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We claim:
1. A system comprising:
an eye tracker to determine gaze directions (L1, L2) of two eyes of a subject;
one of a subject tracker to determine a position comprising location and
orientation of a head of the subject and the eye tracker in a reference coordinate system;
one of a 3D scene structure representation unit that represents a plurality of
objects of a real-world scene through their 3D position and structure through
coordinates in the reference coordinate system to thereby provide a 3D structure
representation of the scene;
a calculating unit for calculating the gaze endpoint in the reference coordinate
system based on the intersection of the gaze directions (L1, L2) of the two eyes of the
subject and, for determining which object of the plurality of objects the subject is

gazing at based on the gaze endpoint.

2. The system as claimed in claim 1, wherein one of the object of the plurality of objects
the subject is gazing at is determined by choosing the object whose 3D position and
structure is closest to the gaze endpoint as the object of the plurality of objects the

subject is gazing at.

3. The system as claimed in claim 1 or 2, wherein

the calculating unit is to determine a probability distribution of the gaze
endpoint, and

determine the respective probability of one or more objects of the plurality of
objects being the object of the plurality of objects the subject is gazing at based on the

probability distribution of the gaze endpoint.

4. The system as claimed in one of claims 1 to 3, wherein the system comprises:
a scene camera to acquire one or more images of the scene from an arbitrary

viewpoint;
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a module to map the gaze endpoint in the reference coordinate system onto the
image plane of the scene image, wherein

the position of the scene camera is known or determined by some position
determination or object tracking mechanism and the mapping is performed by

performing a projection of the 3D gaze endpoint onto the image of the scene.

5. The system as claimed in one of claims 1 to 3, wherein the system comprises:

a module for generating a scene image as seen from an arbitrary viewpoint
based on the 3D structure representation;

a module for mapping the gaze endpoint onto the image plane of the scene
image, wherein the mapping is performed by performing a projection of the gaze

endpoint onto the image plane of the scene image.

6. The system as claimed in claim 4, wherein one of:
the eye tracker is a head-mounted eye tracker; and

the scene camera is a head-mounted scene camera.

7. The system as claimed in one of claims 1 to 6, wherein
the 3D scene structure representation unit comprises a 3D structure detection
unit that is to determine the 3D structure and position of objects of the scene or their
geometric surface structure in the reference coordinate system to obtain a 3D structure
representation of the scene, wherein
the 3D structure detection unit comprises one of the following:
a laser scanner possibly combined with a camera;
an optical scanner together with a light source emitting structured light:
a stereo camera system;
an ultrasound detector; and

any mechanical implementation used to detect a 3D object.

8. The system as claimed in one of claims 1 to 7, wherein one of:
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3D gaze endpoints are mapped to one or more scene images taken by a plurality
of different scene cameras and to scene images taken from different viewpoints;

3D gaze endpoints are mapped for a plurality of different subjects to the same
scene image; and

3D gaze endpoints are mapped or aggregated over time to the same scene

image.

9. The system as claimed in claim 8, wherein
the mapped 3D gaze endpoints over time are visualized in the scene image by
visualizing the 3D gaze endpoints together with the corresponding frequency of views

or accumulated viewing time, possibly distinguished according to different subjects.

10. The system as claimed in claim 9, wherein the visualization uses one or more of:
a heat map;
a focus map;
center of gravity of gaze; and

automatic contour of viewing time.

11. The system as claimed in claim 7, wherein one of:

the 3D scene Structure detection unit repeatedly determines the 3D structure to
enable a real-time gaze point detection using the eye tracker and a head tracker even if
the 3D scene is not static, and

the 3D scene Structure detection unit once determines the 3D structure and an
object tracker tracks the movement of one or more objects in the scene to thereby
enable a gaze point determination over time using the tracked objects and the tracked

gaze directions (L1, L2) over time.

12. The system as claimed in claim 7, wherein one of the 3D Structure detection unit
comprises one or more scene cameras and a computation unit for calculating the 3D

structure based on the one or more cameras' images, and
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wherein one of the computation unit uses a visual Simultaneous Localization
and Mapping (SLAM) algorithm for calculating the 3D structure and the position of

the scene camera.

13. The system as claimed in one of claims 1 to 12, wherein one of the images of the
one or more scene cameras are combined to one or more bigger images, such as one of
a panorama and a multiperspective image to be used as scene image or images, and
wherein the 3D structure representation unit uses the 3D structure and position
of objects of the scene in the reference coordinate system to provide a 3D structure

representation of the scene which has been determined in advance.

14. The system as claimed in one of claims 1 to 13, wherein the calculating unit is to
determine which object of the plurality of objects, the subject is gazing at based on the
gaze endpoint by determining a plurality of respective distances between the gaze
endpoint and the plurality of objects and determining which object of the plurality of

objects the subject is gazing at based on the plurality of respective distances.

Dated: 11 March 2015
GAURAV GUPTA
IN/PA-2234
OF LAKSHMIKUMARAN AND SRIDHARAN
AGENT FOR THE APPLICANT
To
The Controller of Patents
The Patent Office, at New Delhi
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We claimClaims:

1. A system for-determining-the-gaze-endpoint-efa-subjectthe-system-comprising:
an eye tracker tracking-unit-adapted-to determine the-gaze directions (L1, L2)

of two ene-er-more-eyes of athe subject;

one of a subject tracker an—ebject-tracking—unitadapted-to determine athe
position comprising location and orientation of athe head of the subject and/er the eye

tracker eye-tracking-unit-with-respeetto in a reference coordinate system;

one of a 3D scene structure representation unit that represents a plurality of

objects of a real-world scene and-ebjects-contained-in-the-scene-by-representing-the
objeets-of-thereal—world-seene-through their 3D position andfer structuretheir3D-

struetdre through coordinates in the reference coordinate system to thereby provide a

3D structure representation of the scene;

a calculating unit for calculating the gaze endpoint in the reference coordinate

system based on the intersection of the gaze directions (L1, L2) of the two eyes of the

subject and, the-eye-tracker-position-and-the 3D-scene structure representation.-andfor
for determining which the-object of the plurality of objects in-the-3D-seene-the subject

is gazing at based on the gaze endpointdirection;-the-eye-tracker-peosition-and-the-3B
scene-structure representation.
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24. The system as claimed inef claim 13, wherein one of thesaid object of the plurality

of objects the subject is gazing at is determined by choosing the object whose 3D
position and/er structure is closest to the ealewtated-gaze endpoint as the object of the

plurality of objects the subject is gazing at.

35. The system as claimed inef ene-ef-claims 1 orte 24, wherein

the calculating unit said-eye-tracking-unit-which-is-adapted-to-determining-the
gaze-direction-of the-said-one-or-mere-eyes-of said-subject-is adapted-to determine a
probability distribution of thesaid gaze endpointdirection-of said-one-or-mere-eyes,
and wherein

determine the respective probability of said-caleulatingunitfor-determining-the
objectbeing-gazed-at-determinesfor one or more objects of the plurality of objects the
probability-ef-said-objects-being the object of the plurality of objects the subject is
gazing gazed at based on thesaid probability distribution of the—said gaze

endpointeirection-of said-one-or-more-eyes,

46. The system as claimed inef one of claims 1 to 35, wherein the system further

comprisesiag:

a scene camera adapted-to acquire one or more images of the scene from an
arbitrary viewpoint;

a module to map thefermappinga-3B gaze endpoint in the reference coordinate

system onto the image plane of the scene image-taken-by-the-scene-camera, wherein
the position of the scene camera is known or determined by some position

determination or object tracking mechanism and the mapping is performed by
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performing a projection of the 3D gaze endpoint onto thean image of thesaid scene

caera.

57. The system as claimed inef one of claims 1 to 35, wherein the system further

comprisesiag:

aA module for generating a scene image as seen from an arbitrary viewpoint
based on the 3D structure representation;

aA module for mapping the a-3D-gaze endpoint onto the image plane of the
image-—generated-by-satd-scene image-generating—medule, wherein the mapping is

performed by performing a projection of the-3B gaze endpoint onto the image plane of

thesaid scene image generated by said scene image generating module.

68. The system as claimed inef ene-of-thepreceding-claims 4, wherein_one of:
thesaid eye tracker is a head-mounted eye tracker; and/er

thesaid scene camera is a head-mounted scene camera.

79. The system as claimed inef one of the-preceding-claims_1 to 6, wherein
satd—the 3D scene structure representation unit comprises a 3D structure
detection unit that is adapted-to determine the 3D structure and position of objects of
the scene or their geometric surface structure in the reference coordinate system to
obtain a 3D structure representation of the scene, wherein
sate-the 3D structure detection unit eptienaly-comprises one of the following:
a laser scanner possibly combined with a camera;
an optical scanner together with a light source emitting structured light:
a stereo camera system;
an ultrasound detector; and

any mechanical implementation used to detect a 3D object.

810. The system as claimed inef one of the—preceding-claims_1 to 7, wherein one
Olegbrpr s onoopreapn o e follon e
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3D gaze endpoints are mapped to one or more scene images taken by a plurality
of different scene cameras and/er to scene images taken from different viewpoints;

3D gaze endpoints are mapped for a plurality of different subjects to the same
scene image;_and

3D gaze endpoints are mapped or aggregated over time to the same scene

image.

911. The system as claimed in aecording-to-claim 818, wherein
tFhe mapped 3D gaze endpoints over time are visualized in the scene image by
visualizing the 3D gaze endpoints together with the corresponding frequency of views

or accumulated viewing time, possibly distinguished according to different subjects.

1012. The system as claimed in accerding—te—claim 910—er11, wherein thesaid

visualization uses one or more of:

aA heat map;
aA focus map;
cCenter of gravity of gaze; and

aAutomatic contour of viewing time.

1113. The system as claimed inef ene-efthe-preceding-claims 7, wherein_one of:

thesaid 3D scene Structure detection unitBetector repeatedly determines
thesaid 3D structure to enable a real-time gaze point detection using thesaid eye tracker
and asaid head tracker even if thesaid 3D scene is not static, ander

thesaid 3D scene Structure detection unitBetector once determines thesaid 3D
structure and an object tracker tracks the movement of one or more objects in the scene
to thereby enable a gaze point determination over time using the tracked objects and
the tracked gaze directions (L1, L2) over time.

1214, The system as claimed inef ene-of-thepreceding-claims_7, wherein one of the

satd—3D Structure detection unit comprises one or more scene cameras and a
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computation unit for calculating thesaid 3D structure based on thesaid one or more
cameras' images, and/er

wherein one of thesatd computation unit preferabhy-uses a visual SEAM-{visual
Simultaneous Localization and Mapping (SLAM) algorithm for calculating thesatd 3D

structure and/er the position of the scene camera.

1315. The system as claimed in aecerding-to-one of thepreceding-claims_1 to 12,

wherein one of the images of the one or more scene cameras are combined to one or
more bigger images, such as one of a panorama ander a multiperspective image to be
used as scene image or images, and/er

wherein thesaid 3D structure representation unit uses the 3D structure and
position of objects of the scene in the reference coordinate system to provide a 3D
structure representation of the scene which has been determined in advance.

14. The system as claimed in one of claims 1 to 13, wherein the calculating unit is to

determine which object of the plurality of objects, the subject is gazing at based on the

gaze endpoint by determining a plurality of respective distances between the gaze

endpoint and the plurality of objects and determining which object of the plurality of

objects the subject is gazing at based on the plurality of respective distances.
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FIELD OF THE INVENTION

The present invention relates to a method and an apparatus for gaze endpoint
determination, in particular for determining a gaze endpoint of a subject on a three-

dimensional object in space.

BACKGROUND OF THE INVENTION

There are existing solutions to the problem of finding the point or the object or more
specific the part of an object's surface that a (possibly moving) person gazes at.

Such solutions are described below and can be split into separate parts.

At first the gaze direction of the person (or a representation thereof like a pupil/CR

combination, cornea center and pupil/limbus etc.) is to be found.

For determining the gaze direction eye trackers can be used. Eye Trackers observe
features of the eye like the pupil, the limbus, blood vessels on the sclera, the eyeball
or reflections of light sources (corneal reflections) in order to calculate the direction of

the gaze.

This gaze direction is then mapped to an image of the scene captured by a head-
mounted scene camera or a scene camera at any fixed location. The head-mounted
scene camera is fixed with respect to the head, and therefore such a mapping can be
performed, once a corresponding calibration has been executed. For performing the
calibration a user may have to gaze at several defined points in the scene image
captured by the head-mounted camera. By using the correspondingly detected gaze
directions the calibration can be performed resulting in a transformation which maps

a gaze direction to a corresponding point in the scene image. In this approach any
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kind of eye tracker can be used if it allows mapping the gaze direction into images of

a head-mounted scene camera.

This approach enables the determination of a gaze point in the scene image as taken

by the head-mounted scene camera.

As a next step it can be of interest to map the gaze point in the scene image as
captured by the head-mounted scene camera, which can change due to the
movement of the subject, to a point in a (stable) reference image which does not
move and which corresponds to a "real world" object or an image thereof. The
reference image thereby typically is taken from a different camera position than the
scene image taken by the head-mounted scene camera, because the scene camera

may move together with the head of the user.

For such a case where the head moves, there are known approaches for determining
the gaze point in a reference image which does not move based on the detection of
the gaze direction with respect to a certain scene image as taken by the head-

mounted scene camera even after the head has moved.

One possible approach of determining the point gazed at is to intersect the gaze
direction with a virtual scene plane defined relative to the eye tracker. WO
201 0/083853 A 1 discloses to use active IR markers for that purpose, which are fixed
at certain locations, e.g. attached to a bookshelf. The locations of these markers are
first detected with respect to a "test scene" which acts as a "reference" image
obtained by the head-mounted camera, by use of two orthogonal IR line detectors
which detect the two orthogonal angles by detecting the maximum intensity of the
two line sensors. The detected angles of an IR source correspond to its location in
the reference image. Then the angles of the markers are detected for a later detected
scene taken by the head-mounted camera from a different position, thereby detecting
the location of the IR sources in the later scene image. Then there is determined the
"perspective projection", which is the mapping that transforms the locations of the IR
sources as detected in an image taken later (a scene image), when the head-
mounted camera is at a different location, to the locations of the IR light sources in

the test image (or reference image). With this transformation a gaze point as
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determined later for the scene image can also be transformed into the corresponding

(actual) gaze point in the test image.

The mapping of the gaze point from the actual “scene image" to a stable reference
image which is time invariant becomes possible by defining the plane on which the
gaze point is mapped in relation to scene stable markers instead of to the eye tracker
(ET). This way the plane of the reference image becomes stable over time and gazes
of other participants can also be mapped onto it so that the gaze point information
can be aggregated over time as well as over participants like it could only be done

before with eye trackers located at a fixed position.

For that purpose the prior art as disclosed in WO 201 0/083853 A 1 uses IR sources
as artificial markers the locations of which can be detected by orthogonal IR line

detectors to detect the angles of maximum emission.

The usage of using IR sources as markers for determining the transform of the gaze

point from a scene image to a reference image is complicated and inconvenient.

In the European Patent application no. EP1 1158922.2 titled Method and Apparatus
for Gaze Point Mapping and filed by SensoMotoric Instruments Gesellschaft fur
innovative Sensorik mbH which is incorporated herein by reference there is
described a different approach. In this approach there is provided an apparatus for
mapping a gaze point of a subject on a scene image to a gaze point in a reference
image, wherein said scene image and said reference image have been taken by a
camera from a different position, said apparatus comprising:

A module for executing a feature detection algorithm on said reference image to
identify a plurality of characteristic features and their locations in said reference
image;

a module for executing said feature detection algorithm on said scene image to re-
identify said plurality of characteristic features and their locations in said scene
image;

a module for determining a point transfer mapping that transforms point positions

between said scene image and said reference image based on the locations of said
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plurality of characteristic features detected in said reference image and said scene
image;
a module for using said point transfer mapping to map a gaze point which has been

determined in said scene image to its corresponding point in said reference image.

This enables the implementation of gaze point mapping which does not need any
artificial IR sources and IR detectors. It can operate on normal and unamended
images of natural scenes taken by normal CCD-cameras operating in the visible
frequency range. For a detailed description of this approach reference is made to

European Patent application no. EP11158922.2.

But even with this approach it is only possible to map a gaze of a moving subject to a
certain predefined static plane, however, the determination of a gaze endpoint at any

arbitrary object in 3D space is not possible.

It is therefore an object of the invention to provide an approach which can determine

the gaze endpoint at any arbitrary three-dimensional object in 3D-space.

SUMMARY OF THE INVENTION

According to one embodiment there is provided a system for determining the gaze
endpoint of a subject, the system comprising:

an eye tracking unit adapted to determine the gaze direction of one or more eyes of
the subject;

a head tracking unit adapted to determine the position comprising location and
orientation of the head and/or the eye tracking unit with respect to a reference
coordinate system;

a 3D scene structure representation unit, that represents a real-world scene and
objects contained in the scene by representing the objects of the real-world scene
through their 3D position and/or their 3D-structure through coordinates in the
reference coordinate system to thereby provide a 3D structure representation of the
scene;

a calculating unit for calculating the gaze endpoint based on the gaze direction, the

eye tracker position and the 3D scene structure representation, and/or for
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determining the object in the 3D scene the subject is gazing at based on the gaze

direction, the eye tracker position and the 3D scene structure representation

By using a 3D representation, an eye tracker and a head tracker there can be
determined not only a gaze point on a 2D plane but also an object the subject is

gazing at and/or the gaze endpoint in 3D.

According to one embodiment the system comprises a module for calculating the
gaze endpoint on an object of the 3D structure representation of the scene, wherein
said gaze endpoint is calculated based on the intersection of the gaze direction with

an object in the 3D structure scene representation.

The intersection of gaze direction with the 3D representation gives a geometrical
approach for calculating the location where the gaze "hits" or intersects the 3D
structure and therefore delivers the real gaze endpoint. Thereby a real gaze endpoint

on a 3D object in the scene can be determined.

According to one embodiment the system comprises a module for calculating the
gaze endpoint based on the intersection of the gaze directions of the two eyes of the
subject, and/or

a module for determining the object the subject is gazing at based on the calculated
gaze endpoint and the 3D position and/or 3D structure of the objects of the real world

scene.

By using the vergence to calculate the intersection of the gaze direction of the eyes
of the subject there can be determined the gaze endpoint. This gaze endpoint can

then be used to determine the object the user is gazing at.

According to one embodiment the object being gazed at is determined as the object
the subject is gazing at by choosing the object whose 3D position and/or structure is

closest to the calculated gaze endpoint.
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According to one embodiment said eye tracking unit which is adapted to determining
the gaze direction of the said one or more eyes of said subject is adapted to
determine a probability distribution of said gaze direction of said one or more eyes,

and wherein
said calculating unit for determining the object being gazed at determines for one or
more objects the probability of said objects being gazed at based on a probability

distribution of gaze endpoints.

In this manner there can be determined a probability distribution which indicates the

probability that the subject gazes at a certain object.

According to one embodiment the system further comprises:

a scene camera adapted to acquire one or more images of the scene from an

arbitrary viewpoint;

a module for mapping a 3D gaze endpoint onto the image plane of the scene image

taken by the scene camera.

In this way not only the 3D gaze endpoint on the 3D structure is determined, but
there can be determined the corresponding location on any scene image as taken by
a scene camera. This allows the determination of the gaze point in a scene image
taken by a camera from an arbitrary point of view, in other words form an arbitrary

location.

According to one embodiment the position of the scene camera is known or
determined by some position determination or object tracking mechanism and the
mapping is performed by performing a projection of the 3D gaze endpoint onto an

image of said scene camera.

This is a way of deriving from the 3D gaze endpoint the corresponding point in a

scene image taken by a camera at an arbitrary location.
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According to one embodiment the system further comprises:

A module for generating a scene image as seen from an arbitrary viewpoint based on
the 3D structure representation;

a module for mapping a 3D gaze endpoint onto the image plane of the image
generated by said scene image generating module, wherein the mapping is
performed by performing a projection of the 3D gaze endpoint onto the image plane

of said scene image generated by said scene image generating module.

In this manner an arbitrary scene image can be generated not by taking an image
using a scene camera but instead by generating it based on the 3D structure
representation. In this scene image then the gaze endpoint or the object being gazed
at can be indicated or visualized by projecting the gaze endpoint onto the scene
image or by e.g. highlighting the object which has been determined as the object of

the 3D structure being gazed at in the scene image.

According to one embodiment said eye tracker is a head-mounted eye tracker;

and/or
said scene camera is a head-mounted scene camera.

Head-mounted eye tracker and head-mounted scene cameras are convenient
implementations of these devices. Moreover, if the eye tracker is head-mounted, then
the head tracker automatically also delivers the position/orientation of the eye
tracker. The same is true for the scene camera. Using the position (location and
orientation) of the head as determined by the head tracker one can determine based
on the gaze direction as determined by the head-mounted eye tracker in the
coordinate system of the eye tracker a corresponding gaze direction in the reference
coordinate system of the head tracker. This can be done by a simple transformation
which transforms the gaze direction from the eye tracker's coordinate system into the
coordinate system of the head tracker using the head location and orientation as
determined by the head tracker. The position delivered by the head tracker
automatically also delivers the position of the eye tracker through the given setup in
which the eye tracker is fixed to the head and has a defined spatial relationship with

the head, e.g. by the mounting frame through which it is mounted on the head.
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According to one embodiment said 3D Structure representation unit comprises a 3D
scene structure detection unit that is adapted to determine the 3D structure and
position of objects of the scene ortheir geometric surface structure in the reference

coordinate system to obtain a 3D structure representation of the real-world scene.

In this way the 3D structure or at least the relevant, visible part of it can be directly

obtained from the scene by using the structure detection unit.

According to one embodiment said 3D structure detection unit comprises one of the

following:

a laser scanner, possibly combined with a camera;

an optical scanner together with a light source emitting structured light;
a stereo camera system;

an ultrasound detector;

any mechanical detection implementation.

These are convenient implementations of the 3D structure detection unit.

According to one embodiment the system comprises one or more of the following:

3D gaze endpoints are mapped to one or more scene images taken by a plurality of

different scene cameras and/or to scene images taken from different viewpoints;
3D gaze endpoints are mapped for a plurality of different subjects to the same scene
image;

3D gaze endpoints are mapped or aggregated over time to the same scene image,

possibly for different subjects.

This takes advantage of the flexibility of the approach by mapping the gaze endpoints
for different users and/or for different scene cameras at different locations. The

recording of gaze endpoints and the mapping to one or more possibly different scene
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images can be performed over time, possibly even for different subjects, thereby

obtaining a representation of the gaze data in a desired way.

According to one embodiment the mapped 3D gaze endpoints over time are
visualized in the scene image by visualizing the 3D gaze endpoints together with the
corresponding frequency of views or accumulated viewing time, possibly

distinguished according to different subjects.

This allows a visualization of the measured gaze endpoints and their mapped scene

locations.

According to one embodiment said visualization uses one or more of:
A heat map;

A focus map;

The center of gravity of gaze;

An automatic contour of viewing time.

These are suitable implementations for the visualization.

According to one embodiment said 3D Structure Detector repeatedly determines said
3D structure to enable a real-time gaze point detection using said eye tracker and

said head tracker even if said 3D scene is not static, or

said 3D scene Structure Detector initially determines said 3D structure and an object
tracker tracks the movement of one or more objects in the scene to thereby enable a
gaze point determination over time using the tracked objects and the tracked gaze

direction over time.

In this way an online measurement can be implemented even for non-static scenes.

10
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According to one embodiment said 3D Structure detection unit comprises one or
more scene cameras and a computation unit for calculating said 3D structure based

on said one or more cameras' images.

In this way the 3D-structure detection unit can be implemented without specific
hardware except a scene camera and a computation unit. The scene camera(s)
according to one embodiment may be the same scene camera as is used for taking

the scene image into which later the gaze endpoint is to be mapped

According to one embodiment said computation unit uses a visual SLAM (visual
Simultaneous Localization and Mapping) algorithm for calculating said 3D structure

and/or the position of the scene camera.

This is a suitable implementation of a 3D structure detection unit by a scene camera

and a computation unit.

According to one embodiment the system comprises:

a display unit for displaying gaze data from one or more person with a visualization of

statistic data on the reference model, wherein said visualization comprises:
a visualization based on a projection onto the surface of objects;

a visualization based on a fly-through visualization of the 3D structure.

These are suitable approaches for implementing visualizations of the measured gaze

endpoints.

According to one embodiment the images of the one or more scene cameras are
combined to one or more bigger images such as a panorama or a multiperspective
image to be used as scene image or images, and/or

and/or

1"
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wherein said 3D structure representation unit uses the 3D structure and position of
objects of the scene in the reference coordinate system to provide a 3D structure

representation of the scene which has been determined in advance.

These are other suitable approaches for implementing visualizations of the measured

gaze endpoints.

Using a 3D structure representation unit instead of a structure determination unit

makes it possible to use 3D data which has been determined in advance.

DESCRIPTION OF THE DRAWINGS

Figs. 1A and 1B schematically illustrate an object representation according to an

embodiment of the invention.

Figs. 2A and 2B schematically illustrate a gaze endpoint determination system

according to an embodiment of the invention

Fig. 3 schematically illustrates a gaze endpoint determination system according to a

further embodiment of the invention.

DETAILED DESCRIPTION

In the following there will be described embodiments of the invention.

According to one embodiment there is determined a determination of a gaze
endpoint and in one embodiment also a mapping of the gaze endopint not just for
planes but for general objects in 3D-space. Moreover, according to one embodiment

it can be determine which object in 3D-space a subject is gazing at.

According to one embodiment for that purpose there is used a 3D-structure detector,
an object tracker for tracking the head of the subject and its orientation (a "head
tracker") and an eye tracker. By tracking the head movement using the head tracker
and the gaze direction of the eye of the subject using the eye tracker there can be
obtained the gaze direction of the subject in the 3D-space. This gaze direction can

then by projected or intersected with the 3D-model of the "world" which is obtained

12
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from the 3D-structure detector and viewed by the subject. Thereby the point in the
3D-model to which the gaze of the subject is directed and where it is "hitting an
object" of the 3D structure can be determined. In this way the "gaze endpoint" and

thereby also the object at which the subject gazes at can be determined.

According to a further embodiment the gaze endpoint is determined based on the
vergence of the eyes. In this embodiment the eyetracker detects the gaze direction of
the two eyes of the subject. When the subject looks at a certain object, then the gaze
directions of the two eyes are not parallel but they are directed to the same object
which means that they intersect at the point of regard the subject is looking at. This
means that if the gaze directions of the two eyes are obtained by the eyetracker, the
calculation of the intersection of the thus obtained gaze directions in 3D-space

actually provides the point of regard in 3D space.

It may happen that the two gaze directions which are determined for the two eyes of
the subject do in fact not intersect at a certain point in space. The reason may be that
there is indeed no intersection, which means that the two gaze directions indeed do
not converge and intersect at the same point in space, or the lack of an intersection
point may be caused by a measurement error. Nevertheless, in both cases there may
still be determined a gaze endpoint based on an intersection, e.g. by choosing the
point which lies halfway on the distance vector between the two gaze directions, in

other words the point in 3D space which lies closest to the two gaze directions.

By using the thus determined gaze endpoint and a representation of objects in 3D
space it can then be determined which object the subject is gazing at. This
representation can be e.g. a full 3D structure representation of the objects which are
according to one embodiment obtained by a structure generation unit. The 3D
structure representation of the objects define the structure of the objects (e.g. by their
boundaries). If the gaze endpoint determination is exact and without error, then it
typically will lie on the surface of an object of the 3D structure, and this is then the
point which is determined as the point the subject is gazing at. Once the gaze

endpoint has been determined, from the 3D structure representation there also
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follows the object the gaze endpoint is lying on, and thereby the object the user is

gazing at.

There may occur situations where the gaze endpoint does not lie on an object. This
may be due to different reasons, one being e.g. that the gaze endpoint determined by
vergence is not fully correct and exact, and then the thus determined gaze endpoint
may lie somewhere in empty space where no object is located. According to one
embodiment, however, even in such a situation there may be determined the object
being gazed at, e.g. by determining the object which is closest to the to the gaze
endpoint. This object may then be chosen as the one for which it has been

determined that the subject is gazing at it.

Another approach for determining the object gazed at by the subject is checking if
both gaze vectors intersect with the volume of the object. In such a case, the object
with which both gaze vectors intersect is determined to be the object at which the

user is gazing.

According to one embodiment the gaze directions of the two eyes may be used to
determine a "combined" gaze direction. This can e.g. be done by first calculating the
gaze endpoint based on the vergence as the intersection of the gaze direction of the
two eyes. The resulting gaze endpoint then can be used to determine a gaze
direction which is based on the gaze direction of the two eyes, in other words a
*‘combined gaze direction". This can according to one embodiment be done by
choosing as gaze direction a vector which originates e.g. between the eyes of the
subject and passes through gaze endpoint which has been determined based on the
intersection. The resulting combined gaze direction can then be used for calculating
its intersection with an object of the 3D structure to determine the object being gazed

at.

According to one embodiment the eye tracking unit which is adapted to determine the
gaze direction of the one or more eyes of the subject is adapted to determine a
probability distribution of the gaze direction of the eye or the eyes. This probability
distribution may indicate for a determined gaze direction a likelihood of being correct.

It can e.g. be obtained based on the (known or estimated) accuracy or "error
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distribution" of the eye tracker. This accuracy gives for a measurement value (i.e. the
gaze direction) the probability that it is correct and - in form of a probability
distribution - indicates for different values the likelihood that they are the correct
measurement value. Using such a probability distribution one can - for the points in
3D space - indicate the probability that they are lying on the measured gaze

direction.

This probability distribution according to one embodiment is used to determine for a
plurality of objects their corresponding probability of being gazed at. The probability
distribution of the measured gaze direction corresponds to a probability distribution of
different gaze endpoints. The probability distribution thereby may e.g. reflect the error
distribution of the measured gaze direction. E. g. if there is measured a certain gaze
direction, then the error distribution indicates the different likelihoods of different gaze
directions being correct due to some measurement error (as indicated by the error
distribution or "probability distribution"). Because for these different gaze directions
there are resulting different gaze endpoints one can based on the different gaze
endpoints and their corresponding probabilities obtain the respective probabilities of
the corresponding objects being gazed at. This can e.g. be done by integrating the
gaze probabilities of the individual points which belong to the surface of an object
over the whole surface of this object. In this manner there is obtained a gaze
endpoint probability distribution based on the gaze direction probability distribution,
and this is used to determine a probability distribution which indicates for the various
objects in 3D space their probability of being gazed at. In this embodiment the
"calculating unit for determining the object being gazed at" therefore actually
determines the probability of an object being gazed as an implementation of the
"determination of the object being gazed at", in other words this is a specific

embodiment of a calculating unit for determining the object being gazed at.

According to one embodiment the probability distribution of the gaze direction can be
used also for the gaze directions determined for the two eyes of the subject. In this
embodiment each of the two gaze directions has its own probability distribution which
reflects the likelihood of a certain gaze direction being correct. Based thereon there
can then for each point in 3D space be calculated the likelihood that this is the gaze
endpoint as the intersection of the two gaze directions. In other words, this results

then in a probability distribution indication which for a point in 3D space indicates its
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probability of being the gaze endpoint. This probability distribution according to one
embodiment is used to determine the probability of a certain object being gazed at; it

follows directly from the probability distribution of the gaze endpoints.

According to one embodiment, as mentioned before, the probability distribution of the
gaze direction reflects the "accuracy" or "error" of the measurement of the gaze
direction. It may be determined by measuring the error distribution or it may just be
estimated. According to a further embodiment not only the gaze direction is
determined with a certain error being reflected by a probability distribution but also
the position of the objects in 3D space. For each object in 3D space there is
according to one embodiment an uncertainty of its accuracy which is reflected by a
probability distribution with respect to the location of the object. This probability
distribution can then be combined with the probability distribution of the gaze
direction(s) or the probability distribution of the gaze endpoints to obtain a combined

probability for a certain object being gazed at which reflects both uncertainties.

According to a further embodiment the objects need not to be represented by a full
3D representation of their shape, location and orientation. Instead, each object may
just be represented by one representative point in space which represents the
location of the object in the 3D space. This representative point may e.g. be the
center of gravity of the 3D object. Alternatively it may be any point, e.g. a user
defined or user selected point, which represents the location of the object in 3D
space may be chosen as representative point in 3D space which represents the
location of the object. In this way the location of multiple objects may be represented
in 3D space. Based on the gaze endpoint determined by vergence there can then be
determined the point which represents an object which is most close to the gaze

endpoint. In this way it may be determined that the subject is gazing at this object.

The object may also not just be represented by a single point, it may be represented
by some representative 3D representation which has some extension in two or 3
dimensions, e.g. by a plane area, or by a 3D shape like a sphere which has a
representative point as a center. One can use any space tessellation based on the

scene objects here which can be used to represent an object.
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This is now illustrated in connection with Figs 1A and 1B. Fig. 1A shows an example
of a 3D real world scene. It includes a table and a lamp hanging from the ceiling as
real world objects. The 3D representation of these objects is illustrated in Fig. 1B.
The lamp is represented by a sphere having a center C in 3D space and a radius R.
The table is represented by a rectangle with its corners X1, X2, X3 and X4. The
coordinates of X1 to X4 and C may be determined by some measurement to
determine the 3D coordinates. The radius R may be chosen such that it somehow

resembles the shape of the "real lamp".

This then results in a configuration as shown in Fig. 1B with two objects whose 3D
location is represented by some representation in 3D space. Also shown is the head
of the subject S. The position and orientation of the head in 3D space may be
determined by some object tracker (not shown), the gaze directions are obtained by
some eyetracker, e.g. a head-mounted eyetracker (not shown). Using the gaze
directions obtained by the eye tracker and the position and orientation from the head
tracker (in its own coordinate system) one can then determine the gaze directions L1

and L2 in 3D space. This will later be explained in even more detail.

Then the gaze direction intersection point G is determined as the point of regard
based on the vergence. As can be seen from Fig. 1A it does not lie on one of the
object representations, neither on the lamp nor on the table. Then there is
determined the distance from the gaze point G to the table and the lamp. It can be
seen that the distance to the table D1 is closer than to the lamp, and therefore the

system then can conclude that the subject gazes at the table.

In this manner the system can determine the object a user is gazing at in 3D space.

According to another embodiment the 3D representation of the objects uses a more
accurate representation with higher granularity, e.g. a mesh representing the surface
of the objects in 3D. In principle, however, the system then may operate in the same
manner. If the gaze point is determined more accurately and lies on or near the

surface of the 3D object representation, then the system may not only determine the
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object the subject is gazing at but even the location on the object the user is gazing

at.

Now another embodiment will be described in somewhat more detail. In this
embodiment the objects are represented by a 3D structure representation, and the
object the subject is gazing at is determined based on the intersection of the gaze

direction with the 3D object representation rather than based on vergence.

In other words, with this approach based on a gaze direction which is determined and
intersected with a 3D structure representing the "real world" objects there can be
determined a gaze endpoint on a 3D-object. According to one embodiment the thus
determined gaze endpoint can be mapped to a corresponding location in any image
of the scene. Moreover, in this way the problem of identifying the objects gazed at
reduces to naming the objects/object parts, since the approach directly delivers the
object the user gazes at because the gaze direction intersects with the object the

user is gazing at..

According to one embodiment a system for mapping a gaze onto a 3D-object

operates as follows.

A detector to measure 3D Scene Structure (3D detector) is used to determine the
surface structure, position and orientation of all or all relevant (e.g. selected ones or
objects larger than a minimum size) objects in the scene resulting in a reference
model (a 3D structure or "model of the 3D structure" of the "real world"). This
reference model is a representation of the "world" which the user gazes at. It consists

of a representation of the objects of the "world", e.g. by a mesh.

It is e.g. represented in a "reference coordinate system". The reference coordinate
system is time invariant and static, in contrary e.g. to the coordinate system of a head

mounted eye tracker which moves together with the head of the subject.

The eye's position (the same applies to multiple eyes) can be measured at any time

in relation to the 3D Detector and in extension to the detected scene objects by using
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a Head Tracker that relates the eye's position to the 3D detector position and/or the
head tracker's position (and thereby gives also its position in the reference
coordinate system). Preferably there is not only given the location but also the
orientation of the head or a head-mounted eye tracker by the head tracker. Also
preferably the head tracker coordinate system is time invariant as is the reference
coordinate system of the 3D structure detection unit. In one embodiment both
coordinate systems are identical, in another embodiment there may be a time
invariant transformation which transforms the head tracker coordinate system to the

reference coordinate system of the 3D structure detection unit or vice versa.

By combining the 3D detector and the Head Tracker with an Eye Tracker, that
measures the gaze direction, the gaze intersection with surfaces of objects of the 3D
structure can be calculated. The head-mounted eye tracker outputs the gaze
direction in the coordinate system of the head/eye tracker. Since the head position
and its orientation is known from the head tracker, the location and orientation of the
eye tracker also is known due to the known setup of the eye tracker being head
mounted. Using this information from the head tracker the gaze direction in the
reference coordinate system (the system in which the 3D structure is represented)
can be derived based on the gaze direction determined by the eye tracker in the eye
tracker coordinate system by a simple transformation of the eye tracker coordinate
system to the reference coordinate system. The transformation follows directly from

the measured location and orientation of the head measured by the head tracker.

This gaze direction can then be intersected with the 3D structure representation of
the scene to detect the 3D gaze endpoint on an object of the 3D structure. Thus
there is provided a measurement device that measures the gaze endpoint of a
person's (or a subject's) eye on 3D objects in the scene as well as parameters of the

objects themselves.

This is a significantly novel approach for determining the gaze point. It is quite
different from knowing the gaze point on images of the scene because in such a case

objects have to be designated by hand for each image.
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The approach extends over the previous approach of determining the gaze point on a
real scene plane by now detecting a 3D gaze endpoint on a 3D structure detected by
the 3D-structure detector. Because the previous approach using a scene plane
operates only in a 2D space it does not cover points with parallax induced by object
points off the plane, of which there are usually plenty in real scenes. Therefore the

present approach also overcomes such parallax problems.

Once the gaze endpoint on a 3D object has been determined the gaze endpoint can
also be mapped to any image of the scene taken from any arbitrary location by a
camera. For that purpose the camera's parameters and its position relative to the
scene are needed. They may be known by definition of the setup/calibration, or both
can also be calculated out of the image itself given the scene structure, or they may

be otherwise measured.

According to a further embodiment the scene image is not taken by a scene camera
but instead is generated based on the 3D structure representation, e.g. by projecting
the structure into the image plane of the (arbitrary) scene image. Then in this
arbitrary scene image the object of the 3D structure which has been determined as
the object being gazed may be highlighted, or the gaze endpoint of the subject may

be visualized by projecting it from the 3D structure into the scene image.

According to one embodiment a user can name objects or even more detailed object
parts of the 3D structure by hand. In this way objects may be "tagged" with a name
so that a "hit" of the gaze on such a named object then results in the return of the
corresponding object name. Assuming the objects are the same over time, this has
to be done only once and the gaze on any object can be determined for all
participants and for all times any of the participants observed the scene. This is
because the true 3D model of the object can cope with all possible views which may

be taken by a user.
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For unnamed objects which are not manually tagged or labeled, the system in one

embodiment may assign default names.

For static scenes according to one embodiment the reference model can be created
offline. This is schematically illustrated in Fig. 2. The 3D-model /reference model is
created ‘"offline" using the 3D Structure Detector before the actual gaze
measurement (this is illustrated as step a) in the upper part of Fig. 2. The 3D
Structure Detector is not needed afterwards - the ET (eye tracker) and HT (head
tracker) combination is then sufficient to determine the 3D gaze endpoint on the 3D
structure which was determined in step a). This is illustrated in the upper part of step
b) illustrated in Fig. 2 which shows the determination of the gaze endpoint on the 3D

structure.

Then the mapping of the gaze endpoint onto the scene image taken by a scene
camera can be performed. For that purpose any 3D projection method which maps
the 3D structure to a 2D scene image using the position and parameters of the
camera can be used. In this way the location where the gaze hits the 3D structure
can be mapped onto the corresponding location at a scene image taken by a scene
camera. This mapping process is schematically illustrated in the lower part of step b)
in Fig. 2 which shows the mapping process (e.g. performed by using a 3D projection)

of the 3D structure to a scene image.

The above approach works for static scenes. If one is interested in dynamic scene
content, according to one embodiment the 3D Structure Detector works in parallel to
the ET and HT. This is schematically illustrated in Fig. 3 where the 3D structure is
determined parallel to the determination of the gaze by the ET, the head position of

the HT, and the gaze endpoint mapping to a scene image.

According to one embodiment the dynamic change of a scene can be taken into
account by another mechanism. In this embodiment the 3D structure is determined
only once, initially. However, the position and orientation of the relevant objects of the
scene in the 3D space may be detected and tracked over time by one or more object
trackers. The gaze direction also is tracked over time. Based on the thus obtained

tracking data there can then be performed an offline processing which determines
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over time the intersection between the gaze direction and the moving objects and

thereby determines the dynamic gaze endpoint.

Now there will be described a further embodiment with its components being

described in somewhat more detail.

The components of this embodiment are gaze tracker, head tracker and 3D structure
Detector. The gaze tracking can be realized by any of the conventional eye trackers.
If a calibration is needed, the eye tracker is calibrated to a known plane in space so

the gaze direction can be calculated from the gaze point on the plane.

As head trackers e.g. the following devices may be used:

- A magnetic Head Tracker

- Oran optical Head Tracker

- Any kind of device that can measure the position and orientation of the ET
(or the eye itself) with respect to the 3D Structure Detector (or the objects

in the scene)

According to one embodiment there is used the scene camera in combination with
the detected objects to calculate the scene camera's position and orientation. The
camera may be the same scene camera as is used for taking the scene image into
which later the gaze endpoint is to be mapped. For the purpose of determining the
camera position there may be used a visual SLAM approach. A description of the
visual SLAM approach can e.g. be found in Andrew J. Davison, ,Real-Time
Simultaneous Localisation and Mapping with a Single Camera", ICCV2003, or in
Richard A. Newcombe and Andrew J. Davison, "Live Dense Reconstruction with a
Single Moving Camera", CVPR2010.

According to another embodiment the camera position may just be measured, e.g. by
internal sensors of the camera (e.g. a GPS sensor), or it may be determined in some

other way (e.g. by an Inertial Measurement Unit or an object tracker).
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According to one embodiment the ET position relative to the scene camera is known

through the setup (both mounted on the same frame).

In order to determine the 3D structure several devices/approaches may be used.
Such measurement devices are e.g.

- 3D Scanners (Laser scanner, structured light scanner etc.)
- Stereo camera system
- Monocular camera system (e.g. visual SLAM)

- Manual measurements

With respect to manual measurements, for example, the plans for buildings are
known in advance, e.g. from the construction plan, orthe plans may have been
derived by some "manual measurement". The 3D structure detection unit may then
consist in just a device for "obtaining" or "reading" the stored 3D structure data which
has been measured in advance, without performing an actual structure

determination.

Instead of a 3D structure detection unit there may therefore be used a 3D structure
representation unit which uses the 3D structure and position of objects of the scene
in the reference coordinate system to provide a 3D structure representation of the
scene. The measurement of the 3D structure may have been carried out in advance,
and the structure representation unit then just uses the previously measured data to

provide the 3D structure representation.

According to one embodiment there is used a camera (e.g. the scene camera) for
static scenes to capture a video of the relevant scene part and calculate the scene
structure by using a visual SLAM approach. Afterwards the approach allows also
calculating the position of a camera taking an image of the scene from the image

itself.

For dynamic scenes the structure can be measured online, which means that the 3D
structure is repeatedly determined to take into account its dynamic changes.

Otherwise a combination of offline (or initial) 3D structure detection and tracking of
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the object(s) of interest (e.g. with the help of an object tracker) can be used. For
static scenes which do not change over time like supermarket shelves the structure

can be measure once in advance.

The approach described before comes along with several advantages over existing

approaches as shown below.

» Objects are unique over the scene and by extension so is the gaze endpoint
onto objects. Classification of gaze can be done per objects/object parts
automatically if the classes of objects/object parts have been defined,
irrespective of the position of the user and the scene image taken by the
scene camera.

* Gaze endpoints are decoupled from scene camera images. The gaze is
mapped onto objects, not images of objects. For the ET with a scene camera
the gaze can be remapped from the reference model objects to the image
plane of the scene camera image. This is even true if the gaze point falls
outside of the scene image.

* Because the gaze endpoint is calculated in a geometrically correct way there .
is no parallax error in the gaze mapping, even if a non-parallax-free eye
tracker is used.

* It is possible to tell which object is actually gazed at in a scene where objects
of interest are aligned behind each other such that multiple objects intersect
the gaze path by using vergence. E.g. even if the gaze direction intersects
with an object lying in front of another object, but if the vergence based
intersection of the two gaze points lies on the object behind, then one may
assume that the real gaze point is the object behind.

* New visualizations of gaze data is possible:

o aggregated over time and/or participants

o on object surfaces (e.g. heat map)

o 3D visualizations of the gaze rays in space, of the objects in space, of
objects textured with mapped gaze data (heat map, focus map, etc.)

o automatic contour, center of gravity etc. of objects projected to a scene
image

o dynamic visualizations like fly throughs around the objects
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o aggregated gaze data on arbitrary scene images/on scene movies (of

which the movie from a participant's scene camera is one special case)

In the following a further embodiment with its components will be described.

First of all the system comprises an eye tracker that provides the gaze direction of a
person relative to the coordinate frame of the head. The gaze direction can also be

defined indirectly as long it can be transformed to a head relative coordinate system.

Furthermore the system comprises a Head Tracker that detects the head orthe eye
tracker's coordinate system's location and orientation relative to a scene coordinate
system. This can e.g. be done using sensors. In some cases these sensors detect
their own position relative to the scene, then the sensor would need to be head

mounted. However, any head tracking device may be used.

Furthermore the system comprises a 3D Structure Detector that measures the three
dimensional surface structure of objects. The structure is made up out of the location,
orientation and neighborhood of surface parts (points, patches, planes, or similar
features used for describing 3D structure). The detector may also measure

appearance of the objects.

Optionally the system also comprises a scene camera (possibly combined with a
position detecting device so its position and orientation is known) that makes

reference images of the scene.

Using these components there can be determined the gaze point on a 3D structure.
Moreover, using the scene image and the scene camera's position there can be

performed a mapping of the 3D gaze point onto the scene image.
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Such a mapping can be performed onto any scene image given that the camera
position of the camera which takes the scene image is known, e.g. by using 3D

projection of the 3D-gaze point onto the scene image.

According to one further embodiment the location of the gaze point in an arbitrary
scene image can be performed in a slightly different way. Assuming that the gaze
point at a first scene image has already been determined, then for a second scene
image taken form a different position the gaze point mapping procedure as described

in European patent application no. 11158922.2 can be used.

It should be noted that the 3D Structure Detector, Head Tracker, and position
detecting device can all be implemented by a camera combined with a suitable
method to extract the necessary information out of the images. In such an
embodiment the eye tracker only needs to be combined with a scene camera and a
device (such as a computer which is suitably programmed) that carries out the
extraction methods to extract the data such as the 3D structure, the camera position

and the head position.

According to one embodiment, instead of a head-mounted eye tracker a remote eye
tracker may be used. If this remote eye tracker is located at a fixed position and has
a fixed coordinate system, its coordinate system may be used as reference
coordinate system or it at least has a known spatial relationship with the reference
coordinate system of the 3D structure detector. If the remote eye tracker is capable
of directly obtaining the gaze direction in its own time invariant coordinate system,
then no further "separate" head tracker is needed, the eye tracker then - by the
determination of the eye position and orientation which is performed also by such an

eye tracker - simultaneously is also an implementation of a head tracking unit.

According to one embodiment the scene camera can move relative to the eyetracker.
Its position may be determined by an object tracker and then the gaze point may be

projected onto the scene image as described before regardless of its position.
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