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Several technical issues that affect eye-tracking have arisen concomitantly with the steadily increasing sizes
of personal displays recently. One such issue is the loss of the illumination reflection of the near-infrared
light-emitting diodes used as reference points around the edge of the display. Another issue is that reference
identification is required for practical usage. Therefore, this paper proposes gaze estimation with transparent
markers for large display environments to solve these problems. The transparent markers can be distributed
on the screen, and a unique ID is assigned to each marker using linear polarization angles. The reference
is detected using a polarization camera through the reflection on the cornea. The results of experiments
conducted using a 50-inch display indicate that the proposed method can estimate the point-of-gaze to within
2.1 degrees of error. We confirmed that on-screen markers in sizable displays could be effectively used as
references instead of illumination sources.
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1 INTRODUCTION

Human-computer interaction with eye-trackers enables non-contact, intuitive, and rapid operation,
and eye-based interaction is expected in various situations. Consequently, various gaze estimation
methods have been proposed to improve the performance of eye-trackers in aspects such as
accuracy and tolerance to head movement [7]. Most methods emit near-infrared (NIR) light to
track the corneal reflections (i.e., glints) as references for calculating the point-of-gaze (PoG) on a
screen. Model-based methods use glints as a cue, and the number of glints necessary has also been
analyzed [21]. Guestrin and Eizenman [5] presented a general theory of model-based methods,
and they indicated that two or more glints are required to determine the center of the corneal
sphere. Additionally, it has been found that binocular model-based gaze estimation enables high
accuracy and implicit user calibration [11, 13]. However, hardware calibration is required, as the
geometric relationship between cameras and the display must be calculated in advance. Yoo et al.
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(a) Illumination sources are (b) Several corneal reflections
reflected appropriately on the are missing
cornea

Fig. 1. Comparison of corneal reflections related to eyeball pose.

[26] proposed cross-ratio (CR)-based gaze estimation with a liquid crystal display (LCD) to which
four or more NIR-LEDs were attached. The CR method does not require strict hardware calibration,
and the methods derived on this basis have been actively studied. Although both methods can
effectively improve the accuracy and robustness by employing multiple glints, new problems, such
as glint identification, are introduced. A standard solution for identification is based on the variation
in the illumination pattern [14, 15]. However, synchronization of the camera and illumination is
required, and the system configuration is complicated. Another solution is to apply a heuristic
rule using the glint location, in which the increase of glints incurs the absence of the pupil area.
The pupil center is used to calculate the gaze vector; therefore, the accuracy of the gaze vector is
influenced by the lack of the pupil area. Lie et al. [10] filled the hole causing the occurrence of glint
to estimate the pupil center accurately when glint was located on the pupil. In addition, with the
size of personal displays steadily increasing in recent years, conventional methods that employ
NIR-LEDs as references have become inadequate. This is because the mounting position of LEDs is
limited to the outer frame of the display, and the loss of several glints is inevitable, as shown in
Figure 1.

To solve the problems outlined above, we propose a method in which transparent markers are
distributed on the screen as references. In our proposed method, partially polarized light with
half-wave retarders is emitted from the screen as markers, and the marker ID is detected using
the angle of linear polarization reflected on the corneal surface as a marker. Moreover, an eye
image without reflections is generated using polarization for pupil tracking. We believe that the
transparent markers will be a breakthrough to solve the problems related to glints. In particular,
the method exhibits high effectiveness for large personal displays located near users.

The remainder of this paper is organized as follows. Section 2 describes related work and outlines
our contributions. Section 3 presents the preliminaries of the polarization processing. Section 4
explains the proposed markers with half-wave retarders and the model-based gaze estimation using
these markers. Section 5 presents the results of the evaluation experiments conducted. Section 6
discusses the results obtained and the limitations of the proposed method. Finally, our conclusions
and scope for future research are provided in Section 7.

2 RELATED WORK
2.1 Roles of illumination in eye-tracking

[lumination is used for three roles in eye-tracking. First, it is used to track the pupil. The pupil
area is not observed clearly from brown eyes. Therefore, near-infrared light is emitted to extract
the pupil area clearly based on the differences in the absorption rates between the iris and pupil.
Second, illumination functions as a reference. When the PoG on the screen is calculated with a
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remote eye-tracker, illumination is required as a reference that describes the geometric relationship
between user, cameras, illumination sources, and display. The regression-based method, which
computes the PoG directly using the pupil center and corneal reflection, has been used as a classical
approach in eye-tracking. The regression formula is calculated by performing user calibration,
which determines the relationship between the display and the vector of the pupil center-corneal
reflection. However, as the head movement tolerance is relatively low, multiple light sources are
used to improve the robustness to head movements in the regression-based method [1, 20]. Yoo et
al. [25, 26] proposed the CR-based method as an alternative for gaze estimation. In CR-based gaze
estimation, the screen corners are used for computing the homography matrices to describe the
relationship between the eye image, corneal surface, and screen. Therefore, at least four NIR-LEDs
are attached to the display to compute the PoG. Recently, several methods have been proposed for
improving the accuracy of gaze estimation and the observation of glints[3, 6, 28]. The regression
and CR-based methods utilize the first and second roles of illumination.

The role for which illumination is used in the model-based method differs from the first and
second roles used by the regression and CR-based methods. Specifically, the third role is employed
in which illumination is used to estimate the center of the corneal sphere. The corneal center
can be determined using two glints and a stereo camera pair [5, 21, 24]. The optical axis, which
passes through the pupil center and corneal sphere center, is calculated geometrically using the
eyeball model. Furthermore, the visual axis, which indicates the line of sight (LoS), is determined
by defining the individual offset angle from the optical axis.

As mentioned above, gaze estimation tends to increase the number of illumination sources
to improve the robustness of the eyeball pose variations in the above methods. Therefore, it is
necessary to discuss the identification of illumination sources.

2.2 Eye-tracking for large displays

In conventional situations, the user is far from the large display, and thus the issue is to capture
the eye region within the angle of view. Cho et al. [2] employed two wide-view cameras and a
narrow-view camera mounted on a pan-tilt unit to deal with this issue. However, the style of
human-computer interaction changes this paradigm, and users are often close to the display, such
as an electric blackboard. Additionally, the size of the personal display has also been enlarged to
as much as 49 inches. Therefore, the variation of eyeball pose has also increased progressively in
association with the enlargement of the display size. Nagamatsu et al. [12] proposed a wide-angle
gaze estimation method that extends the gaze-tracking range using the whole eye modeled as a revo-
lution surface about the optical axis of the eye. However, in their method, the identification of glints
depends on heuristic rules. Furthermore, eye-tracking that does not require references has emerged
for large displays. A smooth-pursuit-based approach, which calculates the correlation between
smooth-pursuit eye movements and the motion of the object [23] is highly versatile, calibration-free,
and enables interaction with dynamic objects on the screen. Therefore, this approach has been
employed effectively in large display environments. Khamis et al. [8] used the smooth-pursuit-based
method and integrated an eye-tracker and a one-axis linear motor for a large public display. Their
method enabled eye-based interaction on large public displays, primarily by responding to changes
in user position. Furthermore, appearance-based methods have been studied [22, 27] to estimate
the PoG using a model trained by a large amount of data. Therefore, appearance-based methods
can work in many scenarios with public displays. However, high accuracy and handling significant
eyeball rotation is required for sizable personal displays.
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Fig. 2. Principle of polarization and layout of polarizers in the CMOS sensor.

2.3 Polarization in eye-tracking

In recent years, polarization has been employed as a novel feature in eye-tracking. Sasaki et al.
[17, 19] proposed a method that focused on the polarization of light emitted from the display. In
their method, the screen corners were extracted without installing multiple NIR-LEDs in the display
and the PoG was estimated using CR-based gaze estimation. Moreover, they extended the method
to determine the PoG under multiple display environments [18]. Koshikawa et al. [9] attached a
polarizing filter to NIR-LEDs to polarize the emitted light during eye-tracking. When multiple light
sources are used, the illumination IDs can be correctly identified using the polarization angle. Their
research indicated that polarization has great potential as a breakthrough in eye-tracking. However,
these methods extract features that are located outside the screen. Therefore, reference locations
should be investigated for enlarged displays.

2.4 Contributions

In the conventional method, NIR-LEDs are required as the reference points. Since the NIR-LEDs
must be installed outside the display or on the display frame, the display size is limited by the
requirement to stably observe the reflection point on the corneal surface. Additionally, if multiple
NIR-LEDs are used, their reflection points could interfere with pupil tracking. Therefore, we propose
a novel method for installing the reference points on a screen using half-wave retarders that change
the polarization angle. Half-wave retarders can be arranged on the screen as transparent markers,
and estimating the PoG even on a large display with a significant eyeball rotation is possible.
The contributions of this study are as follows:

e We propose transparent markers using polarization, which can be arranged on the screen as
novel reference points for eye-tracking.

e The use of eye-tracking has previously been limited to small displays to which NIR-LEDs are
attached. In contrast, our proposed method can work on large displays.

e With a higher number of illumination sources, the pupil area is partially lacking. However,
despite the increased number of markers, the pupil area can be clearly observed using
polarization.

3 PRELIMINARIES

Light is a type of electromagnetic radiation that has wave-particle duality. Its characteristics are
used in various scientific and engineering fields. In this study, we focus on the polarization of light,
which is expected to offer the potential to solve an unresolved issue in the eye-tracking field.
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(a) Original (b) 1(0°) (©) 1(45°) (d) 1(90°) (e) 1(135°)

Fig. 3. Original image captured by polarization camera and angle images generated by using the pixel on
which each polarizer is arranged by interpolation.

(a) DoLP image (b) AoLP image (¢) Imax image (d) Ipin image

Fig. 4. Four characteristic images were generated using Stokes parameters. The DoLP expresses the degree
of linear polarization using the intensity, and the AoLP expresses the angle of linear polarization using
the color. Subsequently, the Imax and I were generated using the DoLP and the AoLP images. The Imax
image emphasizes the polarization component, whereas the I,;, image does not contain the polarization
information.

Although natural light oscillates in all directions, the geometry of the oscillations can be specified
with a polarization filter, which is an optical element, as illustrated in Figure 2(a). A CMOS sensor
(IMX250MZR, Sony, Tokyo, JP) on which polarizers are formed on-chip has recently been developed;
subsequently, a polarization camera with this CMOS sensor was released. The polarization camera
can capture a monochrome image; however, the image includes information of different angles
because the CMOS sensor has a layout of polarizers on the pixels, as indicated in Figure 2(b).
Therefore, each angle image is computed using the light that passes through each polarizer. First,
the polarizer of each angle is arranged sparsely on the pixels, and thus each angle image I(0)
is generated by interpolating the adjacent pixel values similar to the demosaicing process of
color cameras. An example formula for computing the absence pixel of the I(0°) image with the
interpolation approach is as follows:

I,1(0°) +1,5(0°)

11,2(00) = 2 >
I1(0°) + I3, (0°

IZ,I(OO) — 1,1( ) - 3,1( ), (1)
L 1(0°) + I35(0°

ooy = 22 @) 1)

where I; ;(0) is the intensity of pixel (i, j). Figure 3(a) is the original image captured by the
polarization camera, whereas Figures 3(b), 3(c), 3(d), and 3(e) are generated as angle images I(6),
0 € {0°,45°,90° 135°}, respectively. The emitted light from the display is polarized, and the
displayed content can be photographed without loss when the polarizer angle is parallel to the
polarization angle of the light emitted from the display, as shown in Figure 3(b). By contrast, Figure
3(d) indicates that the loss is increased when the polarizers are orthogonal to one another.
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Half-wave retarder |2t

Fig. 5. Display with transparent markers, which consist of some half-wave retarders. The half-wave retarder
is a square with a side of 12 cm cut out from the original sheet and attached to the screen surface with
transparent tape (base: acetate film, adhesive: acrylic).

Subsequently, the Stokes parameters, which express the polarization state of the light[4], are
calculated using the generated angle images. The Stokes parameters consist of four components,
which express the polarization state. In this study, three Stokes parameters, which are related to
linear polarization, are computed; the other Stokes parameter that expresses the circular polarization
state is not required. The three Stokes parameters Si , k € {0...2} are calculated for each pixel as
follows:

So(i,j) = I;(0°) +1;;(90°), ()
Sl(l>.]) = Ii,j(oo) - Ii,j(900)s (3)
So(i,j) = I;,;(45%) — I;;(135°). (4)

Thereafter, four characteristic images can be generated using the Stokes parameters. The degree
of linear polarization (DoLP) and angle of linear polarization (AoLP) are calculated as follows:

VS1(3i, )2 + S (i, j)?

DoLP(i,j) = ) , (5)
AoLP(i,j) = %arctan (%) . (6)
1(i,

Figures 4(a) and 4(b) present the generated DoLP and AoLP images, respectively. Moreover, the
Imax and Ly, images are calculated using the Stokes parameter Sy and the computed DoLP image,
as follows:

i) = 252 (14 DoLp G ), ™
tin(i. ) = 222 (1~ DoLp(i, ). ®

Figures 4(c) and 4(d) depict the Loy and Iy, images, respectively. The polarization component is
emphasized in the I« image. In contrast, the I, image does not contain polarization information.
Note that the range of pixel values is 0 to 255 (Imax (i, j) € 0-255). These four generated images are
used in the proposed method, as described in the following section.

4 METHODOLOGY

As mentioned in Section 2, the glints reflected on the cornea play several roles. In the regression
and CR-based methods, they are used to describe the geometric relationship, such as the display
location, whereas in the model-based method, they are used as cues to determine the center of
the corneal sphere. Therefore, the identification of glints is required when multiple illumination
sources are used. In general, NIR-LEDs are attached to the display as illumination sources; however,
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(a) Original eye image (b) Imin image c) Binary image d) Pupil area

Fig. 6. Pupil detection using I, image.

several glints are often lost owing to the significant variation in the eyeball pose. In particular, this
issue frequently occurs when a large display is employed because the locations of the NIR-LEDs
are limited to the outside of the display.

Therefore, we propose a novel gaze estimation method that uses transparent markers that can
be arranged on the screen. The proposed method employs the model-based method to estimate
the PoG, and thus the implemented system consists of two polarization cameras (BFS-U3-51S5P-C,
FLIR Systems Inc., Wilsonville, OR, USA) and half-wave retarders, which have a function to control
the angle of linear polarization from the LCD. In addition, an NIR-LED is used only for extracting
the pupil because it is not a reference point. The transparent markers consist of half-wave retarders,
which are sparsely attached to the screen to translate the polarization angle into any angle. For
evaluation, we constructed a setup using a 50-inch display, as illustrated in Figure 5. The markers
were temporarily attached to the large display with transparent tape because the marker variation
had to be changed during the evaluation. In addition, by using the same adhesives used for the
polarization film and liquid crystal panel in LCD, it is possible to construct transparent markers
that are almost invisible.

4.1 Pupil detection

Corneal reflections are used in some methods as references to estimate the PoG on a screen; however,
pupil detection is adversely affected by the glints and the screen reflection on the cornea. Koshikawa
et al. [9] developed a method that reduces the influence of glints using polarizers. Therefore, we
focused on the screen reflections, which should be removed for the accurate estimation of the
pupil center. We implemented the screen reflection removal using polarization without complex
calculations or high computational costs. Figure 6(a) presents the original image captured with
the polarization camera. The reflections that appeared on the cornea were observed. The display
has a built-in polarizing filter, and the light emitted from the display is polarized. Therefore, the
screen reflection on the cornea contains polarization information as features. The I, image does
not contain polarization information, as described in Section 3. Figure 6(b) shows the computed
Imin image. It can be observed that the screen reflection is reduced; however, the reflections of the
half-wave retarders remain on the cornea. Therefore, opening and closing processes were applied
to the inverted binary image, as illustrated in Figure 6(c). Finally, the circularity of each blob was
computed using the following equation:

kL (9)

where C; is the circularity of blob i. Circularity is an index that expresses quantitative roundness,
where a closer value to one indicates greater similarity to a perfect circle. Moreover, S is the number
of pixels in the blob detected by connected-component labeling, and L is the perimeter of the
blob calculated from the boundary extracted with Moore boundary tracing algorithm. If there is a
boundary pixel in 4-neighbors or the diagonal neighbors, one or V2 are added to the boundary
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Half-wave retarder

Polarization direction of
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Polarization direction of the half-wave retarder (a) Single marker (b) Combination marker
the incident light
Fig. 7. Principle of half-wave retarder Fig. 8. Variations of transparent markers

(a) Original eye image (b) DoLP image (c) Extracted screen (d) Detected marker ar-(e) Identified marker ID
area eas

Fig. 9. Identification using polarization for single markers reflected on the cornea.

length, respectively. The blob with the highest circularity was detected as the pupil region and
elliptical fitting was applied to detect the pupil center, as indicated in Figure 6(d).

4.2 Transparent markers

A wave retarder works to shift two components of vertical and horizontal light waves. The re-
tardation (i.e., phase difference) is determined by its thickness. The wave retarder used in our
work is designed to add a retardation x to the waves and is called a half-wave retarder. Thus, the
polarization angle of the incident light can be changed to any angle by rotating the half-wave
retarder. The blue and green arrows indicate the polarization directions of the incident light and the
emitted light, respectively, and the red arrows represent the optical axes of the retarder, as shown
in Figure 7. In this case, the angle of the emitted light was twice the angle ¢ formed in these two
directions of the blue and red arrows. Therefore, the transparent markers consisted of a half-wave
retarder with a controlled optical axis, and they were allocated on the screen by taking advantage
of this property. Figures 8(a) and 8(b) depict the proposed markers, with two variations. The first
marker had a single half-wave retarder, and there were seven variations based on the AoLP value
divided into 22.5-degree intervals. The second marker consisted of four combinations selected from
seven patterns; thus, up to (Z)z 35 variations of marker patterns existed, which was sufficient for
attachment to the large screen. There are two reasons it is a combination rather than a permutation.
One reason is that even when the display is rotated, the PoG is performed with the same setup.
The other reason is to prevent false positives in the identification.

4.3 Detection and identification of transparent markers

As mentioned in Section 4.2, two variations of the proposed markers existed: single and combina-
tion. The AoLP value was used for the identification, and most processes were common in these
identifications. Figures 9 and 10 present the identification processes; the steps are as follows.
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(a) Original eye image (b) DoLP image  (c) Extracted screen (d) Detected marker ar-(e) Identified marker ID
area eas

Fig. 10. ldentification using polarization for combination markers reflected on the cornea.

Center of pupil

Optical axis
a

d, « O
. Lens center of camera
Reference point Normal vector
Rn np 7

,":';,_. !
Center of pupil in image

Marker 1
C Lens center of camera I . .
ntersection point
Rio p
Center of corneal sphere Reference point

Reference point Center of pupil

00
erence poi 0 )
Reference point Lens center of camera Center of corneal sphere
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Fig. 11. Geometry for estimating visual axis based on the eyeball model.

(1) Generate the DoLP images (Figures 9(b) and 10(b)) from the original images (Figures 9(a) and
10(a)) that are captured by the polarization camera.

(2) Binarize the generated DoLP images using a threshold because the DoLP value of the screen
reflection area is high. The opening (i.e., erosion and dilation) was applied to the binary
image to remove noise, and the blobs were detected with the connected-component labeling.

(3) Detect the screen reflection using the blob size and the distance from the pupil center to a
blob, as illustrated in Figures 9(c) and 10(c). The screen regions are reflected close to the pupil
center and the screen reflection areas are greater than a certain area.

(4) Extract the marker areas by inverting the detected screen area because the AoLP values of
the marker areas are different from that of the normal screen area, as illustrated in Figures
9(d) and 10(d). This step also conducted the opening and the connected-component labeling
conducted in step 2.

(5) Multiply the AoLP image and inverted binary image to extract the AoLP values of the
half-retarders.

(6) Identify the marker ID based on the AoLP value detected using the most frequent value in
the blob, as indicated in Figures 9(e) and 10(e).

When the single marker was used, the marker ID was determined using the extracted AoLP value
directly. In contrast, an additional process was required when using the combination marker; the ID
was identified using the combination of the detected half-wave retarders. Following identification,
the centers of the detected half-wave retarders were used in addition to the center of the marker as
reference points in the model-based gaze estimation.
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4.4 Model-based gaze estimation

The model-based method computes the optical axis geometrically using the 3D eyeball model.
In the typical model-based method, camera poses, the position of the illumination sources, and
the 3D position of the glints and the pupil on the image plane are generally used. Therefore, the
position of the illumination sources and camera poses are determined through hardware calibration
in advance. In contrast, we employ transparent markers on the screen instead of illumination
sources as references. Therefore, the marker positions are easily obtained without strict hardware
calibration because the guide can be displayed on the screen for marker arrangement. Figure 11(a)
depicts the relationship between the corneal sphere, reference points, and cameras. First, the center
of the cornea C is calculated to determine the optical axis. As the observed reference points Rj;,
lens centers of the cameras O}, and centers of the markers M; are located on the same plane, they
satisfy the following equation:

(Rji — 0;) X (M; - 0;) - (C - 0;) =0, (10)

where i (i € {0,1})and j (j € {0, 1}) are the index numbers of the markers and cameras, respectively.
Therefore, the center of the cornea C is calculated by using the intersection of the three planes.

Subsequently, the optical axis a is obtained. The optical axis is a vector between the center of the
cornea C and the pupil center P. However, the observed pupil center is influenced by refraction;
thus, it is not observed in the actual position, as shown in Figure 11(b). Therefore, it is necessary to
determine the actual 3D pupil position considering refraction [16]. The refracted vector t can be
expressed based on Snell’s law, as follows:

2
p= 0 dp - (dp'np)+\/(%) —1+(dp - mp)? [my, (1

np a

where d,, is the unit vector from the lens center of the camera to the pupil center in the obtained
eye image, and n,, is the unit normal vector at the intersection point I. Additionally, n, and nj are
the refractive indices of air and aqueous humor (n, = 1.000 and n, = 1.336), respectively. Two
refracted vectors are computed using the stereo camera pair; thus, the actual pupil position P is
calculated as the intersection of these vectors. The optical axis a is determined as a vector that
passes through C and P.

Although the optical axis is a vector between the centers of the cornea and the pupil, it does not
match the LoS. Therefore, the visual axis, which indicates the LoS, is required to estimate the PoG.
The visual axis is determined using the offset angle (i.e., x-angle) from the optical axis. The offset
angle is generally calculated through one-point calibration (i.e., user calibration). Thereafter, the
visual axis is corrected by offset angle. The visual axis is the LoS connecting C and the PoG and is
determined using the optical axis and the offset angle measured by user calibration. Finally, the
PoG is calculated as the intersection between the visual axis and the screen.

5 EVALUATION EXPERIMENTS

We conducted experiments to evaluate the effectiveness of the polarization markers and the
feasibility of the gaze estimation. This study was approved by the research ethics committee of
Tokai university (permission number:20083).

5.1 Design

We evaluated the accuracy (degree) and precision (standard error) of the estimated visual axis with
a large display. Although there are still few examples in eye-tracking research, Nagamatsu et al. [12]
prepared many focus targets distributed over a wide area for evaluating the extended measurement
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Fig. 12. System used for the experiment and targets used to focus the gaze of the user

Table 1. Center position of the transparent markers (pixel)

Marker No. 1 9 3 4 5 6
Marker type
Single marker (960, 580) | (1920, 580) | (2880,580) | (960,1580) | (1920,1580) | (2880,1580)
Combination marker (820,1080) | (1920,1080) | (3020,1080) - - -

angle of a gaze. The accuracy was analyzed for each target in relation to the participants. As
their study had a similar objective to ours regarding large screens, we designed the experiment by
referring to their work.

5.2 Setup and Apparatus

This study estimated the PoG via the model-based approach, and thus, two monocular polarization
cameras (BFS-U3-51S5P-C, FLIR Systems Inc., Wilsonville, OR, USA) were used. NIR-LEDs were
not required as references; however, an NIR-LED module was set to track the pupil. The focus
targets were displayed on a 50-inch display (DME-4K50D, DMM.com LLC., Tokyo, Japan) with
the transparent markers attached, and the distance between the user’s head and the screen was
700 mm, as shown in Figure 12(a). The half-wave retarder was a 12 cm square; the single and
combination markers were 12 and 24 cm squares, respectively. The arrangements of the transparent
markers are given in Table 1. The marker can be attached to the specified location using guides
displayed on the screen. The user’s head was fixed with a chin rest to induce large eye movements.
As polarization tends to be affected by illumination conditions, the experiments were conducted
under low illumination, with illuminance at approximately 5.40 Ix.

5.3 Participants

We recruited 16 healthy research participants (male: 14, female: 2) with average age 22.3 years
(min: 20, max: 27). The eye color of all research participants in the experiments was brown, and
there was a mixture of people with naked eyes and people wearing contact lenses.

5.4 Procedure

A total of 25 focus targets were allocated every 620 pixels horizontally and every 320 pixels
vertically on the screen, as shown in Figure 12(b). These targets were displayed as blue crosses on
white background. This study proposed two kinds of transparent markers: single and combination.
Therefore, every research participant looked at focus targets under two conditions: single marker
and combination marker.

Proc. ACM Hum.-Comput. Interact., Vol. 6, No. ETRA, Article 147. Publication date: May 2022.



147:12 Koki Koshikawa, Takashi Nagamatsu, and Kentaro Takemura

o « 5
\KD%‘ )
o « 1= &
\E‘h%“
o « 5 &
\:R‘FN
° « 1= &
‘h\ﬁ w
» 5 &
H .

0
2.0 30 40 50 00 1.0 20 30 40 50 00 1.0 20 3.0 40 50 00 1.0 2.0 3.0 40 50

o
°
o

2.0 3.0

IS
o
w
°
°
°
o

e w B &
.\Q‘{__\%m
c w B &
4\1%:1“"‘
c w B &
‘:\QTN
c w 2 &
L\ﬁ.‘m
c w B &
LQEE_‘@

o
°
-
)

2.0 3.0

IS
o
w
°
°
°
o

2.0 30 40 5 20 30 40 50 0.0 1.0 2.0 3.0 40 5
11 12 13

o
°
°
-
)
o
°
°
-
o
~
o
w
o
IS
o
o
o

15

10

o
°
-
o
o
o
°
-
o
~
o
w
o
IS
o
o

2.0 3.0

IS
o
o
o
°
°
o

2.0 3.0 4.0 5 20 30 40 50 0.0 1.0 2.0 3.0 40 5
16 17 18

o
o
°
-
o

Cumulative sum of participants

o
°
o

2.0 3.0

»
)
w
°
o
°
o

2.0 30 40 5

o
°
°
o

2.0 30 40 5.0 2.0 30 40 5 2.0 30 40 5
22 23 24

o
°
o
o
°
°
o
°

° « S =
N
S

o « S ol
~N
N

« s =

« S ol

o « s =

0 0
2.0 30 40 50 00 1.0 20 3.0 40 50 0.0 L.

Angular error

o
°
-
o

2.0 3.0 4.0

w
°
°
°
o
o

2.0 30 40 5

o
o
°
-
o

2.0 3.0 4.0 5.

o

single combination

Fig. 13. Accuracy at each focus target displayed on the 50-inch display. X-axis: angular error computed using
focus target and estimated visual axis; Y-axis: cumulative sum of participants from the aspect of accuracy at
each focus target. The accuracy and precision of using the single and combination markers were 2.09° + 0.39
and 2.01° + 0.28, respectively.

Comparative experiments between the proposed and conventional methods are ordinarily re-
quired as an evaluation of the proposed method. However, we could not obtain a quantitative result
using the conventional method with NIR-LEDs because the display was too sizable and too close to
the participant.

5.5 Result

Figure 13 presents the cumulative sum of the participants from the aspect of accuracy at each focus
target when the single and combination markers were used. The horizontal axis represents the
angular error computed using the focus target and the estimated visual axis, and the vertical axis
indicates the cumulative sum of the participants. Although the gaze estimation accuracy is slightly
lower in the four corners, the overall gaze estimation achieved high accuracy. The accuracy and
precision of using the single and combination markers were 2.09°+0.39 and 2.01° +£0.28, respectively.
Additionally, we analyzed the marker detection and identification in detail. The detection rates
of the single and combination markers were 99.3% and 99.8%, respectively, and the identification
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rates were 97.3% and 99.8%, respectively. The eyeball rotates when staring at the targets on a large
display; thus, glints are often lost when markers are placed at display corners only. In contrast, the
transparent markers were allocated on the screen instead of at the display corners. Therefore, the
marker could be identified stably.

6 DISCUSSION AND LIMITATIONS

As mentioned above, the effectiveness and feasibility of the proposed method were confirmed
through the experiments described in Section 5. In the conventional method, the reflections of
NIR-LEDs placed at the edge of the display are used as features. This results in the estimation being
inaccurate when glints are lost by rotating the eyeball significantly. This issue needs to be addressed
to facilitate eye-tracking with large displays; however, there has been no definitive solution. In
contrast, in our proposed method, markers are arranged on the screen, and thus it may achieve a
breakthrough in large display environments. However, there are still several limitations depending
on its specific characteristics, which we discuss below.

6.1 Single vs. combination marker

We expected that the accuracy of combination markers would be higher than that of single markers
because the number of references is high. However, the experimental results showed that the
accuracy and precision of the combination marker and single marker are almost the same in this
study. We consider that the same size of the half-wave retarders in the single and combination
markers may be the reason for this. Additionally, with the arrangement of the single makers
presented in Table 1, sufficient references are reflected on the cornea. If the user moved significantly
closer to the screen, a difference might be observed.

Single markers use a single half-wave retarder, and thus their setup and identification were
easier than those of the combination markers; these are their advantages. In contrast, combination
markers consist of four half-wave retarders. The combination markers in this study were designed
with 35 simple variations. The scalability of marker variation is an advantage because a unique
code can be provided for each marker in extremely large displays. However, each component to
which a polarization angle is assigned requires a certain area for detection, and therefore there is a
trade-off relationship between marker variation and marker size, which is a limitation.

6.2 Influence of corneal curvature

We confirmed that the accuracy decreased with eye movement outward to the edge of the screen in
Section 5. When the user looked outward to the edge of the large display, the marker was reflected
around the edge of the cornea owing to the significant rotation of the eyeball. Consequently, the
extracted reference points differed from the actual centers of the half-wave retarders because the
cornea’s curvature is not constant (i.e., the actual cornea is not a sphere as defined in the eyeball
model). Although we used a general eyeball model that consists of two spheres, an improved eyeball
model has been proposed for the model-based approach [12]. Therefore, one of the solutions might
be to employ the improved eyeball model.

6.3 Marker installation

The transparent markers were pasted onto the screen using transparent tape to enable the ap-
plication of various pattern variations. Currently, transparent markers are additional parts, and
the marker installation process should be improved in the aspect of the setup time. However, an
electrical system is not required for reference points, unlike with NIR-LEDs; thus, we believe that
further improvement is possible toward use with a personal device. Additionally, the half-wave
retarders can be installed without the transparent tape using the optical adhesive used in LCDs. We
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have tried to attach the markers to a 27-inch display using an optical adhesive, and the PoG was
estimated using our proposed method. We confirmed that the gaze estimation can be performed
without the influence of artifacts even when an optical adhesive was used.

6.4 Background color and illumination conditions

The background color influences the DoLP value in the LCD, and thus screen reflection might not
be extracted correctly when the background color changes. This is another limitation in the current
implementation. The countermeasure for this issue is clear: the threshold used in screen extraction
should change dynamically in response to the background color. Additionally, the experiments were
conducted under restricted and controlled illumination because polarization tends to be affected by
the illumination conditions. In future work, we aim to extend our method so that the transparent
marker can be used under any illumination conditions.

6.5 Measurable range

Eye-tracking methods that can perform in a wide measurable range have been proposed previously.
Cho et al. [2] employed the pan-tilt and focus unit, which controlled the field of view of the camera,
and Khamis et al. [8] used a slider to change the location of the eye-tracker. Therefore, these
methods have a wide measurable range for location and high flexibility of user location. By contrast,
our method is proposed to respond to a sizable personal display, and the measurement target is a
user sitting in front of the display. In other words, our proposed method improved measurability
width of eyeball rotation. Recently, large displays have begun to be used not only for public but
also for personal use. Additionally, a user is often located quite near a display used as a digital
blackboard. Therefore, we believe that our proposed method is a breakthrough in eye-tracking for
close displays. Specifications for commercial eye-tracking recommend 27-inch and 30-inch displays,
and we confirmed that our proposed method could work far beyond these display sizes. If both
wide user location and close display condition are required as measurable range, it is also possible
to integrate camera control and the proposed transparent markers.

7 CONCLUSIONS

We proposed a method in which transparent markers, which comprise half-wave retarders, are
used for eye-tracking, and the PoG is estimated on large displays by allocating these markers on
the screen. In recent years, the sizes of personal displays have been steadily increasing; however,
NIR-LEDs were attached to the edge of the display. Thus, the references were often lost when
the eyeball was rotated significantly. In contrast, the transparent marker can be allocated on the
screen, and it changes the light emitted from the display to any angle of polarization. Therefore, the
transparent marker works as an alternative reference for extremely large displays. Furthermore, it
is necessary to distribute several references in a large display environment, and the identification of
references is required. Whereas illumination patterns and heuristic rules are used for identification
in conventional approaches, identification is achieved using the angle of linear polarization in the
proposed method. The half-wave retarders can be combined, and thus the marker has scalability.
Therefore, unique IDs can be assigned to each marker, and the PoG can be estimated by obtaining
a snapshot of the eye, which includes marker reflection on the cornea.

We verified the feasibility of the transparent markers in this study; however, there are certain
limitations, such as screen extraction and illumination conditions. Therefore, we will improve the
method using a color polarization camera and deep learning to adapt to the background variations
and various illumination conditions in future work.
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