
In this paper, a gaze estimation method is proposed for 
use with a large-sized display at a distance. Our research 
has the following four novelties: this is the first study on 
gaze-tracking for large-sized displays and large Z 
(viewing) distances; our gaze-tracking accuracy is not 
affected by head movements since the proposed method 
tracks the head by using a near infrared camera and an 
infrared light-emitting diode; the threshold for local 
binarization of the pupil area is adaptively determined by 
using a p-tile method based on circular edge detection 
irrespective of the eyelid or eyelash shadows; and accurate 
gaze position is calculated by using two support vector 
regressions without complicated calibrations for the 
camera, display, and user’s eyes, in which the gaze 
positions and head movements are used as feature values. 
The root mean square error of gaze detection is calculated 
as 0.79º for a 30-inch screen. 
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I. Introduction 

Gaze-tracking technology is used to determine the point on 
which a user’s sight is fixed. In this research, a gaze estimation 
method is proposed for use with a large-sized display at a 
distance. Previous studies on gaze-tracking can be categorized 
into two types of methods: remote and head-mounted. The 
former normally uses two cameras, such as narrow- and wide-
view cameras [1], [2], or stereo cameras with multiple 
illuminators [3]. The wide-view camera captures the user’s face. 
The detected eye position of the image of the face enables the 
narrow-view camera with a zoom lens to capture just the user’s 
eyes via panning and tilting. Because it does not require the 
user to wear any devices, the remote gaze-tracking method is 
convenient for the user. However, its drawbacks include a high 
system cost and a high level of complexity due to the use of a 
two-camera system. In addition, complicated calibrations (for 
making the coordinates of the screen and the two cameras 
coincide) are required, which are difficult for the general user. 
Using another approach, Murphy-Chutorian and others 
proposed a gaze-tracking system for monitoring vehicle drivers 
[4]. They used one high-resolution camera to capture the face 
region and calculated the gaze position based on the image of 
the face and eye(s). However, the resolution of the image of the 
eye(s) was low, and the accuracy of determining the gaze 
position was consequently inadequate (9.28º and 7.74º during 
the daytime and nighttime experiments, respectively) for the 
fine control required of large-sized display interfaces. 
Recognizing that the most significant aspects of this 
technology are convenience, system cost, complexity, 
calibration, and accuracy, we consider the head-mounted gaze-
tracking method in this study, despite its being less convenient 
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than the remote gaze-tracking method. This method calculates 
a user’s gaze position by using a wearable head-mounted 
device, including a camera and near infrared (NIR) 
illuminators [5]-[12]. Lee and others studied gaze-tracking 
methods for a head-mounted display (HMD) [5], [7], [8]. 
Chaudhuri and others attached a frontal viewing camera onto 
the HMD to track the gaze of a virtual character in the HMD, 
as being able to easily determine the point of a gaze increases 
the sense of presence inside a virtual environment [6]. Piccardi 
and others tracked a gaze position by using one head-mounted 
camera [13]. However, since the user’s eye(s) and the frontal 
scene are captured simultaneously in one image by the head-
mounted camera, the accuracy of their system degrades. Cho 
and others used the head-mounted device including eye and 
frontal viewing cameras for calculating gaze positions [9]. 
However, this device has a constraint that hinders the 
estimation of head movement: The limitation of the camera’s 
viewing angle makes it difficult for the frontal viewing camera 
to include all four corners of the large-sized display in the 
image, which degrades the potential for gaze-tracking accuracy. 
Since the head-mounted device includes both eye and frontal 
viewing cameras, it also becomes a little heavy, which can be 
inconvenient for users. A gaze estimation method was 
introduced by Ko and others [10]. In their method, four NIR 
lights are affixed to four monitor corners, and a helmet-type 
device with one eye-capturing camera is used [10]. The four 
NIR illuminators produce four cornea reflections, which enable 
the gaze position to be calculated by using the center of the 
pupil. Ko and others compensated for the head movement error 
by using the changes of the rectangle defined by four 
reflections. However, their method has problems in that a small 
detection error for the four reflections can cause performance 
degradations during gaze estimation and head movement 
compensation, and the heavy helmet-type device can be 
inconvenient for users. Cho and others researched a gaze 
detection algorithm by using a wearable device (including an 
eye-capturing camera) and two additional IR-light emitting 
diodes (LEDs) on the monitor frame [12]. However, a user’s 
head movement is estimated by using two cornea specular 
reflections, and the consequent gaze error rate is higher than it 
is when using our proposed method. 

Previous studies can also be classified into 2D-based [1], [4], 
[5], [9], [10] and 3D-based [2], [3], [6]-[8] gaze-tracking 
methods. Although the 3D-based method is more accurate than 
the 2D-based one, the former requires much more processing 
time and requires complicated calibrations between the camera 
and monitor, which makes it difficult to be used for large-sized 
display interfaces. When considering the aspects of 
practicability and simple calibration, the 2D-based method was 
found to be preferable for our research. All previous studies 

were performed on the HMD or a desktop monitor of a small 
size with a short Z distance of 50 cm to 70 cm. In contrast, 
there was some research conducted on gaze detection at a 
distance. In [14], Yamazoe and others proposed the gaze-
tracking algorithm. They used a single video camera to track 
facial features. Although their methods can be used at a 
distance of 220 cm (between user and camera) without special 
calibration action, the errors of gaze estimation are much 
higher (on average, 5.3º horizontally and 7.7º vertically) than 
that of the proposed method (0.79º as root mean square [RMS] 
error), which is due to the low image resolution of the camera. 
In other research [15], Zhu and Ji proposed the gaze estimation 
method. They used active IR lights in interactive graphic 
display. Their method can be used at a distance of 1 m to 1.5 m, 
but their gaze detection error rate is much higher (about 5º 
horizontally and 8º vertically) compared to that of the proposed 
method. In [16], the gaze detection system at a distance was 
commercialized. EyeTech (VT1) can be operated at a distance 
with a large-sized monitor of 15 inches to 32 inches. Although 
their gaze estimation error rate is reported to be low (0.5º), the 
dimension of their system is larger, at 50×6×7 cm3 (w×h×d), 
than that of the proposed system. To overcome the problems of 
previous studies, a gaze estimation method for large-sized 
display at a distance is newly proposed in this research, based 
on a light glasses frame that includes an eye-capturing camera 
and NIR-LED. Section II describes the devices and proposed 
method. Sections III and IV include the experiment results and 
the conclusion, respectively. 

II. Proposed Gaze-Tracking Method 

1. Overall Procedure  

The overall procedure is shown in Fig. 1. After capturing the 
image via the head-tracking camera attached to the upper 
center position of the display, the center of the NIR-LED in Fig. 
2 is detected in the image (steps 1 and 2 of Fig. 1). Detailed 
explanations are given in II.3. By analyzing the spot position of 
the NIR-LED, the user’s head movement is estimated (step 3 in 
Fig. 1). The pupil center is located in the captured eye image 
(steps 4 and 5 in Fig. 1) (see II.4). 

In addition, four corneal specular reflections are localized 
(step 6 in Fig. 1). Detailed explanations are given in II.5. At the 
initial stage, a person is required to look at the center of the 
display plane to measure the angle kappa. Kappa represents the 
difference between the pupillary and visual axes [8], [10], [11]. 
Kappa is compensated for by calculating a more accurate gaze 
position (step 7 in Fig. 1 and II.6). Based on the pupil center 
with four specular reflections and the measured angle kappa, 
the gaze position is calculated as shown in step 8 of Fig. 1.  
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Fig. 1. Flow chart of proposed method. 
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head-tracking camera 
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NIR-LED 

Step 3. Calculating head 
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Step 7. Angle kappa 
compensation 
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Consequently, the final gaze position is determined by 
combining the head movements and gaze positions based on 
support vector regression (SVR), as shown in step 9 of Fig. 1. 
Detailed explanations are given in II.6 and II.7. 

2. Proposed Gaze-Tracking System  

There are two parts to the proposed gaze-tracking system: 
head-mounted and display-mounted. For the head-mounted 
part, we use a light glasses-type device (Fig. 2(a)) including an 
eye-capturing camera and NIR-LED (880 nm). In the display-
mounted part, four NIR illuminators (880 nm) (close to the 
four corners of display) and a head-tracking camera are 
attached to the display frame. For the eye and head-tracking 
cameras, conventional USB cameras [17] (640 × 480 pixels, 
30 fps) are used. We replace NIR blocking filters of cameras 
with NIR passing filters [11], [12], [18].  

Figure 2(a) shows the proposed glasses-type device including 
an eye-capturing camera to capture the NIR images of the user’s 
eye(s). A zoom lens is attached onto the eye-capturing camera to 
capture a magnified eye image. Since the NIR cutting filter of the 
camera is removed and the NIR passing filter is newly attached 
onto the camera, the eye image is lit by the four NIR illuminators 
of the display frame [10], [11]. The NIR-LED is attached to the 
bridge of the glasses frame, which allows for the estimation of 
the user’s head movement (Fig. 2(a)). The head-tracking camera 
is attached onto the upper-center of the display and is also used to 
estimate the user’s head movement.  

Four NIR illuminators are attached to the top and bottom 
frames of the display (close to the four corners of the display).  

 

Fig. 2. Proposed gaze-tracking system: (a) proposed glasses-type
device including eye-capturing camera and NIR-LED;
(b), (c) examples of experimental settings using proposed
system at Z distance of 1 m. 
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These NIR illuminators generate four specular reflections on a 
user’s cornea surface, which define the region of display. 
Previous research reported that a longer wavelength light 
makes the edge between the pupil and iris clearer. In contrast, a 
shorter wavelength light makes the edge between the iris and 
sclera clearer [19], [20]. However, the conventional sensitivity 
of camera sensors degrades according to the increase in 
wavelength, which produces a darker image [21]. Thus, we set 
the wavelength of the NIR illuminators attached to the display 
frame to 880 nm, which does not produce glare to user. 

3. Detecting the Spot Position of NIR-LED  

Detecting the spot position of the NIR-LED (Fig. 2(a)) via 
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Fig. 3. Detection example of NIR-LED spot via head-tracking
camera: (a) spot of NIR-LED; (b) resulting image for
detection of center of spot. 

Spot of NIR-LED 

(a) (b) 

 
 
the head-tracking camera corresponds to step 2 of Fig. 1. Since 
the NIR cutting filter of the camera is removed and the NIR 
passing filter is newly attached onto the camera, the head-
tracking camera does not capture a visible image but a bright 
spot caused by the NIR-LED (Fig. 3(a)). To eliminate the 
background noise and motion blurring of the bright spot, 
camera exposure time is set at 1/1000 s. Consequently, we can 
acquire an appropriate image including only the NIR-LED spot 
(Fig. 3(a)).  

The spot center is easily located by calculating the geometric 
center after performing thresholding, component labeling, and 
size filtering. A spot detection is shown in Fig. 3(b). Since the 
NIR-LED is attached onto the glasses frame, it moves 
according to head movement. Thus, we use the movement of 
the NIR-LED spot to estimate the head movement. 

4. Detecting the Center of the Pupil Region 

This section corresponds to step 5 of Fig. 1. The pupil is the 
most important factor for gaze-tracking [5], [7], [22]-[24]. We 
detect the center of the pupil in the eye images by using circular 
edge detection [11], [12], [18], [25], [26], local thresholding by 
the p-tile method, region filling using the morphological 
closing operation [11], [12], [18], [27], and calculating the 
geometric center of the black pixels [11], [12], [18]. Based on 
the region found by the circular edge detection, a rectangular 
region is defined, and local binarization is performed in this 
region. The shadows of the eyelid or eyelash can make it 
difficult to determine the threshold of the local binarization. 
Therefore, we use the p-tile method for obtaining the threshold 
adaptively. The p-tile method determines the threshold for 
binarization through which the size of an object can be p 
percent of the whole region [27]. The rough size of the pupil 
region is calculated based on the radius obtained by the circular 
edge detection. So, in the rectangular region, the size ratio of 
the pupil area can be calculated. We can then determine the p 
value (%) for the p-tile method, and the pupil area can be 
detected irrespective of the shadows of the eyelid and eyelash.  

5. Detecting Four Specular Reflections 

This section explains the detection method for the four 
specular reflections in the eye image; this corresponds to step 6 
of Fig. 1. The four NIR illuminators of the display frame 
produce four cornea specular reflections. In general, the inter-
distance between two specular reflections is increased when 
the Z distance between a user and display is shorter and vice 
versa. Considering the general conditions of watching TV, the 
Z distance is assumed to be between 80 cm and 120 cm; thus, 
the size of the searching area for the four specular reflections 
can be defined as 200×200 pixels and centered on the detected 
pupil center. In the searching area, four specular reflections are 
detected by binarization, component labeling, size filtering, and 
calculation of the geometric centers of each of the four 
reflection regions [11], [12], [27].  

6. Calculating Gaze Position and Head Movement  

In this section, the method of calculating the feature value for 
gaze detection is described. Gaze detection is performed based 
on information about the gaze position and head movement. 
The gaze position is calculated as follows.  

First, a quadrangle is defined by four specular reflections 
produced by the four NIR illuminators of the display frame, 
and this quadrangle represents the display screen. The mapping 
function between the quadrangle and display screen is then 
obtained. Yoo and others used the cross-ratio method to obtain 
the mapping function [1], [23]. However, their method has the 
weakness that if any line of the quadrangle is parallel to its 
contralateral line, the mapping function cannot be obtained. So, 
we use the geometric transform to obtain the mapping function 
[9]-[12], [18]. Also, the angle kappa [28] is compensated by 
making a user gaze at the center of the display screen in the 
initial stage of the user-dependent calibration [10], [11]. 

The gaze position on the display is also affected by the user’s 
head movement. Using the spot of NIR-LED shown in Fig. 3, 
the head movement (ΔHx , ΔHy) is calculated as  

ΔHx = Hx,t – Hx,c, ΔHy = Hy,t – Hy,c ,       (1) 

where (Hx, t, Hy, t) is the spot position in an image at time t, and 
(Hx, c, Hy, c) is the spot position when a person looks at the 
central point of a display screen for obtaining the angle kappa. 
Consequently, the gaze position (Px, Py) and head movement 
(ΔHx, ΔHy) of (1) are used as the input values of SVR for 
calculating the final gaze position on a display screen.  

7. Calculating the Gaze Position Based on SVR  

SVR has been widely used for regression. SVR can use 
linear regression to fit a hyperplane [29], [30].  
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Fig. 4. Two SVRs for calculating final gaze position. 
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( ) ( ) .f x w x b= ⋅Φ −                (2) 

Equation (2) is established by flattening the hyperplane. It is 
impossible for the input data to be accurately projected into a 
high- or infinite-dimensional space. To solve this problem, we 
can use a support vector machine [4]. Any high-dimensional 
projection can then be calculated by using nonlinear kernel 
functions. 

 ( , ) ( ) ( )K a b a b= Φ ⋅Φ .               (3) 

Gaze position and head movement allow the final gaze 
position G(X, Y) to be calculated by using two SVRs (Fig. 4). 
The input values to each SVR are the gaze position  (Px, Py) 
and head movement (ΔHx, ΔHy), respectively. The final gaze 
position is calculated by using two SVRs. One SVR is used for 
calculating the horizontal gaze position by using the horizontal 
feature values Px and ΔHx. Another SVR is used for calculating 
the vertical gaze position by using the vertical feature values Py 
and ΔHy, as shown in Fig. 4. 

III. Experiment Results and Discussion 

The proposed gaze-tracking algorithm is tested on a desktop 
computer with Intel Core2 Quad 2.33 GHz CPU and 4 GB 
RAM. The algorithm is implemented by using Microsoft 
Foundation Class (MFC)-based C++ programming and the 
DirectX 9.0 software development kit (SDK). A 30-inch 
monitor is used for the display, which has a resolution of 
2,560×1,600 pixels. We test with thirty subjects, and 
experiments are repeated three times per each person. We use 
data acquired from 15 subjects for SVR training, and the rest 
for testing. The performances of four methods for binary 
thresholding of the pupil area are evaluated as the first test. 
They include manual thresholding, Otsu’s method [27], 
Gonzalez’s method [27], and the proposed p-tile method based 
on pupil size detected by circular edge detection (see II.4). With 
the binarized image, the pupil center is located by region filing 
and calculating the geometric center. The detection error  

 

Fig. 5. Results of local binarization: (a) manual thresholding, (b)
Gonzalez’s method, (c) Otsu’s method, and (d) proposed
method. 

(a) (b) 

(c) (d) 

 
 

Table 1. Comparisons of pupil detection error between proposed 
method and other methods. 

 Manual 
thresholding

Otsu’s 
method 

Gonzalez’s 
method 

Proposed 
method 

RMS error
(pixels) 4.28 6.69 8.50 4.45 

 

of the pupil center after each binarization method is calculated 
based on the RMS pixel error between the manually selected 
pupil center and the automatic pupil detection method for each 
binarized image. Table 1 shows that the detection error of our 
method is similar to that of manual thresholding. Here, manual 
thresholding means that the optimal threshold is determined by 
a human observer. Figure 5 and Table 1 show that the proposed 
method performs better than Otsu’s method and Gonzalez’s 
method.  

Figure 5(b) shows that the pupil region is not separated from 
other areas with Gonzalez’s method. In general, Gonzalez’s 
method assumes a bimodal distribution for the histogram. 
However, there exist three areas in the eye region: the pupil, 
other regions of the iris and eyelid, and specular reflection. The 
gray level difference between the pupil and other regions is 
smaller than that between the other regions and specular 
reflection. Thus, the initial threshold was set to classify 
between the specular reflection and the other regions (including 
iris, eyelid, and pupil). Since the sizes of the pupil and the other 
regions (iris and eyelid) are much larger than that of the 
specular reflection, the threshold was increased according to 
the steps of Gonzalez’s method, and final threshold was 
determined by separating the specular reflection from the other 
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regions (including iris, eyelid, and pupil). Thus, binarization is 
done incorrectly, as shown in Fig. 5(b). To overcome these 
problems, both the mean and standard deviation of each group 
are considered to obtain threshold for Otsu’s method. However, 
since the method also assumes a bimodal distribution for the 
histogram, its performance is worse than that of the proposed 
method, as shown in Fig. 5 and Table 1. 

In the second test, we measure the changes in the features of 
(Px, Py) and (ΔHx, ΔHy) according to eye rotations and head 
rotations and translations, respectively. Based on the theoretical 
concept of (Px, Py) and (ΔHx, ΔHy), eye rotation does not affect 
the latter but does affect the former. To confirm this, we 
measure the change in (Px, Py) according to eye rotations in the 
horizontal and vertical directions. Experiment results show that 
in case of eye rotations, the features of (Px, Py) are changed, 
while the others (ΔHx, ΔHy) are not, since the changes of  
(ΔHx, ΔHy) are only affected by head movement.  

In the case of head rotations, the features of (ΔHx, ΔHy) and 
(Px, Py) are changed, because the changes of (Px, Py) are 
affected by both head and eye movements. In the case of head 
translations, the features of (ΔHx, ΔHy) and (Px, Py) are changed 
due to the same reason. From these results, we can confirm that 
the features (ΔHx, ΔHy) have the characteristics of representing 
the head rotations and translations. We can also confirm that 
the features (Px, Py) have the characteristics of representing the 
eye rotations or head movements (rotations and translations).  

In the third experiment, the gaze detection accuracy is 
measured by linear regression (LR), a multilayered perceptron 
(MLP), and the proposed SVR. The MLP, which is composed 
of input, hidden, and output layers, is widely used in artificial 
neural networks with supervised training. In this case, the 
inputs for SVR of Fig. 4 are also used as the inputs for MLP. 
The output of MLP represents the final gaze position. Similar 
to that shown in Fig. 4, the horizontal and vertical gaze 
positions are calculated for MLP and LR separately. To reduce 
the training error rate and achieve optimal convergence, the 
back-propagation algorithm is used [31]. To measure the RMS 
error of the gaze detection, the subjects are required to gaze at 
35 reference points on the monitor plane. We measure the 
accuracies for the eye and head movements by using different 
reference points, as shown in Fig 6. Experiment results show 
that the eye moves throughout the display region, but the range 
of the head movement is smaller than that of the eye 
movement when watching any position on the 30-inch display 
screen. This is because the eyeball radius is much smaller than 
that of the face; thus, the reference points for gaze detection 
differ from those used to estimate head movement in our 
experiments. 

We experiment with four cases. In test 1, we measure 
accuracy by using training data. In test 2, we measure the 

 

Fig. 6. Examples of reference gaze positions on monitor region
(‘O’ are reference points for gaze detection, and ‘□’ are
reference points for head movement estimation). 
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accuracy by using test data obtained when the users gaze at the 
reference points (‘○’ in Fig. 6) using only eye rotation (not 
head movement). In test 3, we measure the accuracy by using 
test data obtained when the users gaze at the reference points 
(‘□’ in Fig. 6) using only head movement (not eye rotation). 
Test 4 is done by using test data obtained when users gaze at all 
of the reference points by allowing for natural movements of 
the eyes and head.  

The results are shown in Fig. 7 and Table 2. The results show 
that the accuracy of the proposed SVR is better than that of LR 
and MLP. The experiment results also show that the RMS error 
of the proposed method between the estimated gaze positions 
and the reference gaze positions is 0.79° on average. This 
corresponds to an error of about 55 pixels in a monitor with a 
resolution of 2,560×1,600 pixels for a Z distance of 1 m. Based 
on the accuracy, the proposed method can select 1,334 (46 
[2,560/55] and 29 [1,600/55] menus in the horizontal and 
vertical directions, respectively) on the 30-inch display screen.  

When comparing other methods, their gaze errors are 0.98º 
[9], about 1º [10], 1.12º [11], and 1.3º [32], respectively, which 
are higher than that (0.79º) of our method. In addition, we 
compare the accuracy of gaze-tracking of open source [33] to 
that of our method. Through the experiments with five people 
in 5 trials (on a 30-inch display at the Z distance of 1 m), the 
average accuracy of open source (head mount mode) is larger 
than 1º, which is higher than that (0.79º) of our method. 

MLP using a linear kernel adopts the linear function at 
hidden and output nodes. The output gaze position using the 
linear kernel is then represented by the linear equation based on 
the input values with weights. Thus, the output of MLP using 
the linear kernel is the same as that of LR, which is why the 
gaze accuracy of MLP using the linear kernel is the same as 
that of LR. Since the sigmoid kernel has the characteristics of 
forcing greater or smaller input values into outputs of 1 or 0, it 
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Fig. 7. Thirty-five reference points (O) and calculated gaze
positions (+) of three persons by LR, MLP, and SVR for
test 4: (a) LR, (b) MLP (using linear kernel), (c) SVR. 
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has problems where the gaze error of the boundary positions of 
the screen (greater input value) or screen center (smaller input 
value) is inevitably increased for MLP using a sigmoid kernel. 

When the user’s glasses surface creates a large specular 
reflection that hides the pupil region and some of the specular 
reflections by the four NIR illuminators on the display frame, 
the gaze errors increase, as shown in Fig. 8(c) and (d). When a 
user has small eyes, that is, when the eyelid covers the pupil 

Table 2. Comparison of gaze accuracy between proposed method 
and other methods (unit: degree). 

MLP 
 LR Linear 

kernel 
Sigmoid 
kernel 

SVR 

Test 1 1.61 1.61 1.74 0.78 

Test 2 0.91 0.91 1.13 0.59 

Test 3 2.01 2.01 2.15 0.81 

Test 4 1.05 1.05 1.20 0.97 

Average 1.40 1.40 1.55 0.79 

 

Fig. 8. Examples of large specular reflection caused by surface of 
glasses: (a), (b) correctly detected case of corneal specular 
reflections and pupil center and (c), (d) failure case. 

(a)

(c)

(b) 

(d) 

 
 
and some of the specular reflections of the four NIR 
illuminators, the error of Fig. 9 occurs, which causes the 
geometric center of the pupil area to be an erroneous position 
and it increases the number of consequent gaze errors. Since 
the left upper specular reflection is hidden by the eyelid, it is 
not detected. This can be solved by further research on 
estimating the positions of the pupil center and specular 
reflection in successive images.  

After considering all the problems of convenience, system 
cost, complexity, complicated calibrations, and the accuracies 
of the remote gaze-tracking system and chin rest system, we 
selected the glasses-type-device-based gaze-tracking method 
for controlling a large-sized display at a distance despite it 
being less convenient than the remote gaze-tracking method. 
Although a light glasses-type gaze-tracking device was 
proposed in this research, watching TV for a long time while 
wearing this device can be inconvenient to a user. For future 
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Fig. 9. Example of error when eyelid covers the pupil and some
of specular reflections: (a) original image and (b) failure
result for detecting pupil center and specular reflection. 

(a) (b) 

 
 

 

Fig. 10. Navigation in 3D VR system by using proposed method:
(a) example of experimental setting at Z distance of 1 m
and (b) examples of 3D navigation by gaze position and
head movement. 

(a) 

(b) 

 
 
work, studies on head-mounted gaze-tracking devices that 
consider user convenience, acceptability, design, and 
ergonomics are necessary. 

In addition, we prove the effectiveness of the presented 
approach in a real interaction task such as a 3D virtual reality 
(VR) system, as shown in Fig. 10, which is implemented by a 
VR modeling language [11]. 

This kind of 3D VR system can be widely used for guidance 
in building virtual environments such as cities, museums, 
exhibitions, and topography as well as virtual models of 
buildings, such as houses or apartments, which can be the 
applications in a large-sized display. In this 3D VR system, the 

 

Fig. 11. Comparisons of average elapsed time by proposed
method and conventional mouse with keyboard. 

1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th

12

10

8

6

4

2

0

Ti
m

e 
(s

) 

Mouse & keyboard 
Proposed method 

 
 
directions of 3D navigation are determined by eye gaze 
position and the navigation speed is controlled by head position 
(Fig. 10(b)). If the user gazes at the left or right region of the 
monitor, the 3D view is moved (translated) in the right or left 
direction, respectively. If he gazes at the upper or lower region, 
the 3D view is moved (translated) in the forward (to user) or 
backward (from user) direction, respectively. If the direction of 
the gaze position is the same as that of the head rotation, the 
moving speed of the 3D view is increased. If the direction of 
the gaze position is the opposite of that of head rotation, the 
moving speed of the 3D view is decreased. For example, if the 
user gazes at the left region and rotates his head in the left 
direction, the moving speed of the 3D view is increased (right 
image of Fig. 10(b)). If the user gazes at the left region and 
rotates his head in the right direction, the moving speed of the 
3D view is decreased.  

In this 3D VR system, we perform objective and subjective 
tests. For objective and subjective tests, we perform 10 trials 
with five people. For the objective test, we measure the average 
time taken to arrive at predetermined positions in the 3D VR 
system in the case of using the proposed method and in the 
case of using a conventional mouse with a keyboard, as in [11].  

Figure 11 shows that the amount of time elapsed using a 
conventional mouse and keyboard is smaller than when using 
the proposed method at the initial stage because most people 
are more familiar with using a mouse and keyboard. However, 
the amount of time elapsed using the proposed method is 
reduced as the number of trials increases. 

Using a questionnaire for the subjective test, the proposed 
method and the method of using the conventional mouse and 
keyboard are evaluated according to level of convenience, 
immersion, and interest in the method, with 5 points 
meaning“very satisfied,” 4 points meaning “satisfied,” 3 points  
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Fig. 12. Comparative subjective tests by proposed method and
conventional mouse with keyboard.  
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Table 3. Comparisons of mean and standard deviation of 
convenience, immersion, and interest by proposed 
method and by mouse with keyboard. 

Proposed method Mouse with keyboard
 

Mean (Std.) Mean (Std.) 

Convenience 4 (0) 4.8 (0.447) 

Immersion 4.8 (0.447) 2.8 (0.836) 

Interest 4.8 (0.447) 2 (0.707) 

 

meaning “normal,” 2 points meaning “dissatisfied,” and 1 point 
meaning “very dissatisfied,” as in [11]. The average scores 
(standard deviation) are shown in Fig. 12 and Table 3. 

IV. Conclusion 

A gaze-tracking method for a large-sized display at a 
distance was proposed in this research. Our experiment results 
showed that the RMS error of gaze estimation was 0.79º for a 
30-inch screen (with a resolution of 2,560×1,600 pixels). In 
future work, we will study the solutions for cases when some 
of the four cornea specular reflections or the pupil area is not 
seen in the captured image by another specular reflection that is 
produced on the surface of glasses in the case that a user wears 
glasses. Furthermore, studies on wearable gaze-tracking 
devices that consider a user’s convenience, acceptability, 
design, and ergonomics will be researched through more 
intensive objective and subjective tests. 
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