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Abstract
This work proposes a robust and convenient method for point of gaze (POG) estimation based on corneal and retinal
retro-reflection detection and calculation of the glint-pupil vector. The system concept is simple and cost effective that
can be attached to mobile devices while using the existing visible camera of the mobile device and additional fixture
that includes an add on a near infrared (NIR) camera and a NIR light source. The overall additional system
requirement is minimal, namely loos alignment tolerance of the fixture attached, and simple design. During NIR
illumination of the eyes, corneal and retinal reflections are detected. An algorithm calculates the eye and the system
distance, it calculates also the angle and the distance between the corneal and retinal retro-reflection thus provides the
direction of the gaze and the POG estimation. Experimental results showed high precision of the estimated point of
gaze that is much better than 1 degree (vertically and horizontally) in this very simple and cost effective add on system.
We found out that such accuracy of POG is achieved even for coarse mechanical mounting alignment between the
existing mobile device camera and the add-on system.
Keywords: point of gaze; pupil detection; eyes movements tracking; digital image processing

1. INTRODUCTION
Point of gaze (POG) estimation is a method to calculate automatically, by means of image processing, a point in space
at which the eyes are aiming at, using features extracted from one or both eyes images in a real time. POG estimation
systems were developed originally for eye motion studies, such as for behavioral pattern and learning disabilities
research [Error! Reference source not found.-Error! Reference source not found.]. Later, it was applied to the field
of human interface devices [Error! Reference source not found.]. Recent technological advancements have made
POG estimation methods more widely applicable and usable. Existing systems [Error! Reference source not
found.,Error! Reference source not found.] already show how essential and promising this field might be, for
example enabling people with disabilities to interact with personal computers, or within a human interface tools for
portable devices such as smartphones, tablets and laptops, game consoles, remote controls and more.
There are quite a few different approaches to POG estimation. One fundamental principle by which they may be
divided is the head-on and head-free approaches. The first one implies that the user should wear spectacles containing
necessary hardware [Error! Reference source not found.-Error! Reference source not found.]. A main disadvantage
of this kind of system is discomfort, since the user must wear and carry some hardware on his head. On the other hand,
it alleviates issues concerning head position calculation and reduces the influence of surrounding illumination that may
interfere with the measurement. A head-free approach implies that all necessary hardware will be installed in the
vicinity of the observed screen, which is more convenient for the user (Fig. 10).
Two of the difficulties that should be taken into consideration in designing a head-free POG estimation system are: the
location of the user and the distance between the user and the device, that may change between users, due to personal
preferences or during the operation by the same user; light conditions might change drastically from a bright sunny day
to a complete darkness.
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Fig. 10 A schematic presentation of the head-free POG estimation model. A POG estimation system is installed adjacent to the
observed screen. The user's eyes are directed towards the screen and the visual axes intersect in the point on the screen called POG.
A wide variety of related works released, proposed various techniques for the eye tracking [Error! Reference source
not found.-Error! Reference source not found.]. A number of systems were already developed and are available on
the market [Error! Reference source not found.,Error! Reference source not found.]. POG estimation methods may
operate in visible [Error! Reference source not found.,Error! Reference source not found.] or near infrared (NIR)
[Error! Reference source not found.,Error! Reference source not found.] spectral ranges (or both) which are
typically used for the imaging [Error! Reference source not found. ]. Visible spectrum range imaging requires
illumination in the visible spectrum, which can originate from the background illumination or from a dedicated visible
light source. The first one is not quite reliable and the second has some drawbacks, notably discomfort from the light
source directed towards the user eyes and causes pupils contraction. In addition, there is low contrast between the pupil
and the iris, so instead of pupil detection, iris detection, which has high contrast with the sclera, might be considered
[Error! Reference source not found.]. In contrast, NIR illumination does not have all of these disadvantages,
although requires an additional appropriate illuminating source, the system is independent of surrounding illumination
conditions. Additionally, NIR illumination cannot be seen by the human eye and does not cause pupil contraction.
Another advantage is a significant improvement in the image contrast.
A set of 4 reflections, called Purkinje images, appears if a light source is presented in front of the eyes. An additional
image that can be achieved is a retinal reflection, also known as the bright pupil effect. Retinal reflection occurs when
the light source and the camera are on the same optical axis. [Error! Reference source not found.]. Purkinje images
alone may be used for the eye tracking [Error! Reference source not found.]. The first Purkinje image is the brightest
one and can be detected relatively easily.

2. PROPOSED METHOD
A schematic illustration of the principle of the proposed method is shown in Fig. 11.

Fig. 11 A schematic illustration of the proposed POG estimation methodology. Visible and NIR spectrum cameras and NIR spectrum
light source compose the POG estimation system.
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The user's face is illuminated by the NIR source, causing multiple reflections from a number of surfaces in the eye, as
described above. The reflections used in this method are the brightest and easiest for detection. The first reflection is
the corneal reflection from the anterior part of the cornea, also known as glint, and the second reflection is from the
retina, also known as bright pupil effect. Reflections are captured by the cameras and detected by an image processing
unit. Based on the detected features, POG can be estimated and represented as two angles in space. In addition, the
distance between the device and the eye can be calculated.
A feature extracted from the image taken by the built-in camera is the glint image. Features extracted from the image
taken by the NIR camera are the bright pupil and the glint images. As mentioned before, retinal reflection or bright
pupil effect occurs when the light source and the camera are aligned on the same optical axis. A number of works
released proposed different methods to achieve the bright pupil effect [Error! Reference source not found.-Error!
Reference source not found.]. A method, that was applied here, uses a plate beam splitter which gives the best results
in illumination quality and uniformity.
The experimental setup built
in the laboratory is shown in Fig. 12. Visible and NIR spectrum cameras that were used in the setup are Color CMOS
USB Camera (See3CAMCU50, e-con Systems, India) and Monochrome CMOS USB NIR Camera (See
3CAM_12CUNIR, e-con Systems, India) respectively; both cameras were set to the 1280×720 pixels resolution at 30
fps. A NIR light source that was used in the setup is 3 W NIR LED with center wavelength of 850 nm.

Fig. 12 Top view of the experimental setup built on the breadboard in the laboratory.
The eye model design was kept as simple as possible using standard of-the-shelf parts, yet enabling the extraction of the
necessary features. The cornea was represented by an N-BK7 Plano convex lens with antireflective coating removed
manually from the front (convex) part of the lens in order to increase the reflectance, where antireflective coating was
left on the back (plane) side on the lens to keep the reflectance of the back side as low as possible; focal length of the
lens is 15 mm, diameter of 12.7 mm and radius of curvature 7.7 mm. The lens includes the magnification power of
both the cornea and the eye lens. The iris was represented by a blackout material with outer diameter of 12.7 mm and
concentric aperture of 5 mm which represents the pupil. The back surface of the eye model, representing the retina, was
made of polyethylene. Since NBK7 has a similar reflectance of that of polyethylene (about 4%), the back surface was
placed in defocus in order to reduce the amount of reflected light; as a result, reflectance values of the eye model are
about half of those of the human eye, i.e., nearly 8% for cornea [Error! Reference source not found.] and nearly 4%
for retina [Error! Reference source not found.].

Volume 8, Issue 4, April 2019

Page 56

International Journal of Application or Innovation in Engineering & Management (IJAIEM)
Web Site: www.ijaiem.org Email: editor@ijaiem.org
Volume 8, Issue 4, April 2019

ISSN 2319 - 4847

Fig. 13 Top view of the proposed setup (not to scale in order to show all the elements of the setup). The distance L defines the distance
between the cameras, and since the NIR camera and NIR light source optical paths are combined, those components are treated as if
placed in one point. The distance L is 130 mm.
The proposed setup configuration presented in
Fig. 13 includes the following components: NIR camera and NIR LED light source in the reflector which serves 2
purposes – LED cooling and beam angle limiting; plate beam-splitter located at 45° between the NIR camera and LED
and combines their optical axis; visible spectrum camera, protected with blackout material from the light reflected by
the second surface of the beam-splitter; the eye model is positioned in front of the cameras and the light source. In
addition, an IR light filter is used together with the NIR camera in order to block any unwanted corneal reflections
caused by background illumination in the visible range. A visible light filter was used together with the visible
spectrum camera in order to simulate the real mode of operation of the built-in camera.
A. Features Detection
The necessary features, the glint image from the visible spectrum camera, and the glint and pupil images from the NIR
spectrum camera must be extracted by means of digital image segmentation [Error! Reference source not found.].
Tests were performed in order to examine the minimal NIR spectrum LED power consumption required for successful
features extraction from the various distances.

Table 1 Minimal radiance emitted by the NIR LED that is required for the sufficiently bright detectable features in the images acquired
by the NIR and visible spectrum cameras. Measurements performed under average office lightning conditions.

Distance
between eye
model plane
and cameras
plane(m)
0.2
0.3
0.45
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Radiance emitted
by the NIR LED
(W/m*sr)
sufficient for the
NIR spectrum
camera
14.9±1.4
12.6±1.2
8.5±0.8

Radiance emitted
by the NIR LED
(W/m*sr)
sufficient for the
visible spectrum
camera
14.9±1.4
75.1±6.8
80±7.3
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The tests results regarding NIR and visible spectrum cameras are presented in Table 1. An eye model images example
acquired by the NIR and visible spectrum cameras with sufficiently bright features is presented in Fig. 5.

Fig. 14 Eye model images in NIR and visible spectrum with sufficiently bright and detectable features. In the NIR spectrum image, the
features are corneal and retinal reflections. In the visible spectrum image, the feature is corneal reflection. The background light
reflected by cornea is brighter than the NIR source reflection.
The algorithm consists of a number of sequential steps where the first step is glints image acquisition from both
cameras. In the next step a region of interest (ROI) is defined, which is the eye itself and the surrounding area. ROI
segmentation was performed by the well-known Viola-Jones algorithm [Error! Reference source not found.]. In the
ROI, necessary features extracted using thresholding-based segmentation method. Because the reflections differ from
their respective backgrounds by their gray-levels, a number of gray-level thresholding-based segmentation methods
were tested in-order to determine the most suitable one. The Otsu method [Error! Reference source not found.] with
background subtraction was unsuccessful in some cases. This method produces a single threshold that optimally
separates between gray-levels of feature and background in terms of maximum variance between them and minimum
variance within each of them in a bi-modal histogram model. Other methods such as the Maximum Entropy [Error!
Reference source not found.,Error! Reference source not found.] and the Triangle methods [Error! Reference
source not found.,Error! Reference source not found.] were most unsuccessful.
In the case of images acquired by the NIR camera, both glint and pupil features were extracted by means of
segmentation by iterative grey-level threshold and shape matching. This method comprises of the following steps:
a. Selecting an initial highest threshold value.
b. Segmenting the image using the threshold value: Pixels with gray-levels below the threshold are considered
background, and pixels with gray-levels above threshold are considered a possible object.
c. Matching the possible object with a circular shape in a predefined size range.
d. If an object was not matched, decrease the threshold value.
e. Repeat steps b through d until a matched object is found.
f. Find the center of extracted feature.
This method is quite simple, yet effective because of the high contrast between the features and background and the
known object shape. Morphological processing was used to remove the noise and improve precision. In the case of
images acquired by the visible spectrum camera, the glint feature was extracted by similar procedure, but in order to
extract this feature more accurately, the following statistical method was performed. At first during the initial
calibration procedure, a number of images were acquired. From the acquired images, sufficient statistical population of
RGB values was accumulated and the standard deviation σ was calculated.
The feature extraction performed as follows:
a. Detection of the pixels with the RGB values in the short range of one σ from the maximum value, which characterize
the center of the glint image.
b. Segmenting of the image using the RGB threshold values: pixels with RGB values outside the range are considered
background, and pixels with RGB values inside the range are considered a possible feature.
c. Matching the possible feature with a circular shape in a predefined size range.
d. If an object was not matched, detect the connected pixels in the neighborhood in a wider range (Range can be
expanded up to three σ, which will provide most of the values [Error! Reference source not found.].
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e. Repeat steps b through d until a matched feature is found.
d. Find the center of extracted feature.
Morphological processing was used to remove the noise and improve precision.
B. POG Estimation Computation
A ray tracing diagram of the system is presented in Fig. 15. The NIR Light source and the NIR camera are combined
optically and can be considered as if they are located at the same point.

Fig. 15 Top view of the ray tracing diagram showing schematic presentation of the setup. A coordinate system origin is placed at the
nodal point of the NIR spectrum camera.
The light emitted from the light source is reflected by the cornea, and this reflection is captured by both cameras. Since
the cornea acts like a convex mirror, the image is virtual and located inside the cornea. This is the reason that the
reflection will appear at a different location for a different point of view. The light reflected from the retina is captured
by the NIR camera only, and appears as a bright pupil image. Because of the refraction from the cornea, the virtual
pupil image, which is located on the optical axis of the eye, will be observed.
The visual axis of the eye is defined by the cornea curvature center and the center of the high acuity region (the
fovea). Since the fovea is shifted away from the center of the eye, the visual and optical axes do not match, as shown in
Fig. 15. The shifted value differs between users and cannot be simulated. In order to determine the shift value, an
individualized calibration procedure must be performed. The calibration is performed only once at the beginning of the
operation per user [1].
The distance between cameras, L, is known and is necessary for performing the calculation. The coordinate system
origin is located at the nodal point of the NIR camera, for convenience. POG estimation computation is based on the
center location of the corneal reflection image (g) relative to the pupil center location ( ), also called the glint-pupil
vector.
The first stage in the calculation is to find the location of the first Purkinje virtual image. This is performed by means
of a simple and precise triangulation method, as presented in Fig. 16.
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Fig. 16 Virtual glint image coordinates calculation by means of triangulation method. The vertices of the triangle are virtual glint
image (g) and glint images on the cameras sensors ( ) and ( ). In addition, the distance between the cameras plane and the eye
model can be calculated as well.
The distance to the object, h, can be found if the distance between the two cameras (L) and adjacent angles are known (Eq.1). Adjacent
angles α, β (Fig. 16) are calculated from the triangle formed by 3 points in both cameras: the nodal point (o), the glint image center on the
sensor plane ( ) and the sensor center ( ), as shown in Fig. 16. The angles should be calculated in both x and y axes.
L  tan   tan  .
h
(1)
tan   tan 
Cornea curvature center coordinates can be found on the extension of the vector
at a distance equal to
, where is the cornea
curvature radius. A standard value for was used in the calculations, but the real value of the cornea curvature may vary between users.
Thus, a more precise value is determined in the personalized calibration process.
The next stage is to find pupil (p) coordinates. In fact, the pupil virtual image (
coordinates will be found on the optical axis of the eye
(Fig. 17).
Since a 2D image doesn't give any indication regarding the depth, the z coordinate cannot be found in the same manner. The pupil's virtual
image x and y coordinates can be found from the shift of the pupil image relative to the glint image on the sensor plane (Eq.2).
g  z   pin gin .
pI 
(2)
oic

Fig. 17 Pupil's virtual image ( ), x and y coordinates found from the similar triangles
and
. Points
are the centers of the pupil and glint images respectively, and lie in the NIR imager plane.
In order to find the z coordinate of , we use the fact that the vectors
,
and
of the triple product identity of the vectors stated above is zero (Eq.3).
 on  pin    on  gin    g  pI   0 .
The cornea curvature center c and the center of the pupil
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in Fig. 17 are coplanar. Hence the value
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are two points which define the optical axis of the eye.
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3. RESULTS
In order to examine the precision and stability of the proposed method, multiple angle measurement tests were
performed for each angle in the range. Angle measurements are performed in the following manner: first, eye model
glint images are acquired with both the NIR and the visible spectrum cameras simultaneously, while the eye model is
adjusted to a 0° position. A 0° position is defined as a default position, when the eye model is "looking" straightforward
toward the setup. In the second step the eye model position is adjusted to a certain angle, and the images from the NIR
and visible spectrum cameras are acquired again. The algorithm estimates the angle of the rotation.
An example of the feature extraction algorithm operation with the eye model rotation from its default position of 0° to a
10° position is presented in Fig. 9.

Fig. 18 Image pairs acquired from the visible and NIR spectrum cameras. In the upper images the eye model adjusted to a default
position of 0° and in the lower images it was rotated to an angle of 10°. Noticeable shift of the features can be observed.

Angle, adjusted(deg.)
Angle,
measured(deg.)
Angle, adjusted(deg.)
Angle,
measured(deg.)

Angle, adjusted(deg.)
Angle,
measured(deg.)
Angle, adjusted(deg.)
Angle,
measured(deg.)

-10
-9.58
±0.39
1
0.97
±0.27

Table 2 Comparison of horizontal adjusted and measured angles
-9
-8
-7
-6
-5
-4
-8.75
-7.82
-6.53
-5.53
-4.72
-4.14
±0.16
±0.33
±0.16
±0.2
±0.11
±0.34
2
3
4
5
6
7
1.81
2.81
4.01
5.12
5.62
6.64
±0.34
±0.33
±0.32
±0.43
±0.11
±0.17

-3
-3.4
±0.32
8
7.64
±0.14

Table 3 Comparison of vertical adjusted and measured angles
-5
-4
-3
-5.16
-4.07
-2.86
±0.26
±0.45
±0.41
2
3
4
1.8
3.21
4.12
±0.17
±0.28
±0.36

-2
-2.36
±0.33
5
5.45
±0.42

-6
-5.63
±0.26
1
1.08
±0.08

-2
-1.85
±0.33
9
8.45
±0.15

-1
-1.25
±0.28
10
10.07
±0.6

-1
-1.07
±0.28
6
5.99
±0.3

The eye model rotations measured by means of the setup are presented in Table 2 and Table 3. The measurement
precision is >0.01°.
The distance between the cameras plane and the eye model plane was estimated during the measurements and the
result is 305.5±0.5 mm, which is an average distance between the device and the user. This result corresponds to the
actual measurement while measurement precision is 0.5 mm.
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4. DISCUSSION
The higher the rotation angle of the eye regarding the POG system the lower the retinal reflectance, but since the
proposed system is intended for mobile devices with relatively small screens, the range of the angles is quite narrow
and the presented results are covering the relevant range of angles, and in this range the reflectance is sufficient.
Prior to the usage, an individualized calibration procedure must be performed based on the number of predefined points
on the screen. Different methods and configurations propose different approaches to the calibration procedure [Error!
Reference source not found.,Error! Reference source not found.]. The calibration is performed only once at the
beginning of the operation. The calibration procedure is necessary for the determination of the parameters that cannot
be estimated by simulation: the slant between the visual and optical axis and the radius of the corneal curvature. An
algorithm calculates the POG based on digital features extraction. The features extracted from the image captured by a
NIR camera are bright pupil and glint, while only the glint is extracted from the image captured by the visible spectrum
camera.
Although off-the-shelf components and a simple algorithm are used, the tests nevertheless show good accuracies that
are better than 1°. The accuracy might be improved with more suitable components, such as matched cameras and high
precision opto-mechanical components. Since the central implementation of the proposed method is in the portable
devices, power consumption is one of the major issues. An energy efficient NIR LED can be used instead of the regular
off the shelf one used in the setup. User's head movement relatively to the device is restricted to the illuminated area
which is can be increased on the expense of the power consumption.
Compared to the other systems recently made available whose accuracy does not exceed 1 degree [Error! Reference
source not found.,Error! Reference source not found.], our system shows satisfactory results while having a simple
and cost effective structure. Future extension of this work would include replacement of the LED light source and beam
splitter, where under 25% of the total emitted light is exploited, with a laser source and a polarized beam splitter,
which will be a more power saving solution. A NIR laser diode will provide a number of advantages such as [32]:
a. Additional power saving due to more accurate definition of the illumination area and overlap with the NIR camera
field of view.
b. Matching the polarity between NIR laser and NIR camera.
c. Simplify the features extraction from the NIR images because of the higher contrast.
d. Increase the illuminator lifetime.
e. Simplify an emitted radiance adjustment according to the distance between the device and the user and required field
of view.
An additional optional improvement could be the use of a modulated light source synchronized with the frame rate. In
this case a visible spectrum camera feature might be extracted more easily by consecutive frame subtraction. In
addition, in this case additional power saving might be achieved since the light source operates only half of the time
period.
Since central implementation of the proposed method is in portable devices such as smartphones, tablets and laptops,
another future extension of this work is integration in the portable device. Most portable devices already have a built-in
visible camera, which will be used as a first camera in the system. Additional required hardware is a small device
containing the main camera operating in the NIR spectrum and a NIR LED/Laser diode illuminator
A device containing all additional hardware can be connected through a USB port to the hosting device. Software,
which includes a POG estimation algorithm, and hardware parameters control, such as LED intensity and camera
sensitivity and exposure, are installed on the hosting device.

5. CONCLUSIONS
A new and robust POG estimation method and system is presented. This system can be used for the implementation of
a remote human interface device. In this approach, one NIR spectrum camera, one existing visual spectrum camera of
the device and one NIR light source are used, while in fact only one NIR spectrum camera and one NIR light source are
added as an add-on fixture, since the second visible camera already exists in the hosting mobile device. In our
approach, when compared to the other systems, fewer and simpler components are needed. The proposed design
emphasizes the high accuracy and the cost effective concept compare to other available concepts.
Acknowledgment: The research was funded internally; we acknowledge Ben-Gurion University of the Negev for this
funding.
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