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Abstract— It is difficult to measure rotational eye movement constantly within an error range of 1.0 degree with the 
conventional methods which find an eyeball rotational angle based on the contrast in the iris pattern. To solve this problem, 
turning our attention to the “conjunctival blood vessel ends” located on the periphery of the iris, which are not affected by 
the changes in pupil diameter, the author developed a new method for measuring rotational eye movement at high speed and 
high accuracy by enhancing the contrast in the image of the vessels on the white of the eyeball under blue light irradiation. 
This paper proposes the above-mentioned new method to enable a measuring system, which is not subject to the changes in 
pupil diameter and eyelid closure, and has been compactly-designed in terms of both software and hardware with a miniature 
camera. In our evaluation experiment, the images of rotational eye movements were captured, and data on the vessel end 
positions were obtained by both visual measurement and this system to evaluate the estimated error and processing speed. 
The result suggests that our proposed system is capable of measuring rotational eye movement with an average of estimated 
errors equal to or lower than 0.24 degrees and at a processing speed equal to or higher than 78 fps, even if the pupil diameter 
varies widely. 
 
Keywords— Rotational eye movement, tracking of blood vessel images, conjunctival blood vessel ends, blue light 
irradiation. 
 
I. INTRODUCTION 
  
When the head is inclined right or left, the eye balls 
rotate in the opposite direction to avoid the 
accompanying inclination of the eyesight even with 
the head or body inclined．Similarly, when rotating 
images are watched, rotational eye movement occurs. 
The rotational eye movement serves as suitable 
physiological indicators for discomfort feeling: it is 
because in many cases, car sickness, space sickness, 
visually-induced motion sickness (VIMS), 3D image- 
(stereoimage-) induced sickness and their 
accompanying dizziness and sickness feeling are 
associated with rotational eye movement (Hiroyasu 
Ujiie et al., 2003). 
In the medical field, the unconscious rotational eye 
movement (nystagmus) may find its application in 
detecting dizziness (Yukio Watanabe, 2010). The 
causes of dizziness are largely classified into: (1) 
cerebral pathological conditions associated with 
arteriosclerosis, etc.; (2) ontological diseases 
including Meniere's disease, acute vestibular 
neuronitis, and benign paroxysmal positional vertigo; 
(3) brainstem and cerebellar abnormalities associated 
with stroke, cerebrovascular thrombosis, and tumors; 
(4) abnormal systemic status associated with  
hypotension / hypertension, anemia, and 
hypoglycemia; and (5) psychological disorders 
(including autonomic ataxia) associated with 
depression and others. The existing diagnostic 
techniques, which require unavoidably large-scale of 
medical equipment, a dark room, and a chin rest, 
impose a burden on patients in terms of medical 
expense and physical discomfort. During LASIK 
(Laser-assisted in Situ Keratomileusis) operation, one 
of Orthokeratological surgeries, which involves 
precise laser irradiation onto the cornea, the patient is 

asked to move the eye ball laterally, vertically, and 
rotationally (Maki Hieda, 2007). 
The existing techniques for measuring rotational eye 
movement track the rotational components of the iris 
pattern (grayscale iris pattern) on the image captured 
by a camera. With these techniques, the pupil 
diameter varies depending on the ambient 
environment of lighting, followed by a change in the 
iris pattern (M. Berthold et al., 1998; Tsutomu 
Hashimoto, 2010). Moreover, these techniques of 
tracking iris patterns are difficult to measure the 
rotational eye movement precisely and accurately 
during LASIK surgery, which may cause corneal 
opacity. 
Regardless of domestic or foreign studies, most of 
them track the iris patterns (radial pattern of the iris) 
to find the distance, over which the eye moves 
rotationally (e.g., M. Berthod et al., 1998; Narutoshi 
Asahina et al., 2000; Yusuke Sakashita et al., 2007; 
Tsutomu Hashimoto, et al., 2010). Some of them 
have reported that rotational eye movement may be 
measured on the eye ball images with about 640 × 
480 pixels in resolution with an accuracy of lower 
than 0.1 degree. However, the techniques with such 
an accuracy do not take the iris deformation into 
account and accordingly, the accuracy is expected to 
be increased due to the iris deformation in actual 
measurement. Other studies conducted the 
experiments considering the iris deformation and 
have proposed the methods for measuring rotational 
eye movement while dealing with the iris 
deformation. Unfortunately, the accuracy was 
increased to higher than 0.1 due to the iris 
deformation. These techniques for measuring 
rotational eye movement considering the iris 
deformation have modeled the iris or have 
incorporated pattern matching to deal with the iris 
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deformation. With these techniques, when the degree 
of the iris deformation is small, rotational eye 
movement may be measured with an accuracy of 
about 0.2, however, the iris deformation cannot be 
cope with the iris deformation completely. Moreover, 
when it is large, the degree of the accuracy was very 
difficult to reduce down to lower than 1.0. 
 
In contrast, this study, which focuses on the 
“conjunctival blood vessel ends” in the periphery of 
the iris, which is not affected by the variation of the 
diameter of the pupil, uses blue light irradiation in 
addition to infrared light to enhance contrast on the 
blood vessel images of the sclera (white of the 
eyeball); thereby, the method for measuring rotational 
eye movement at a high speed and with a high 
accuracy may be developed. Thus, the objective of 
this study is to measure rotational eye movement at a 
processing speed of 60 fps with the average of 
estimated accuracies of equal to lower than 0.24° 
even though the diameter of the pupil varies 
differently depending on changes in the ambient 
environment of lighting. 
 
Moreover, the technique proposed in this study has 
eliminated the need for complicated calculations and 
tracks the images of the blood vessels adjacent to the 
center of the pupil; accordingly, it has an advantage 
of disturbance being minimized even when a camera 
is shifted, the blood vessel images are covered by 
eyelid or eyelashes. For this reason, we intend to 
develop a device eliminating the need for large-scale 
of equipment, a dark room, and a chin rest, namely a 
device for measuring rotational eye movement with 
an ultra-miniature camera attached to a convenient 
and light frame, instead of fixation on the head by a 
belt etc. Note that several kinds of goggle type 
rotational eye movement measurement devices, with 
which the head is fixed by a belt, are used in the 
world. In contrast, the device we proposed, which is a 
compact and less restraint measurement device as if it 
were not attached, is the world’s first one. Moreover, 
it is expected that new businesses are triggered, 
including monitoring psychological state when 
images are watched, long-time monitoring for 
diagnosing dizziness, and innovative precision 
improvement in LASIK surgery. 

 
II. SYSTEM 
 
Hardware    As shown in Fig. 2, with no need for 
fixation to the head by a belt, etc., the prototype of a 
rotational eye movement measurement device with a 
wireless ultra-miniature camera attached to a light 
and convenient frame was made. The color camera 
was used with 90 degrees in angle of view and 
resolution equivalent to VGA. The imaging part and 
the wireless transmitter are driven by three AAA 
batteries. To the frame, a near-infrared and blue LEDs 
were attached. Near-infrared LED was irradiated 

 
Fig.1. Anatomy of the eye 

 

 
Fig.2. External views of cycloduction measuring system 

 

 
Fig.3. Schematic structure of the device 

 

 
Fig.4. The change of pupil size. mydriasis (upper) and miosis 

(lower) 
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Fig.5. Examples of captured images of the eyes 

 
 
onto the iris and the pupil to enhance iris-pupil 
contrast on the images. Blue LED was irradiated onto 
the sclera on the outside of the iris to enhance sclera-
blood vessel contrast. The intensity of the near-
infrared LED was set to the level, at which the 
images of the pupil may be clearly captured, whereas 
the intensity of blue LED was set to the level, at 
which the subjects do not be dazzled or feel visually 
discomfort. The weight of the device is 85 g 
excluding the weight of batteries, 45 g. 

 
Image processing    This technique traces the 

position of the conjunctival vessel end on the image. 
However, the final value to be obtained is the 
rotational angle of the eyeball. Thus, in the first step, 
the elliptical polar coordinate system along the 
contour of the pupil (i.e., the inner edge of the iris) is 
obtained. When the infrared ray is applied, the pixel 
grey level in the pupil area is smaller than those in 
other areas. Accordingly, the pupil area is extracted 
by the above-mentioned illumination of infrared ray 

 
Fig.6. Snapshots of rotational eye movement 
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Fig.7. Errors in rotational eye angles measured by proposed 

and conventional methods 
 
and binarization processing. The method of least 
square is employed to apply elliptical approximation 
to the contour in the pupil area having been obtained, 
so that a polar coordinate system is set. 
In the second step, the conjunctival vessel end to be 
traced is selected. A step is taken to select the 
conjunctival vessel end extending on the outer edge 
of the iris toward the outside of the eyeball from the 
pupil center. This is a template image. The 
conjunctival vessel has a smaller gray level of the 
pixel that that of the sclera (i.e., white area) as the 
background. Accordingly, it can be easily extracted 
by binarization. 
In the third step, the conjunctival vessel end is traced 
by template matching. However, a change in the 
position of the vessel end to be traced is caused not 
only by the rotation of the eyeball, but also by 
horizontal and vertical movement of the eyeball, 
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namely, a shift in the line of sight. The eyeball can be 
considered as a globe. Therefore, the component 
changed by the shift in the line of sight can be 
assumed as the change in the major axis and minor 
axis of the pupil contour or iris contour. The 
component of shift in the line of sight is subtracted 
from the position of the conjunctival vessel end on 
the 2D image obtained by template matching, and the 
result is converted into the polar coordinate system. 
This procedure yields the eyeball rotational angle. 

 
Video stabilizing    The video stabilizing 

function as shown below was attached to an eye 
movement measuring device to ensure that the device 
can measure eye movement at a high accuracy even 
when the glass frame equipped with the measuring 
device is displaced from the user’s face due to user’s 
head movement or the frame’s own weight. 
First, a camera attached to the glass frame, which the 
user wears, acquires eye ball images: they are 
assumed to be reference images. On an eye ball 
image, the first one of these reference images, 
rectangles defined between the outer and inner 
corners of the user’s eye are extracted to obtain two 
feature points, and the third feature point is 
determined in accordance with the criteria described 
later. Then, on the subsequent eye ball images, the 
positions of the both corners of the user’s eye and the 
third feature point are determined based on template 
images created from the first image, and an Affine 
matrix is calculated. Based on two sets of three 
feature points on the reference images and the second 
and its subsequent images, the second and its 
subsequent images are moved back to those on the 
reference images by Affine transformation. 
 
III. EVALUATION 

 
The average tolerance and standard deviation was 
found between the true value of angle of eye rotation 
and measurements outputted by the system by visual 
observation, using 200 dynamic images having been 
captured. To measure the true value by visual 
observation, the template image for the conjunctival 
vessel end specified by the first dynamic image was 
displayed on each of the images after the first image 
and images were compared so that the misalignment 
between the template image and input image were 
checked by visual observation. The template image 
was moved until there is no more misalignment. The 
center position of the template image was extracted as 
the information on the position of the conjunctival 
vessel end. This was converted from the ellipse 
parameter of the input image to the angle of eye 
rotation. The PC used for the test was the Intel (R) 
corei5, 3.30 GHz having a memory capacity of 8G. 
Further, the image resolution was 740 x 320 pixels, 
and the number of the vessel ends detected was five. 
The resolution in the measurement of the angle of eye 
rotation in this case depends on the length from the 

pupil center to the conjunctival vessel end. It is 
approximately 0.25 degree. It has been demonstrated, 
as a result, that measurement of the rotational eye 
movement with an average error of 0.24 degree or 
less is possible even when there was a change in the 
diameter of the pupil. The value was close to the 
resolution. As compared with the conventional 
method (Tsutomu Hashimoto et al., 2010), this 
method is characterized in that the precision is 
independent of changes in the pupil diameter. The 
time for calculating the rotational eye movement was 
12.8 ms (78 fps). 

 
CONCLUSION 

 
Measurement of rotational eye movement gives 
suitable physiological indicators for car sickness, 
space sickness, visually-induced motion sickness, 3D 
image-induced sickness and their accompanying 
dizziness and sickness feeling. However, to get 
certain types of physiological indicators, a 
measurement system is required, which enables 
rotational eye movement, of which dynamic range is 
narrow, to be measured at high-accuracy and high-
resolution. Nevertheless, among the conventional 
methods, the most-frequently used one for finding an 
eyeball rotational angle based on the contrast in the 
iris pattern has a disadvantage that it is difficult to 
measure rotational eye movement constantly within 
an error range of 1.0 degree. To solve this problem, 
turning our attention to the “conjunctival blood vessel 
ends” located on the periphery of the iris, which are 
not affected by the changes in pupil diameter, we 
developed a new method for measuring rotational eye 
movement at high speed and high accuracy by 
enhancing the contrast in the image of the vessels on 
the white of the eyeball under blue light irradiation. 
This paper proposes the above-mentioned new 
method to enable a measuring system, which is not 
subject to the changes in pupil diameter and eyelid 
closure, and has been compactly-designed in terms of 
both software and hardware with a miniature camera. 
In our evaluation experiment, the images of rotational 
eye movements were captured, and data on the vessel 
end positions were obtained by both visual 
measurement and this system to evaluate the 
estimated error and processing speed. The result 
suggests that our proposed system is capable of 
measuring rotational eye movement with an average 
of estimated errors equal to or lower than 0.24 
degrees and at a processing speed equal to or higher 
than 78 fps, even if the pupil diameter varies widely. 
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