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(57) Abstract: A system for detecting a gazing point of a user in a three-

dimensional (3D) space based on a virtual screen is provided. The sys-

tem includes at least a processor and a wearable device, the wearable
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device further comprising an external camera arranged for capturing im-
ages of the user's field of view, and two internal cameras arranged for
capturing binocular images of the user's left and right eyes. The proces-
sor is designed to determine the gazing point of the user based on a vir-
tual screen. The coordinates of the pupil center as determined according
to the images from the internal cameras are mapped to the images from
the external camera based on a left and a right mapping relationships,
which further mapped to the virtual screen as an intermediate screen for
calculating the 3D coordinates of the gazing point.
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3D Gazing Point Detection by Binocular Homography Mapping

FIELD OF THE INVENTION

[0001] The present disclosure generally relates to a method and a system for detecting a user’s gazing
point. In particular, the present disclosure relates to a method and a system for determining the gazing
point coordinates in a three dimensional (3D) space using a virtual screen.

BACKGROUND OF THE INVENTION

[0002] With the advancement in computer technologies, particularly in the field of virtual reality and
augmented reality, interest in the development of new user input mechanisms has increased. One area of
research focuses on the use of the user’s visual field for controlling a computer system. By knowing the
position of the user’s gazing point, human-computer interactions can be enhanced and provide a new
control interface for applications ranging from virtual environments, gaming controls, augmented reality
and neuro/psychological research. Using such a computer interface system, a user could control a
computer or a portable device through the movement of their eyes without using any input equipment,
such as a keyboard or a mouse. This control method could also effectively assist users with movement
disabilities to control a computer or a portable device.

[0003] Gazing point detection and tracking technology has a long history of development with
diverse methodologies proposed. For example, remote eye tracking is developed and used on smart
televisions (TV) for selecting channels, and gazing point tracking is also developed for identifying a
customer’s preferences and interests for optimizing the customer experience in a shop. With the
advancement in computational speed and a decrease in hardware dimensions, gazing point detection and
tracking technology can now be employed in more sophisticated applications with higher detection
accuracy and with less constraint on the technological use. Such human-computer interactions could
enable new ways to control portable devices, such as smartphones and tablets, or home appliances
including computers and TV through the movement of a user’s eyes.

[0004]  Normally, gazing point trackers are portable platforms with at least one internal camera and
one external camera, for monitoring the user’s eye and the user’s visual field respectively. The internal
camera points towards the user’s eyes for detecting the pupil, iris and/or eye glints (from cormeal
reflections), while the external camera is used to capture the user’s visual field. In certain applications,
the gazing point tracker can be integrated into a wearable device, such as head-mounted frame, eyewear
article, or other headwear.

[0005] Conventional gazing point tracking method uses corneal reflections, as shown in FIG. 12, a
camera directed towards the user captures images of the eye, wherein each image includes the corneal
reflection of the light source (glint) and the position of the pupil center. The gazing point can be
estimated according to the relative movement between the pupil center and glint positions. Such
conventional methods require precise information on the location of the light source and camera.
External ambient light from the environment may also affect the detection of the glint point. Furthermore,
eye parameters, such as the pupil center, the center of curvature of cornea and the radius of corneal, are
needed for gazing point detection. In view of the complexity of the calculations, there is a need for a
method to simplify the calibration process and detection process without scarifying the precision and
robustness of the system.

[0006] Although conventional methods are able to provide eye gaze detection and tracking, the
consistency and precision of the detection methods are constantly challenged in view of the wide
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variations in eye parameters and other biological aspects of users, such as eye radius, pupillary distance

and pupil size. Moreover, existing detection methods may require a controlled environment and/or
detailed geometric measurements of parameters such as the user’s head pose information, eye glints
information, light sources and cameras locations, which increase complexity in the implementation and
may create inconvenience to the user. The use of glints may also cause error to the measurement when
there are other external light sources. Some other detection methods may highly rely on a display screen
and the user may only fixate at any point limited by the dimension or relative position of the display
screen. In addition, if the user’s gazing point is outside the display screen, the accuracy of gaze detection
may be sacrificed.

[0007] In light of the issues raised above, an improved device for gazing point detection in 3D space
and method of use thereof that solves one or more of the problems raised above is needed.

SUMMARY OF THE INVENTION

[0008] An exemplary embodiment of the present disclosure provides a method and a system for
detecting a gazing point of a user in a three-dimensional (3D) space based on a virtual screen. The system
comprising one or more processors and a wearable device, the wearable device comprising one or more
external cameras and two or more internal cameras, wherein the internal cameras are configured to
capture the left and the right eyes of the user, the external cameras are configured to capture an external
camera image. The one or more processors are configured to execute a method for detecting a gazing
point of a user in a 3D space. The method includes a calibration process that can comprise generating a
left and a right mapping relationships, and determining a pupillary distance (Dpr) of the user and a
distance between the user and the calibration screen (Dgs); and a detection process for determining a
gazing point position vector of the gazing point of the user with reference to the virtual screen, the virtual
screen being used as an intermediate screen enabling a detection of the gazing point in the 3D space.
[0009] In accordance with a further aspect of the present disclosure, the generating of the left and the
right mapping relationships can comprise calibrating one or more external cameras and two or more
internal cameras using a plurality of calibration points on the calibration screen for obtaining the left and
the right mapping relationships.

[00010] In accordance with a further aspect of the present disclosure, the determining of the gazing
point position with reference to the virtual screen can comprise capturing, by the one or more external
cameras, an external camera image; determining, according to one or more images captured by the two or
more internal cameras, a left and a right pupil gaze position when the user fixates on the gazing point;
and determining a left and a right gazing points on the virtual screen. The determining of the left and the
right gazing points on the virtual screen can comprise applying the left and the right mapping
relationships on the left and the right pupil gaze position and mapping the left and the right pupil gaze
position to an image coordinates on the external camera image, whereby the gazing point position can be
calculated based on the left and the right gazing points on the virtual screen, the pupillary distance (Dpp)
of the user and a predetermined distance between the user and the calibration screen (Dzs).

[00011] In accordance with a further aspect of the present disclosure, the left and the right mapping
relationships are determined in accordance with polynomial relationships, or a left and a right
homography matrices.

[00012] In accordance with a further aspect of the present disclosure, the calibrating of the external
cameras and the internal cameras for obtaining the left and the mapping relationships can comprise the
steps of displaying the plurality of calibration points on the calibration screen sequentially, wherein each
calibration point is positioned at one of corners of the calibration screen; determining, according to one
or more images captured by the one or more external cameras, a plurality of calibration points
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coordinates for each of the plurality of calibration points; determining, according to one or more images

captured by the two or more internal cameras, a plurality of pupil center calibration coordinates of the
user’s left and right eyes when the user fixates on each of the plurality of calibration points; and mapping
the plurality of calibration points coordinates with the plurality of pupil center calibration coordinates of
the user’s left and right eyes for each of the plurality of calibration points.

[00013] In accordance with a further aspect of the present disclosure, the determining of the pupillary
distance of the user can comprise the steps of determining, according to one or more images captured by
the two or more internal cameras, a left and a right pupil relaxed coordinates of the user’s left and right
eyes when the user fixates on the calibration screen in a relaxed state; and applying the left and the right
mapping relationships on the left and the right pupil relaxed coordinates to obtain the pupillary distance
of the user.

[00014] In accordance with a further aspect of the present disclosure, the virtual screen can be an
imaginary screen positioned at a distance equivalent to the predetermined distance between the user and
the calibration screen. The determining of the left and the right gazing points on the virtual screen can
further comprise applying the pinhole camera triangle relationship on the image coordinates on the
external camera image to determine the left and the right gazing points on the virtual screen.

[00015] The details of one or more implementations of the present disclosure are set forth in the
accompanying drawings and from the following detailed descriptions. Other features, structures,
characteristics, and advantages of present disclosure will be apparent from the description and drawings,
and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[00016] The accompanying figures, where like reference numerals refer to identical or functionally
similar elements throughout the separate views and which together with the detailed description below
are incorporated in and form part of the specification, serve to illustrate various embodiments and to
explain various principles and advantages in accordance with a present embodiment.

[00017] FIG. 1 is a diagram illustrating the method of displaying four calibration points on a screen
for a user to gaze at during the calibration process in accordance with certain embodiments of the present
disclosure.

[00018] FIG. 2 is a diagram illustrating the method of capturing images of the calibration points by an
external camera and capturing images of the user’s pupil centers by two internal cameras during the
calibration process in accordance with certain embodiments of the present disclosure.

[00019] FIG. 3 is a diagram demonstrating the homography transformation for mapping the pupil
centers from internal cameras to the calibration points from external camera in accordance with certain
embodiments of the present disclosure.

[00020] FIG. 4 is a representation of capturing the user’s pupil centers with internal cameras at relaxed
state during the calibration process in accordance with certain embodiments of the present disclosure.
[00021] FIG. § is a diagram in 3D space illustrating how a gazing point is first mapped to an image
obtained from the external camera by homography transformation, and further mapped to a virtual screen.
[00022] FIG. 6 is a diagram in 3D space illustrating how a gazing point is determined based on the
coordinates on the virtual screen.

[00023] FIG. 7 is a diagram in 2D space illustrating the geometric relationship between the virtual
screen and the gazing point according to FIG. 6.

[00024] FIG. 8 is a diagram of an X-Z plane with the projected gazing point on virtual screen and real
world according to FIG. 6.



WO 2019/153370 PCT/CN2018/076814
4
[00025] FIG. 9 is a flowchart illustrating the calibration process for calibrating a wearable device for

determining the 3D position vector of the gazing point in accordance with certain embodiments of the
present disclosure.

[00026] FIG. 10 is a flowchart illustrating the detection process for determining the position of the
gazing point in accordance with certain embodiments of the present disclosure.

[00027] FIG. 11 is a wearable device in accordance with certain embodiments of the present
disclosure.

[00028] FIG. 12 is a model of a human eye ball, eye parameters and a conventional setup for detecting
a gazing point.

[00029] FIG. 13 is an eye ball model showing the kappa angle when fixating on a gazing point.
[00030] Skilled artisans will appreciate that elements in the figures, particularly those conceptual
diagrams, are illustrated for simplicity and clarity and have not necessarily been depicted to scale.

DETAILED DESCRIPTION

[00031] The following detailed description, the system and the corresponding detection methods are
merely exemplary in nature and are not intended to limit the disclosure or its application and/or uses. It
should be appreciated that a vast number of variations exist. The detailed description will enable those of
ordinary skill in the art to implement an exemplary embodiment of the present disclosure without undue
experimentation, and it is understood that various changes or modifications may be made in the function
and arrangement of devices and methods of operation described in the exemplary embodiment without
departing from the scope of the present disclosure as set forth in the appended claims.

[00032] For ease and clarity of discussion, the term “left” and “right” as used herein describe relative
positions from the perspective of a user. However, as noted above such relative positions are for ease and
clarity of discussion and do not limit any of these or other components disclosed herein from being on
the left or on the right side.

[00033] The term “internal camera” as used herein refers to any kind of image sensors known in the
art mounted on a wearable device facing at a user’s eye for capturing images of the pupil. In certain
embodiments, infrared (IR) camera or thermal imaging camera is used as the internal camera such that
the pupil location can be obtained by IR illuminations from one or more IR light sources proximate to the
user. The IR images obtained are not easily affected by the environmental conditions. Normally, there are
at least two internal cameras, the “left internal camera” used to capture images of the user’s left eye, and
the “right internal camera” used to capture images of the user’s right eye.

[00034] The term “external camera” as used herein refers to any kind of image sensors known in the
art mounted on a wearable device facing away from the user for capturing visual images with a field of
view close to or larger than the user’s visual field. In certain embodiments, a visible light camera is used
as the external camera such that the images obtained are more aligned with human visual system. During
the calibration process in accordance to an aspect of the present disclosure, the external camera faces a
calibration screen.

[00035] Furthermore, as used herein, the term “relaxed state” when used in connection with the user’s
gazing point refers to a state in which a user is looking at an object without a fixed point of focus. In the
present disclosure, when the user looks in the direction of the calibration screen in a relaxed state, the
user 1s not gazing at any specific point on the calibration screen. As a result, when the user looks towards
the calibration screen in a relaxed state, the visual axis of the left eye and the visual axis of the right eye
are approximately parallel to each other towards the calibration screen.

[00036] The term “position vector” as used herein refers to a geometric position in a three dimensional
space that represents the position of the relating point in the form of (x,y,z).
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[00037] Provided herein is a method for detecting a gazing point of a user in a three dimensional (3D)
space based on a virtual screen. Also provided is a system, comprising a wearable device and one or
more processors for detecting the gazing point of the user, wherein the wearable device further comprises
one or more external cameras and two or more internal cameras. The two or more internal cameras are
configured to capture binocular images of the left and the right eyes of the user and the one or more
external cameras are configured to capture images of external environment that is close to or covers the
visual field perceived by the user. The one or more processors are configured to execute a method
according to the present disclosure for detecting the gazing point of the user in 3D space using a virtual
screen. The wearable device may be realized in the form of, e.g., eye glasses or a head-mounted frame
that can be mounted on a user’s head.

Calibration Process

[00038] The calibration process of the present disclosure comprises generating a left and a right
mapping relationships using a plurality of calibration points on a calibration screen 100, determining a
pupillary distance (Dpr) 304 of the user based on images of the pupil in a relaxed state, and determining a
distance between the user and the calibration screen (Dgs) 303. In certain embodiments, the left and the
right mapping relationships are determined in accordance with polynomial relationships, or a left and a

right homography matrices.

[00039] FIG. 1 illustrates certain embodiments in which four display calibration points 100a-100d are
displayed on a calibration screen 100 for a user to gaze at during the calibration process. The calibration
screen 100 may be a computer monitor, a liquid crystal display (LCD) on a tablet or mobile phone, a
projected screen, or any flat surface or any other device that can show or present a plurality of calibration
points oriented in a single plane. The calibration points used in connection with the calibration process
are not limited by any shape, size, or color, but should be large enough and of a color or colors that are
visually discernible by the user. The four display calibration points 100a-100d are predefined set of
points on the calibration screen 100, each at a different location and within the visual field of the user’s
left eye 111 and right eye 112. Preferably, the four display calibration points 100a-100d are distributed
uniformly to provide a quadrilateral arrangement (e.g., rectangular arrangement) over the calibration
screen 100 to achieve a more accurate calibration result. For instance, the four display calibration points
100a-100d are arranged at the four corners of the calibration screen 100. In certain embodiments, there
are five, six, seven, eight, or more than eight calibration points on the calibration screen 100 for
improving the calibration accuracy. In certain embodiments, the calibration points can be arranged at
random positions on the calibration screen 100.

[00040] A diagram, illustrating the setting for capturing images of the four display calibration points
100a-100d and the user’s pupil centers 111a, 112a by a wearable device 120, is shown in FIG. 2,
wherein the wearable device 120 comprises one external camera 121 and two interal cameras 122, 123.
FIG. 11 is an exemplary wearable device in the form of a head frame comprising one external camera
121 and two internal cameras 122, 123 in accordance with certain embodiments of the present disclosure.
The external camera 121 faces the calibration screen 100, the left internal camera 122 faces the left eye
111 and the right internal camera 123 faces the right eye 112. In certain embodiments, there are more
than one external camera 121 and more than two internal cameras 122, 123. The processor is
programmed to analyze the images obtained by the external camera 121 and the internal cameras 122,
123, to obtain the coordinates of the four display calibration points 100a-100d and the coordinates of the
pupil centers 111a, 112a. In certain embodiments, the processor is programmed to, according to the
images obtained by the two or more internal cameras 122, 123, identify sclera, iris and pupil, wherein the
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pupil area is much darker than the iris under IR illuminations. By comparing the gray value, the position

of the pupil center can be identified for further determination of the gazing point.

[00041] An exemplary embodiment of the calibration process is as follow. First, the four display
calibration points 100a-100d are displayed sequentially or randomly on the calibration screen 100, and
each is displayed for a predetermined period of time for the user to gaze at before switching to another
calibration point (S501). For instance, the calibration process can be controlled by the user or a suitable
processor can be programmed such that each calibration point is displayed for not less than two seconds.
In certain embodiments, the processor is programmed to display each calibration point for not more than
ten seconds. In further embodiments, the processor is programmed to display each calibration point until
the consecutive images of the pupil centers as acquired by the internal cameras 122, 123 are stable.
[00042] In an alternative exemplary embodiment of the calibration process, the four display
calibration points 100a-100d are displayed simultaneously on the calibration screen 100, and the user is
directed to gaze at cach calibration point in a pre-determined order or as otherwise directed, e.g., by
written instruction, audio cue, visual cue, etc.

[00043] For each of the four calibration points displayed as described above, the user is instructed to
gaze at cach calibration point, and the cameras 121-123 are programmed to capture one or more images
of the calibration screen 100 and images of the user’s left and right eyes 111, 112. The processor can
obtain from the external camera 121 one or more images of the calibration screen 100 and can further
determine four calibration points coordinates (x.,v.,1) 210a-210d for each display calibration point
100a-100d from the one or more images captured (S502). Similarly, the processor can also obtain from
the two internal cameras 122, 123 binocular images of the left eye 111 and the right eye 112, and can
further determine left pupil center calibration points coordinates (x;,y;,1) 220a-220d and right pupil
center calibration points coordinates (x,.y,,1) 230a-230d, from the images when the user fixates on each
of the four display calibration points 100a-100d (S503).

[00044]  After all four display calibration points 100a-100d are displayed and images are captured
accordingly, the processor is programmed to generate a screen calibration points sequence 210, a left
pupil calibration point sequence 220 and a right pupil calibration point sequence 230 from the captured
images for determining a mapping relationship. The mapping relationship can be determined in
accordance with any mapping algorithm, including, but not limited to, polynomial relationships,
homography matrices, or other approaches for obtaining a one to one mapping between two 2D
coordinates. The screen calibration points sequence 210 is defined as the four consequentially connected
calibration points coordinates 210a-210d. Similarly, the left pupil calibration point sequence 220 is
defined as the four consequentially connecting left pupil center calibration points coordinates 220a-220d,
and the right pupil calibration point sequence 230 is defined as the four consequentially connecting right
pupil center calibration points coordinates 230a-230d. In order to obtain gazing point mapping
relationship of the reference plane to the left eye 111, the processor performs homography mapping or
other mapping approaches for each calibration point based on the screen calibration points sequence 210
and the corresponding left pupil calibration points sequence 220. Similarly, in order to obtain gazing
point mapping relationship of the reference plane to the right eye 112, the processor performs
homography mapping or other mapping approaches for each calibration point based on the screen
calibration points sequence 210 and the corresponding right pupil calibration points sequence 230. It will
be apparent to those skilled in the art that other 2D projective transformations other than the
abovementioned homography transformation may be used without departing from the scope and spirit of
the invention. In particular, polynomial interpolation may be applied instead to determine the
transformation from the left pupil calibration points sequence 220 and the right pupil calibration points
sequence 230 to the screen calibration points sequence 210.
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[00045] FIG. 3 is a diagram demonstrating the homography transformation for mapping the left pupil

calibration point sequence 220 to the screen calibration points sequence 210 for determining the left
homography matrix Hz (S504). The homography matrix /A is a 3x3 matrix such that we can map any left
pupil center point (x;,y;,,1) to the corresponding point with respect to the external camera image
coordinate based on the following equation:

[00046] [ye]_HL[ ] (1)

[00047]  Similarly, the right pupil calibration point sequence 230 is mapped to the screen calibration
points sequence 210 for determining the right homography matrix Hr (S504). The homography matrix
H-r is a 3x3 matrix such that we can map any right pupil center point (x,.y,,1) to the corresponding point
with respect to the external camera image coordinate based on the following equation:

xe xT
Yy e] =H R [y r
1 1
[00049] After the calibration steps for identifying the mapping relationships have completed,
advantageously there is a step of determining the pupillary distance (Dprp) 304 of the user based on
images of the pupil in a relaxed state (S505). In certain embodiments of the present disclosure, the
pupillary distance (Dpr) 304 can be determined by other methods, including direct measurement,
monocular or binocular measurements, user input, or other possible measurement methods. This is the

[00048] 2)

only eye parameter that is needed in the present disclosure for determining the gazing point. In contrast,
the existing solutions may require complex computations using several eye parameters, such as the pupil
center, the center of curvature of cornea and the radius of corneal.

[00050] When the user looks in the direction of the calibration screen 100 in a relaxed state, the user is
not gazing at any specific point on the calibration screen 100. As shown in FIG. 4, when in a relaxed
state, the visual axis of the left eye 111 and the visual axis of the right eye 112 are approximately parallel
to each other directed towards the calibration screen. The left internal camera 122 and the right internal
camera 123 can capture binocular images of the eyes for determining a left pupil relaxed coordinates
(XY 1x1: 1) and a right pupil relaxed coordinates (XY ., 1) of the user. The pupillary distance 304 can
then be determined by performing homography transformation, by applying the left homography matrix
H:, and the right homography matrix Hr, according to:

Xel Xlxl
[00051] J’el] H; * [ylxl] 3)
1
Xer Xixr
[00052] yer] = HR * [ylxr] (4)

[00053] With respect to the distance between the user and the calibration screen (Dxzs) 303, various
methods may be employed to determine the distance (S506). In one exemplary embodiment, the Dzg 303
is estimated by a proximity sensor installed on the wearable device using RF signals or IR signals to
measure the distance. Alternatively, the Dgs 303 may be determined by user input or predetermined in
accordance with a controlled laboratory environment. With the Dgs 303, we can determine the pupillary
distance (Drp) based on equations (3) and (4):

[00054] RIxP* = %DES (5)

[00055]  RIxP% = ’; Dpgs (6)

(000561 Dpp = RIxP% — RIXPY = (3£ —24) s (7
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[00057] With the foregoing calibration process, left homography matrix Hi, and right homography

matrix Hr are generated. The pupillary distance (DPP) 304 of the user can be determined. It should also
be understood that the methods described herein are non-limiting with a vast number of variations exist.
The algorithms and the like presented are only examples, in which the algorithms may be amended to
adapt to particular situation or application.

Detection Process

[00058] The present disclosure further discloses a detection process for determining a position vector
of a gazing point of the user with reference to a virtual screen 131, the virtual screen 131 being used as
an intermediate screen for improving simplicity in detecting the gazing point.

[00059] The advantage of the present disclosure is to provide a method that can detect the position
vector of the gazing point in a 3D space. There is no limitation on the position of the gazing point after
calibration is completed. The calibration screen 100 is neither required nor referenced during the
detection process.

[00060] In the method, when the user fixates on a gazing point, the external camera 121 captures one
or more external camera images (S601). As the field of view of the external camera 121 can be close to
or larger than the user’s visual field, the external camera 121 is able to capture an image including the
gazing point of the user. Nevertheless, the captured images are two dimensional images without depth
perception or any data with respect to the distance of the gazing point away from the user. Similarly, the
left internal cameras 122 capture images of the user’s left eye 111 and the right internal cameras 123
capture images of the user’s right eye 112 when the user is fixating on a gazing point (S601).

[00061] Based on the one or more images captured by the two internal cameras 122, 123, the
processor can further determine a left pupil gaze position vector (x,qzl,ygzl,l) and a right pupil gaze
position vector (X ,.Ygs1) using the image coordinates from the internal cameras 122, 123, when the
user fixates on a gazing point (S602).

[00062]  As illustrated in FIG. 5, the above position vectors of the gazing point are mapped to the
image obtained from the external camera 121, which are further mapped to a virtual screen 131. The
processor can first perform homography transformation, by applying the left homography matrix Hr and
the right homography matrix Hr, on the left pupil gaze position vector (x’qzl,y,qzl,l) and the right pupil
center gaze position vector (X,,Y 1), to determine the left gazing point (X, Y1) and the right
gazing point (x,,,Y.,.1) on the external camera image (S603), based on the following equation:

Xel ngl

[00063] yel] = Hy |Vga 8)
1 1
Xeor ngT

[00064] yer] = Hp |Ygar &)
1 1

[00065] The left gazing point and the right gazing point are both mapped to the same external camera

image by homography transformation. The visual axes of the left eye and right eye can be estimated as

the light paths passing through the external camera image at the left gazing point (x,;,Y.;,1) and the right

gazing point (X.,,Yer, 1) respectively, wherein the external camera image is positioned at a focus plane of
an external camera 121 with a predetermined focal length f.

[00066] Advantageously, the present disclosure provides a virtual screen 131, which is an imaginary

screen positioned at a distance equivalent to the distance between the user and the calibration screen (Dgs)
303, as determined during the calibration process. The virtual screen 131 is an imaginary version to the

calibration screen 100, which does not physically exist and is not visible in the real world and serves as
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an intermediate screen for detecting the gazing point and provides a reference plane for calculating the
exact 3D position of the gazing point 401.

[00067] The gazing points on the external cameral image can further be mapped to the virtual screen
131, as demonstrated in FIG. §, by applying the pinhole camera triangle relationship (S604). The external
camera image is located exactly at a distance f from the center of projection, and the axis directing
towards the gazing point intersects the external camera image at a point (s; with coordinates (x.;, y.y) for
the left eye 111 and a point G- with coordinates (x.;, V=) for the right eye 112. The focal length of the
camera is further transferred to the pixel domain, denoted as a horizontal focal length £ and a vertical
focal length f,, with respect to the external camera image for calculating the gazing points coordinates.
Therefore, the left gazing points on the virtual screen is P, 402 with a position vector (P",P{,Pi), and
the right gazing Boints on the virtual screen is Pr 403 with a position vector (Px,PJ};,Pf?), wherein the
position vectors P; and Py are determined according to:

Py %DES

[00068] P, = |P]|=|%D,, (10)
pr| |
- L Dgs
Py %DES

[00069] Pg = [Py| = %DES (11)
P? ’
- R DES

[00070] The significance of the virtual screen 131 is evident from the illustration in FIG. 6 and 7. As
previously explained, the virtual screen 131 is an intermediate screen for detecting the gazing point, and
it is a calibrated virtual plane with respect to the specific user of the wearable device 120. Therefore, the
virtual screen 131 is applicable for obtaining the gazing point position vector in 3D space P 401 of the
user with a position vector (P*, PY,P?). The gazing point 401, or the object that the user is looking at, is
located at P, while the visual axis of the left eye 111 passes through the virtual screen 131 at P, 402.
Similarly, the visual axis of the right eye 112 passes through the virtual screen 131 at ﬁR 403. By
projecting the 3D positions to an X-Z plane, the gazing point 401 is projected to position 404, the I_D)L 402
is projected to position 405 and the Pr 403 is projected to position 406, which leads to the geometric
relationship as described in FIG. 8 for determining the z position (P”) of the gazing point 401.

[00071] FIG. 8 is a diagram of an X-Z plane illustrating the visual axes after projection. Positions 404-
406 are projected from the position vectors in the real world. In the X-Z plane, the virtual screen 131 is
located at a distance of Dzs 303 away from the user. The position 404, as projected from the gazing point
401, is located at a distance of P? away from the user. The position vector of (P*, PY,P*) is not known,
but the position vectors P} and P7, on the virtual screen can be determined using equations (10) and (11),
and the pupillary distance (Drp) 304 can be determined during the calibration process using equations
(5)-(7). The gazing point position vector in 3D space P 401 of the user can be calculated based on a
simple ratio calculation (S605), as shown below:

P*—p% P*—P¥
_ L
[00072] P*—RIxP% ~ P*—RIxP* (12)
PY—P? PX—P%
R _ _R L
[00073] P_RIxP] ~ Drp (13)

P?—Dgs Pﬁ"’f
[00074] = oo (14)
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[00075] Therefore, the gazing point position vector in 3D space P 401 can be calculated based on the

left gazing point 402 and the right gazing point 403 on the virtual screen, the pupillary distance 304 of
the user and the distance between the user and the calibration screen (Dgs) 303. A processor can be used
to determine the position of the gazing point in a 3D space.

[00076] As illustrated from the above disclosure, the method using a virtual screen 131 as an
intermediate screen for detecting the gazing point only involves simple computations. The pupillary
distance 304 of the user is estimated by determining the pupil position in a relaxed state, and
advantageously, this is the only biological parameter that is needed for estimating the gazing point. Other
eye parameters and biological aspects of the user, such as eye radius, kappa angle and pupil size are not
needed. Further, it is not necessary to provide one or more light sources directed towards the eyes for
capturing images of the glints from corneal reflections.

[00077] With the present method, the wearable device can capture images for the processor to
determine the position vector of the gazing point of the user in 3D space without any boundaries. The
calibration screen 100 is only used during the calibration process and the gazing point is not limited by
the dimension or relative position of the calibration screen 100. As the virtual screen 131 is positioned at
a distance equivalent to the distance between the user and the calibration screen (Dgs) 303 as determined
during the calibration process, it can be used as a proxy for the calibration screen. During the detection
process, the present method can map the gazing points to the virtual screen 131, which is an imaginary
version to the calibration screen 100, as a reference plane for calculating the exact 3D position of the
gazing point 401. Further, it is not necessary for the system to obtain detailed eye parameters or other
biological aspects of the user. In view of the simplicity of the computation by the processor when
comparing with the conventional methods using corneal reflection, there is inherently a reduction in the
hardware cost and processing time for performing the gazing point 401 detection. Unlike the
conventional methods, the method and the system of the embodiments herein are highly customizable for
each particular use and purpose. Therefore, it is possible to acquire an accurate detection of the gazing
point in various environmental conditions.

Wearable device
[00078] The present disclosure provides a system comprising one or more processor and a wearable

device 120. The wearable device can further comprise one or more external cameras 121 and two or
more internal cameras 122, 123. The processor may be implemented using general purpose or specialized
computing devices, encompassed within a microcontroller (MCU), a custom integrated circuit, a digital
signal processors (DSP), a field-programmable gate array (FPGA), an application specific integrated
circuits (ASIC), a computer programmed to perform a method, a programmable I/O device, other
semiconductor devices, or any suitable combination of the foregoing for executing a method for detecting
a gazing point of a user in a 3D space in accordance with the methods described herein.

[00079] In certain embodiments of the present disclosure, the circuits in the system can be
implemented at least partially by software programs, transistors, logic gates, analog circuit blocks,
semiconductor devices, other electronic devices, or a combination of any aforesaid circuit structures.
Because some of the circuits may be implemented as software, the actual connections and structures may
differ depending on the manner in which the software is programmed.

[00080] In certain embodiments of the present disclosure, the processor may be programmed to
control one or more computer systems, devices or apparatuses by using the visual field of a user as a user
interface. In certain embodiments, a continuous detection of gazing point position vectors close to or
around a position in 3D space may represent a confirmation with respect to the content pertaining to the
position, e.g., a computer system may turn on the light of a room by detecting a continuous gazing by the
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user on a light switch. As the present disclosure provides a detection method in the 3D space which is not

limited by the dimension or relative position of the calibration screen, the system can be applied to a
wide variety of applications, such as controlling a mobile device, a smart home automation system, a
vehicle, or acquiring information in relation to the objects within the user’s visual field.

[00081] In certain embodiments of the present disclosure, the one or more external cameras 121 and
the two or more internal cameras 122, 123 can be implemented as semiconductor charge-coupled devices
(CCD), active pixel sensors (APS) in metal oxide semiconductor (CMOS) or N-type metal oxide
semiconductor (NMOS); or a combination of any aforesaid devices. The purpose of the one or more
external cameras 121 is to capture images with a field of view that includes the gazing point of the user.
In certain embodiments, the external cameras 121 have a field of view close to or larger than the visual
field of the user using the wearable device 120. In certain embodiments, the wearable device 120
comprises more than one external camera 121, such that the images from the plural external cameras can
be merged to form a wider image for improving the field of view of the external cameras 121. In certain
embodiments, the one or more external cameras 121 can be positioned at the middle of the wearable
device 120 above the nose near the glabella of the user. On the other hand, the two or more internal
cameras 122, 123 are configured to capture binocular images of the left and the right eyes 111, 112 of the
user. In certain embodiments, the internal cameras 122, 123 can be placed around the eyes. In certain
embodiments, the wearable device 120 comprises more than one left internal camera 122 and more than
one right internal camera 123, such that the images from the plural internal cameras can capture the pupil
from different directions to ensure that the pupil center can be clearly captured.

[00082] In certain embodiments of the present disclosure, the wearable device 120 may be connected
to a second device for processing the images. The wearable device 120 and the second device may be
connected through any type of connection or network, including a local area network (LAN), a wide area
network (WAN), or the connection through other devices, e.g., through the Internet using an Internet
Service Provider (ISP), through other wireless connections, e.g., near-field communication, or through a
hard wire connection, such as a USB connection. The wearable device 120 may send signals to the
second device, wherein the second device comprises one or more processor for determining the gazing
point. In certain alternative embodiments, the second device may act as a pass through device and may
further send the data received from the wearable device 120 to a processor in other devices without
processing the images of the wearable device 120. In certain alternative embodiments, the wearable
device 120 further comprises the processor for determining the gazing point in accordance with the
present disclosure.

[00083] It should be noted that the methods described herein may be implemented using instructions
stored on a device readable storage medium such as a non-transitory storage device that are executed by a
processor. The storage device may be, e.g., a digital memory, a magnetic storage medium, optical
readable digital data storage medium, semiconductor device, or any suitable combination of the
foregoing. More specific examples of the storage device would include the following: a portable
computer diskette, a hard disk, a random access memory (RAM), a read-only memory (ROM), an
erasable programmable read-only memory (EPROM or Flash memory), a portable compact disc read-
only memory (CD-ROM), an optical storage device, a magnetic storage device, or any suitable
combination of the foregoing.

[00084] The present disclosure may be embodied in other specific forms without departing from the
spirit or essential characteristics thereof. The present embodiment is therefore to be considered in all
respects as illustrative and not restrictive. The scope of the disclosure is indicated by the appended claims
rather than by the foregoing description, and all changes that come within the meaning and range of
equivalency of the claims are therefore intended to be embraced therein.
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What is claimed is:

1. A method for detecting a gazing point of a user in a three dimensional (3D) space based on a
virtual screen, the method comprising:

a calibration process comprising generating a left and a right mapping relationships, and
determining a pupillary distance (Dpp) of the user and a distance between the user and the
calibration screen (Dzs); and

a detection process for determining a gazing point position of the user with reference to the
virtual screen, the virtual screen being used as an intermediate screen enabling a detection
of the gazing point in the 3D space;

wherein the generating of the left and the right mapping relationships comprises calibrating one
or more external cameras and two or more internal cameras using a plurality of calibration points

on the calibration screen for obtaining the left and the right mapping relationships.

2. The method of claim 1, wherein the determining of the gazing point position with reference to the
virtual screen comprises:
capturing, by the one or more external cameras, an external camera image;
determining, according to one or more images captured by the two or more internal cameras, a
left and a right pupil gaze position when the user fixates on the gazing point; and
determining a left and a right gazing points on the virtual screen, wherein the determining of
the left and the right gazing points on the virtual screen comprises applying the left and
the right mapping relationships on the left and the right pupil gaze position and mapping
the left and the right pupil gaze position to an image coordinates on the external camera
image, whereby the gazing point position is calculated based on the left and the right
gazing points on the virtual screen, the pupillary distance (Dpp) of the user and the

distance between the user and the calibration screen (Dzs).

3. The method of claim 1, wherein the left and the right mapping relationships are determined in

accordance with polynomial relationships, or a left and a right homography matrices.

4. The method of claim 1, wherein the calibrating of the external cameras and the internal cameras
for obtaining the left and the right mapping relationships comprises:
displaying the plurality of calibration points on the calibration screen sequentially, wherein
each calibration point is positioned at one of corners of the calibration screen;
determining, according to one or more images captured by the one or more external cameras,

a plurality of calibration points coordinates for each of the plurality of calibration points;
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determining, according to one or more images captured by the two or more internal cameras, a

plurality of pupil center calibration points coordinates of the user’s left and right eyes
when the user fixates on each of the plurality of calibration points; and

mapping the plurality of calibration points coordinates with the plurality of pupil center
calibration points coordinates of the user’s left and right eyes for each of the plurality of

calibration points.

5. The method of claim 3, wherein the left homography matrix H; and the right homography matrix

-
-

(x..Y.,1) is the calibration points coordinates as determined according to one or more images

Hp are determined according to

r

1

where:

captured by the one or more external cameras; and
(x1,y1,1) and (x,.y,.1) are the pupil center calibration points coordinates of the user’s left and
right eyes as determined according to one or more images captured by the two or more

internal cameras.

6. The method of claim 1, wherein the determining of the pupillary distance of the user comprises
the steps of:
determining, according to one or more images captured by the two or more internal
cameras, a left and a right pupil relaxed coordinates of the user’s left and right
eyes when the user fixates on the calibration screen in a relaxed state; and
applying the left and the right mapping relationships on the left and the right pupil

relaxed coordinates to obtain the pupillary distance of the user.

7. The method of claim 6, wherein the pupillary distance (Dpp) of the user is determined according

to

v Xel
Rl.X'PL = _DES

fx
xer
Rl.XP%:ﬂDES
Dpp = RIxP* — RIxP* = (2~
pp = KLXE, — xL_(fx fx) ES

where:
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Y l) and (Xp,0.Y1,1) are the left and the right pupil relaxed coordinates of the user’s
left and right eyes in the relaxed state as determined according to one or more images

captured by the two or more internal cameras.

8. The method of claim 2, wherein the image coordinates on the external camera image are

determined according to

Xel [X 21
[yel = HL Ygai
1 [ 1
Xer [X gzr
[ er| = HR ygzr
1 [ 1

where:
(x.o1,Ye1,1) 1s the left gazing point on the external camera image;
(Xer:Yer,1) is the right gazing point on the external camera image; and
(xgzl,ygzl,l) is the left pupil gaze position and (xgzr,ygzr,l) is the right pupil gaze position as

determined according to one or more images captured by the two or more internal cameras.

9. The method of claim 1, wherein the virtual screen is an imaginary screen positioned at a distance

equivalent to the predetermined distance between the user and the calibration screen.

10. The method of claim 2, wherein the determining of the left and the right gazing points on the
virtual screen further comprises applying pinhole camera triangle relationship on the image

coordinates on the external camera image to determine the left and the right gazing points on the

virtual screen.

11. The method of claim 10, wherein the left and the right gazing points on the virtual screen are

determined according to

o
pry | =Des
L %
— _ y _
Py = Pé h &DES
PL y
| DES |
o i
Pﬁ ﬂDES
X
—d i y i
Pp= P;e = &DES
PR y
| Dgs |

where:
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ﬁL is the left gazing point on the virtual screen;

ﬁR is the right gazing point on the virtual screen;
[« 1s a horizontal focal length in a pixel domain of the external camera; and

[ is a vertical focal length in a pixel domain of the external camera.

12. The method of claim 1, wherein the gazing point position is determined according to

13.

14.

135

P* — pP% P* — P}
P* —RIxPL  P* — RIxP?

Yy
PP—Py PP
PY —RIxP,  Dpp
P"—De PR—Pj
p? Dpp

where:

P.X
P= [PY ] is the gazing point position in the 3D space.
PZ

A system comprising one or more processors and a wearable device, the wearable device
comprising one or more external cameras and two or more internal cameras, wherein the internal
cameras are configured to capture the left and the right eyes of the user, the external cameras are
configured to capture an external camera image, and the one or more processors are configured to
execute a method for detecting a gazing point of a user in a 3D space according to the method of

claim 1.

A system comprising one or more processors and a wearable device, the wearable device
comprising one or more external cameras and two or more internal cameras, wherein the internal
cameras are configured to capture the left and the right eyes of the user, the external cameras are
configured to capture an external camera image, and the one or more processors are configured to
execute a method for detecting a gazing point of a user in a 3D space according to the method of

claim 2.

. A system comprising one or more processors and a wearable device, the wearable device

comprising one or more external cameras and two or more internal cameras, wherein the internal
cameras are configured to capture the left and the right eyes of the user, the external cameras are
configured to capture an external camera image, and the one or more processors are configured to
execute a method for detecting a gazing point of a user in a 3D space according to the method of

claim 3.
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16. A system comprising one or more processors and a wearable device, the wearable device
comprising one or more external cameras and two or more internal cameras, wherein the internal
cameras are configured to capture the left and the right eyes of the user, the external cameras are
configured to capture an external camera image, and the one or more processors are configured to
execute a method for detecting a gazing point of a user in a 3D space according to the method of

claim 4.

17. A system comprising one or more processors and a wearable device, the wearable device
comprising one or more external cameras and two or more internal cameras, wherein the internal
cameras are configured to capture the left and the right eyes of the user, the external cameras are
configured to capture an external camera image, and the one or more processors are configured to
execute a method for detecting a gazing point of a user in a 3D space according to the method of

claim 6.

18. A system comprising one or more processors and a wearable device, the wearable device
comprising one or more external cameras and two or more internal cameras, wherein the internal
cameras are configured to capture the left and the right eyes of the user, the external cameras are
configured to capture an external camera image, and the one or more processors are configured to
execute a method for detecting a gazing point of a user in a 3D space according to the method of

claim 7.

19. A system comprising one or more processors and a wearable device, the wearable device
comprising one or more external cameras and two or more internal cameras, wherein the internal
cameras are configured to capture the left and the right eyes of the user, the external cameras are
configured to capture an external camera image, and the one or more processors are configured to
execute a method for detecting a gazing point of a user in a 3D space according to the method of

claim 8.

20. A system comprising one¢ or more processors and a wearable device, the wearable device
comprising one or more external cameras and two or more internal cameras, wherein the internal
cameras are configured to capture the left and the right eyes of the user, the external cameras are
configured to capture an external camera image, and the one or more processors are configured to
execute a method for detecting a gazing point of a user in a 3D space according to the method of

claim 12.
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