines Dk may be determined for a plurality of
different times tx with k=1..n. Each of the eye intersecting lines Dk is expected to intersect the

center M of the eyeball at respective times.

[00152] Furthermore, the center M of the eyeball is typically determined as nearest
point <M> to the eye intersecting lines Dy, k=1..n (see figure 2C). In other words, the center

M of the eyeball intersection is in practice typically taken in a least-squares sense.

[00153] After determining the eyeball position M, gaze directions gi, g2 may be

determined as being negative to the respective orientation vector N1, N2.

[00154] Further, the respective optical axis may be determined as by (normalized)

direction from P to the intersection point M.

[00155] As illustrated in Fig. 3B, the number of pupils (image frames) that can be
calculated with the method explained above with regard to figures 2A to 2C (method A) is,
for the same computing hardware, typically at least one order of magnitude higher compared

to the method of Swirski (reference [1]).

[00156] In other words, the method A as explained herein is at least one order of

magnitude more efficient.

[00157] Fig. 4A illustrates a flow chart of a method 1000 for generating data suitable
for determining a parameter of a human eye according to embodiments. As indicated by the
dashed rectangle A, the method 1000 may at least substantially correspond to the method A
explained above with regard to figures 2A to 2C.

[00158] In a first step 1100, an image Ik of the user’s eye may be taken by a near-eye

camera of a head-wearable device at a time tx.

[00159] In a subsequent step 1200, an ellipse Ex representing a border of the eye’s pupil

at the time tx may be determined.

[00160] In a subsequent step 1300, a camera model describing the camera of the head
wearable device is used to determine an orientation vector of a circle Cx and a center line Lk
on which a center of the circle Ck is located, so that a projection of the circle Ck, in a direction

parallel to the first center line L, onto an image plane of the camera reproduces the ellipse Ex.

[00161] Thereafter, the center line Ly may be parallel-shifted by an expected distance

between the center of the eyeball and a center of the pupil in the direction of the orientation



WO 2020/244752 PCT/EP2019/064656
-26-

vector to determine an eye intersecting line Dk which intersects a center M of the user’s

eyeball at the time tx in step 1400.

[00162] As indicated by the right dashed arrow in figure 4A, the index k may be
incremented and a new cycle 1100 to 1400 of determining eye intersecting line Dk may be
started.

[00163] Thereafter, the center M of the eyeball may be determined as (least square)

intersection point of the eye intersecting lines Dk, with k=1..n, in step 1500.

[00164] As indicated by the left dashed arrow in figure 4A, the procedure may be
repeated at a later time again, for example after slippage of the head-wearable device is

detected or expected to have happened.

[00165] Further, other parameter(s) of the user’s eye such as gaze direction and pupil

size may be determined when the centre M of the eyeball is known.

[00166] Furthermore, the other parameter(s) of the user’s eye may also be determined

for later times without recalculating the center M (to save computational time).

[00167] However, when the determined other parameter(s) of the user’s eye exhibit an

abnormality, recalculating the center M may be initiated.

[00168] Alternatively and/or in addition, a corrected value for the centre M of the
eyeball Mcorr and/or any other parameters of the user’s eye determined in/after step 1500 may

be determined using a correction function Reorr in a subsequent step 1600.

[00169] As indicated by the dashed rectangle B, the method 1000 including step 1600

is in the following also referred to as method B.

[00170] Fig. 4B illustrates a flow chart of a method 2000 for determining the correction

function Reorr.

[00171] In a first step 2100, synthetic camera images SIi of several model eyeballs of
the human eye (H) with varying effective corneal refraction index ner and a plurality of given
values { Xy} of one or more (geometric) parameters { X} of the model eyeball are determined
using a model of the camera such as a pinhole model. For example, a ray tracer may be used
to generate the synthetic camera images. For accuracy reasons, synthetic images may be ray

traced at arbitrarily large image resolutions.
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[00172] In step 2200, the synthetic camera images SIi are used to determine expected
values of the one or more parameters { Xex}. As explained below in more detail with regard to
figure 4C, the expected values of the one or more parameters { Xex} are typically determined
in analogy to method 1000 used to determine the one or more parameters of a human eye, but

based on the synthetic camera images SI.
[00173] Thereafter, the correction function Reorr:
RCOI‘I‘({XCX}’ nref) = {th}

[00174] mapping, depending on the effective corneal refraction index ner (independent
parameter), the expected values {Xex} to the respective given (ground truth) values {Xg} may

be determined in a step 2300.
[00175] This is typically achieved by a (multivariate) polynomial regression analysis.

[00176] As indicated by the dashed-dotted arrow in figures 4A, 4B, the correction
function Reor may be used to correct the parameters determined by method A (for example

Mcorr:Rcorr(M) ) .

[00177] The correction function Reorr may be determined in two stages. In a first stage,

a correction function Reye for the eyeball center M obeying
Reye(Mex, Nref) = Mgt (D

[00178] with the effective corneal refraction index ner as independent parameter to be
able to account for variations in the effective refractive index of the cornea across subjects
may be determined. In the equation (1) Mg and Mex refer to the eyeball position set for
generating the synthetic camera images and the (expected) eyeball position determined from

the synthetic camera images, respectively.

[00179] Note that due to the nonlinear nature of corneal refraction, the derivation of an
exact closed-form representation of Reye 1s challenging. However, Reye may be estimated by

an empirical correction function in the following manner.

[00180] After fixing Mg at a position randomly drawn from a range of practically
relevant eyeball positions, here x,y € [-5, 5] and z € [25, 45], we generated 25 synthetic eye
images for each fixed value of nrr randomly drawn from [1.1, 1.4], with gaze angles ¢ and 0
randomly chosen from a uniform distribution between —50° and 50°, and with pupil radii

randomly chosen from a uniform distribution between 1 mm and 4 mm. Pupil contours were
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extracted from all images using Pupil Capture, the open source software developed by Pupil
Labs (see e.g. reference [3]). Based on the extracted contours, we obtained an eyeball position
estimate Mex as explained below with regard to figure 4C. Typically, a large number N of
parameter tuples {Mex' , nref' }<->{ M, } with i:=1...N maybe determined this way and used to
estimate Reye in a least-squares sense by means of a multivariate polynomial regression. For

example, N maybe 1000 and the degree of the polynomial regression may be five.

[00181] Thereafter, a correction function Rpupii, which may be used to correct gaze-

angles and pupil-radius and obeys
[00182] Rpupil(g)ex, Tex, M, Nref) = (g)gt’ Tgt ) (2)

[00183] with fixed eyeball centre M, (ground truth) gaze vector gg set for generating
the synthetic camera images, (expected) gaze vector g, determined from the synthetic
camera images, (ground truth) pupil radius rg set for generating the synthetic camera images,

and (expected) pupil radius rex determined from the synthetic camera images.

[00184] Similar as explained for correction function Reye, synthetic eye images may be
determined for gaze vectors corresponding to gaze angles ¢ and 6 evenly spanning a field of
view of e.g. —50° and 50°, and pupil radii randomly chosen from a uniform distribution

between 1 mm and 4 mm, and analysed as explained below with regard to figure 4C.

[00185] The resulting parameter tuples { gy, Tex, M, Nrefy } <-> { g, It} may be used to

estimate Rpupil in a least-squares sense by means of a multivariate polynomial regression.

[00186] Fig. 4C illustrates a flow chart of step 2200 of the method 2000 explained
above with regard to figure 4B.

[00187] In a first step 2220, in each synthetic camera image SI; a respective ellipse E;
at least substantially representing a border of the pupil (of the model eye used for generating

the synthetic camera images SI)) is determined.

[00188] Thereafter, respective orientation vectors M of circles C; and center lines L1 on
which a center of the respective circle C; is located are determined in step 2230 using the
camera model used for generating the synthetic camera images SI;, so that a projection of the
circle Cy, in a direction parallel to the first center line Ly, onto the image plane of the camera

model reproduces the respective ellipse E.
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[00189] Thereafter, respective eye intersecting lines Dy expected to intersect a center of
the eyeball may be determined in step 2240 as lines which are, in the direction of the
respective orientation vector 11, parallel-shifted to the respective center line L by the expected

distance R between the center of the eyeball and the center of the pupil (of the model eye) .

[00190] Thereafter, the eye intersecting lines D1 may be used to determine the expected
values of the eyeball center Mex (typically as least square intersecting point) as a parameter

Xex. Based on Mex other expected parameter values { Xex} may be determined.

[00191] Alternatively, the correction function Recor may be calculated as a single

correction function in one stage only, such that
[00192] Rcorr(ﬁex, Tex, Mex, nref) = (ﬁ, T, M)

[00193] The accuracy of gaze-angle and pupil-radius estimated (obtained) with the
methods A (without using the correction function) and B (using the correction function)
explained above with regard to Fig. 4A to 4C is illustrated in figures 5A, 5B, respectively. In
both figures, estimates are shown as a function of the respective ground truth gaze angle
value. As can be seen, method B reproduces the ground truth value with high accuracy. Note
that an accuracy of better than 1° can be achieved. Different thereto, method A which does
not take into account corneal refraction effects underestimates the pupil radius and the gaze

angle.

[00194] As can be seen in Fig. 6A to Fig. 6C showing curves for the estimated x-, y-,
and z-values of eyeball position as function of the respective ground truth value, method B
(using the correction function) accurately reproduces the ground truth value of the eyeball
coordinates while method A and the method explained in reference [1] (Swirski et al.) deviate
systematically from the ground truth values. While the accuracy of method A and the method
of Swirski et al. is comparable, the computational effort for method A is at least one order of

magnitude lower (see also figure 3B).

[00195] Despite the systematic error, method A may be used for quantitative studies,

e.g. for determining relative changes of eye parameters.

[00196] According to the present disclosure, a method for generating data suitable for
determining a parameter of a human eye is provided, which opens the way to a fast non-
iterative approach to refraction-aware 3D eye-model fitting and gaze prediction based on

pupil contours alone. Leveraging geometrical insights with regard to the LeGrand two-sphere
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eye model, the task of eyeball-position estimation is cast as a (least-squares) intersection of
lines. Systematic errors due to corneal refraction may be accounted both in eyeball-position
and gaze and pupil-radius estimation by means of empirical correction function(s). This
approach provides at comparatively low computational costs accurate estimates for eyeball
position, gaze angle, and pupil radius, even in the presence of pupil contour noise (not shown

data of a statistical analysis of results obtained for real eye images).

[00197] One assumption made is that the eyeball centre is (substantially) stationary in
the camera coordinate system. So-called head-set slippage, i.e. unavoidable movements of the
headset with respect to the head of the user, may render this assumption only approximately
true. Note that headset slippage can occur on timescales as short as minutes and may therefore
constitute a challenge for head-mounted eye-tracking solutions. A promising route for
mitigating the deteriorating effect of headset slippage is the continuous real-time update of
eyeball position over the course of a recording similar as explained above with regard to
figure 4A. Earlier formulations of the eye-model optimization procedure, as e.g. presented in
reference [1], involve time-intensive iterative solving of a non- linear minimization problem.
Different thereto, the methods explained herein provide a fast non-iterative solution.
Accordingly, the computational complexity and cost are considerably reduced. This also
opens possibilities for devising more refined algorithms for detecting and correcting headset
slippage. For example, a statistical analysis of eyeball- position estimates obtained from
subsets of the most recent eye images may be used to deduce insights into the current
slippage-paradigm and inform strategies for when to perform real-time eye model updates and

which data from the most recent past to use.

[00198] According to an embodiment of a method for generating data suitable for
determining a parameter of an eye, in particular a geometric parameter of the eye such as the
center of the eyeball of the eye, a radius of a pupil of the eye, a size of the pupil and a gaze-
direction related parameter of the eye, the method includes: receiving a first image of the eye,
the first image being taken at a first time with a camera, typically a near-eye camera, more
typically a near-eye camera of a head-wearable device as described herein, determining a first
ellipse in the first image, the first ellipse at least substantially representing a border of the
pupil at the first time, using a camera model, typically a pinhole camera model, describing the
camera defining an image plane, to determine an orientation vector of a first circle and a first
center line on which a center of the first circle is located, so that a projection of the first circle,

in a direction parallel to the first center line, onto the image plane reproduces the first ellipse,
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and determining a line which is, in the direction of the orientation vector, parallel-shifted to
the first center line by an expected distance between a center of an eyeball of the eye and a
center of a pupil of the eye as a first eye intersecting line which intersects the center of the

eyeball at the first time.

[00199] According to an embodiment of a method for generating data for determining a
correction function for a parameter of an eye which is derivable from at least one image of the
eye taken with a camera of known imaging characteristics that may be defined by camera
intrinsics, in particular a geometric parameter of the eye such as the center of the eyeball of
the eye, a radius of a pupil of the eye, a size of the pupil and a gaze-direction related
parameter of the eye, the method includes using the known imaging characteristics to
generate synthetic camera images of several model eyeballs of the eye with varying effective
corneal refraction index of the eye and for a plurality of given values of the parameter of the
model eyeballs. The synthetic camera images are used to determine expected values of the
parameter. The expected values of the parameter and the given values of the parameter are
used to determine a correction function which maps, depending on the effective corneal
refraction index, the expected values of the parameter to the respective given values of the

parameter.

[00200] Although various exemplary embodiments of the invention have been
disclosed, it will be apparent to those skilled in the art that various changes and modifications
can be made which will achieve some of the advantages of the invention without departing
from the spirit and scope of the invention. It will be obvious to those reasonably skilled in the
art that other components performing the same functions may be suitably substituted. It
should be mentioned that features explained with reference to a specific figure may be
combined with features of other figures, even in those cases in which this has not explicitly
been mentioned. Such modifications to the inventive concept are intended to be covered by

the appended claims.

[00201] While processes may be depicted in the figures in a particular order, this
should not be understood as requiring, if not stated otherwise, that such operations have to be
performed in the particular order shown or in sequential order to achieve the desirable results.

In certain circumstances, multitasking and/or parallel processing may be advantageous.

3

[00202] Spatially relative terms such as “under”, “below”, “lower”, “over”, “upper”

and the like are used for ease of description to explain the positioning of one element relative
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to a second element. These terms are intended to encompass different orientations of the
device in addition to different orientations than those depicted in the figures. Further, terms
such as “first”, “second”, and the like, are also used to describe various elements, regions,
sections, etc. and are also not intended to be limiting. Like terms refer to like elements

throughout the description.

2 (13 2 (13

[00203] As used herein, the terms “having”, “containing”, “including”, “comprising”
and the like are open ended terms that indicate the presence of stated elements or features, but

(1L N1
a

do not preclude additional elements or features. The articles an” and “the” are intended

to include the plural as well as the singular, unless the context clearly indicates otherwise.

[00204] With the above range of variations and applications in mind, it should be
understood that the present invention is not limited by the foregoing description, nor is it
limited by the accompanying drawings. Instead, the present invention is limited only by the

following claims and their legal equivalents.
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Claims

1. A method (1000) for generating data suitable for determining a parameter of a human eye
(H) comprising an eyeball (H;) and an iris (Hz) defining a pupil (H3), the method

comprising:

— receiving a first image of the eye (H) for a first time (t1) from a camera (14, 24) of

known camera intrinsics and defining an image plane (Ip);

— determining a first ellipse (Ei) in the first image, the first ellipse (E;) at least

substantially representing a border of the pupil (Hs) at the first time (t1);

— using the camera intrinsics and the first ellipse (E;) to determine an orientation
vector (11) of a first circle (Ci) and a first center line (L) on which a center of the
first circle (Cy) is located, so that a projection of the first circle (C), in a direction
parallel to the first center line (L;), onto the image plane (I,) is expected to

reproduce the first ellipse (E1); and

— determining a first eye intersecting line (D) expected to intersect a center (M) of
the eyeball (H1) at the first time (t1) as a line which is, in the direction of the
orientation vector (M1), parallel-shifted to the first center line (L) by an expected
distance (R) between the center (M) of the eyeball (H1) and a center (P) of the pupil
(Ha).

2. The method of claim 1, further comprising:

— receiving a second image of the eye (H) for a second time (t2) from the camera (14,

24);

— determining a second ellipse (E2) in the second image, the second ellipse (E>) at

least substantially representing the border of the pupil (Hs) at the second time (t2);

— using the camera intrinsics and the second ellipse (Ez) to determine an orientation
vector (12) of a second circle (C2) and a second center line (L) on which a center
of the second circle (C2) is located, so that a projection of the second circle (Cz), in
a direction parallel to the second center line (L), onto the image plane (I,) is

expected to reproduce the second ellipse (E»); and
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— determine a second eye intersecting line (D2) expected to intersect the center of the
eyeball (H;) at the second time (t2) as a line which is, in the direction of the
orientation vector (12) of the second circle (C»), parallel-shifted to the second

center line (L2) by the expected distance (R).

The method of claim 2, further comprising using the first eye intersecting line (D) and
the second eye intersecting line (D2) to determine expected co-ordinates of the center (M)

of the eyeball (Hi).

The method of claim 3, wherein the center (M) of the eyeball (H;) is determined as
intersection point of the first eye intersecting line (D1) and the second eye intersecting
line (D) or as nearest point to the first eye intersecting line (D;) and the second eye
intersecting line (D7), in particular as a least square intersection point of the first eye
intersecting line (D1) and the second eye intersecting line (D2), and/or wherein the center
of the eyeball (H;) is at least one of a center of rotation of the eyeball (H:) and an optical

center of the eyeball (Hi).

The method of claim 3 or 4, wherein the center of the eyeball (H1) is determined using a
plurality of eye intersecting lines (Dk, k=1..n) each of which is expected to intersect the
center of the eyeball at respective times (tx, k=1..n), where n is greater than or equal to 2,
and/or wherein the center of the eyeball is determined as nearest point to the plurality of

eye intersecting lines (D, k=1..n).

The method of claim 5, wherein the respective images which are used to determine the
plurality of eye intersecting lines (Dy, k=1..n) are acquired with a frame rate of at least 30
frames per second (fps), more typical of at least 60 fps, and more typical of at least 120

fps or even 200 fps.

The method of any preceding claim, wherein the respective orientation vector (Nk, k=1..n)

points away from the camera (14, 24).

The method of any preceding claim, further comprising determining for at least one of the
times (tk, k=1..n) an expected gaze direction (gx, k=1..n) of the eye (H) as a vector which

is antiparallel to the respective orientation vector (N, k=1..n).
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The method of any of the claims 3 to §, further comprising using the expected co-
ordinates of the center of the eyeball (H;) to determine for at least one of the times (tx,
k=1..n) at least one of an expected optical axis (O) of the eye (H), an expected orientation
of the eye (H), an expected visual axis (V) of the eye (H), an expected size of the pupil
(H3) and/or an expected radius (r) of the pupil (Hs), and/or to determine for a later time (t;
> tn), using a later image of the eye acquired at the later time (t)) at least one of an
expected optical axis (O) of the eye (H), an expected orientation of the eye (H) and an
expected visual axis (V) of the eye (H), an expected size of the pupil (Hs) and/or an
expected radius (r) of the pupil (Hs).

A method (2000) for determining a correction function (Reor) for at least one parameter
({X}) of a human eye (H), the at least one parameter ({X}) being derivable from at least
one image (Ix) of the human eye (H) taken with a camera (14, 24) of known camera

intrinsics, the method comprising:

— calculating, using the known camera intrinsics, synthetic camera images (SIi) of
several model eyeballs of the human eye (H) with varying effective corneal
refraction index (ner), for a plurality of given values ({Xg}) of the at least one

parameter of the model eyeballs;

— using the synthetic camera images (SIi) to determine expected values of the at least

one parameter ({Xex}); and

— using the expected values of the at least one parameter ({ Xex}) and the given values
of the at least one parameter ({Xg}) to determine a correction function (Rcorr)
mapping, depending on the effective corneal refraction index (nef), the expected
values of the at least one parameter ({Xex}) to the respective given values of the at

least one parameter ({ Xgt}).

The method of claim 10, wherein the given values comprise at least one of co-ordinates
of respective centers (M) of the model eyeballs, given radii (1)) of a pupil (Hz) of the

model eyeballs, and given gaze directions (g1) of the model eyeballs.

The method of claims 10 or 11, wherein determining the expected values comprises
determining respective eye intersecting lines (D1) expected to intersect the center of the

respective model eyeball for the at least one parameter, the plurality of given co-ordinates
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of respective centers of the model eyeballs, given radii of a pupil of the model eyeballs

and/or given gaze directions.

The method of any of the claims 10 to 12, wherein determining the correction function

(Reorr) comprises a multivariate polynomial regression analysis.

The method of any of the claims 10 to 13, wherein calculating the synthetic camera
images (SI)) comprises raytracing an arrangement of a camera model describing the
camera and the model eyeballs arranged in the field of view of the camera model, and/or

wherein two-sphere eye models are used as model of the eye.

The method of any preceding claim, wherein the respective center line (Lx, Li) and/or the
respective eye intersecting line (Dy, Dy) is determined using a model of the camera and/or
a three-dimensional eye model, wherein the three-dimensional eye model is a two-sphere
eye model, wherein the camera is modelled as a pinhole camera, and/or wherein the
model of the camera comprises at least one of a focal length, a shift of a central image

pixel, a shear parameter, and a distortion parameter.

The method of any preceding claim, wherein the camera (14, 24) defines a co-ordinate
system (X,y,z), wherein at least the respective center lines (L, Li) are determined with
respect to the co-ordinate system, wherein the camera (12, 24) is assumed to be
substantially immobile with respect to the eye, and/or wherein the center (M) of the
eyeball (Hi) is assumed to have at least substantially non-varying co-ordinates in the co-

ordinate system (x, y, z) while the respective images of the eye are acquired by the

camera (14, 24).

The method of any preceding claim, further comprising using the correction function
(Reorr) to correct the parameter of a human eye and/or to determine a corrected value for
at least one of the center (M) of the eyeball of the human eye, the expected gaze direction
of the human eye, the expected optical axis (O) of the human eye, the expected
orientation of the human eye, the expected visual axis (V) of the human eye, the expected
size of the pupil (Hz) of the human eye and the expected radius (r) of the pupil (Hs) of the

human eye.
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18. The method of any preceding claim, wherein the expected distance (R) between the

center of the eyeball (M) and the center of the pupil (P) is an average value, in particular

a physiological constant.

19. The method of any preceding claim, wherein the method does not take into account a

glint from the eye for generating data suitable for determining the parameter of the

human eye (H), and/or wherein the method is glint-free, and/or wherein the method does

not use structured light and/or special purpose illumination to derive parameters of the

eye.

20. A system for generating data suitable for determining a parameter of a human eye, the system

comprising:

a head-wearable device (1) comprising a camera (14, 24) of known camera

intrinsics for taking images of an eye of a user wearing the head-wearable device

(1), the camera (14, 24) comprising a sensor defining an image plane (I,), the eye

comprising an eyeball and an iris defining a pupil; and

a computing and control unit (7) configured to:

O

O

receive from the camera (14, 24) a first image of the eye of the user taken

at a first time (t);

determine a first ellipse (E1) in the first image, the first ellipse (E:) at least

substantially representing a border of the pupil at the first time (t1);

use the camera intrinsics and the first ellipse (Ei1) to determine an
orientation vector (M) of a first circle (Ci) and a first center line (L) on
which a center of the first circle (C1) is located, so that a projection of the
first circle (Ci), in a direction parallel to the first center line (L), onto the

image plane is expected to reproduce the first ellipse (E1); and

determine a first eye intersecting line (D1) expected to intersect a center
(M) of the eyeball (Hi) at the first time (t;) as a line which is, in the
direction of the orientation vector (1), parallel-shifted to the first center
line (L1) by an expected distance (R) between the center (M) of the eyeball
(H1) and a center (P) of the pupil (Hs).
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The system of claim 20, wherein the computing and control unit is configured to use the
first eye intersecting line (D) and a second eye intersecting line (D) for determining
expected co-ordinates of the center (M) of the eyeball (H;), the second eye intersecting
line (D») being different from the first eye intersecting line (D), the second eye
intersecting line (D2) being determined for a second time (t2) as a line which is, in the
direction of a second orientation vector (12) of a second circle (C»), parallel-shifted to a
second center line (L2) by the expected distance (R), the orientation vector (n2) of a
second circle (C») and the second center line (L2) on which a center of the second circle
(C2) is located being determined using the camera intrinsics and a second ellipse (E2), so
that a projection of the second circle (C»), in a direction parallel to the second center line
(L2), onto the image plane is expected to reproduce a second ellipse (Ez) at least
substantially representing a border of the pupil at the second time (t2) in a second image
of the eye of the user, and/or wherein the computing and control unit is configured to

perform the method of any of the claims 1 to 9 and 15 to 19.

The system of claim 20 or 21, wherein the computing and control unit is configured to
use a stored correction function taking into account corneal refraction to determine a
corrected value for the parameter of the human eye, in particular for at least one of the
center of the eyeball, the expected gaze direction of the eye, the expected optical axis of
the eye, the expected orientation of the eye, the expected visual axis of the eye, the
expected size of the pupil and the expected radius of the pupil, in particular a stored

correction function determined according to the method of any of the claims 10 to 14.

The system of any of the claims 20 to 22, wherein the head-wearable device (1)
comprises a further eye camera (24, 14) of known camera intrinsics for taking images of
a further eye of the user (90), the further camera (24, 14) comprising a sensor defining a
further image plane of the further camera, the further eye comprising a further eyeball
and a further iris defining a further pupil, and wherein the computing and control unit is

configured to:

o receive from the further camera (24, 14) an image of the further eye of a

user taken at a further time (tr*);

o determine an ellipse in the image, the ellipse at least substantially

representing a border of the further pupil at the further time;
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o use the camera intrinsics and the ellipse to determine an orientation vector
of a circle and a center line on which a center of the circle is located, so
that a projection of the circle, in a direction parallel to the center line, onto

the further image plane is expected to reproduce the ellipse; and

o determine an eye intersecting line expected to intersect a center of the
further eyeball at the further time as a line which is, in the direction of the
orientation vector of the circle, parallel-shifted to the center line by an
expected distance (R) between the center of the further eyeball and a center

of the further pupil.

The system of claim 23, wherein the expected distance (R) between the center of the
further eyeball and the center of the further pupil is at least substantially equal to the
expected distance (R) between the center of the eyeball and the center of the pupil,
wherein the expected distance (R) between the center of the eyeball and the center of the
pupil is an average value, in particular a physiological constant, and/or wherein the

further time (t1°) is at least substantially equal to the first time (t1).

The system of any of the claims 20 to 24, wherein a position of the respective camera (14,
24) and/or an orientation of the respective camera (14, 24) is adjustable and/or fixable

with respect to a frame (4) of the head-wearable device (1).

The system of any of the claims 20 to 25, wherein the eye intersecting line is used for

determining a parameter of the further eye.

The system of any of the claims 20 to 26, wherein the computing and control unit (7) is at
least partly integrated into the head-wearable device (1) and/or at least partly provided by

a companion device of the system, in particular a mobile companion device.

A computer program product and/or a computer-readable storage medium comprising
instructions which, when executed by a one or more processors of a system, in particular
the system comprising the head-wearable device (1) according to any one of the claims
20 to 27, cause the system to carry out the steps of the method according to any one of

the claims 1 to 19.
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