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a  b  s  t  r  a  c  t

To assess  the  changes  in  subjective  fatigue  and  pupil  diameters  while  watching  two  differ-
ent videos  in  different  viewing  conditions  such  as the  screen  luminosity  and  the  display
forms.  A  total  of  108  subjects  were  participated  in  this  study.  The pupil  diameter  of  the
participants  was  measured  by an  eye  tracker  while  the  subjects  watched  one  of the  two
different  videos  in  different  viewing  conditions.  The  subjective  fatigue  of each  subject  was
measured by  a questionnaire  conducted  before  and  after  watching  the videos.  The relative
effects  of the  viewing  conditions  on the  pupil  diameters  showed  significant  correlations
in  both  screen  luminosity  and  display  forms  (p < 0.05).  The  levels  of  subjective  fatigue
increased  after  watching  the videos,  compared  to those  before  watching  them,  and  the
young  subjects  significantly  felt more  tired  (p < 0.05).  Changes  in the  subjective  fatigue  and
pupil  diameters  during  watching  videos  on LED TVs  were  different  according  to  the  display
forms,  the  screen  luminosity  and  videos.  However,  the  pupil  diameters  decreased  with  a
pattern  of regression  in  the  linear  and  third-order  polynomial  expressions  in process  of
viewing  time.  The  present  study  suggests  a further  study  with  a detailed  analysis  is  needed
to prove  these  findings.

©  2018  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

A variety of displays has been remarkably developing from cathode-ray tube (CRT) to light emitting diode (LED) along
with advancements in the domain of information technology, and many studies have also been conducted to analyze the
characteristics of the displays. In particular, the displays have achieved a high level of technical development with an increase
of display size and an improvement of color manipulation. Display forms have also been diversified such as flat and curved
displays. According to a comparative analysis of fatigue between liquid crystal display (LCD) and plasma display panel (PDP)
with a subjective evaluation, physiological reactions and eye movements, LCD induced greater fatigue than PDP [1].

Kim et al. analyzed the effects of screen modes of a LED TV on the subjective fatigue, pupillary movements and eye blinks,
and suggested that a greater subjective fatigue was found in Cinema Mode rather than Standard Mode [2]. In a comparison
study of visual fatigue when reading a book with a paper-based book and e-book on LCD display, one of the main factor of
visual fatigue was reported a high luminosity of LCD display [3].

Bullough et al. investigated the environmental effects on subjective fatigue with an analysis of the frequency of eye
blinks, and suggested that providing a light around the display diminished both visual fatigue and asthenopia [4]. Apart
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from the findings of the mentioned above, causes of visual fatigue may  be related to other properties of the display such
as white luminosity, contrast range, white color temperature, and color reproduction range. Kim et al. and Ahn et al. found
that aspects of visual fatigue are different between the display luminosity and the screen modes [5,6].

Along with the objective methods to measure the visual fatigue, there are subjective methods to do it. Amongst them, a
questionnaire is the most frequently used method in the previous studies. However, its serious drawback is hard to differen-
tiate between the visual fatigue and the effects of psychological or cognitive fatigue. Due to this reason, the previous studies
used visual fatigue questionnaires in company with objective measurements of the visual fatigue such as the measurement
of reaction velocity [7,8]. Despite these findings, there are several limitations to be explain whether or not the advanced
technology for displays may  be helpful to minimize the visual fatigue. To deal with this issue, it is required to investigate
the visual fatigue during watching a video may  be related to the brightness of the high-tech LED TV, the display forms, and
the type of videos. Namely, comparisons between the subjective and objective measurements for the visual fatigue with the
new parameters are essential at this stage. Also, the LEDs, consisted of LED TV displays luminary, have been developed with
many materials. Typically, Aluminum–Gallium–Arsenide (AlGaAs), Aluminum–Indium–Gallium–Phosphide (AlInGap), and
Indium–Gallium–Nutride (InGaN) are used for LED architectures. This AlInGaP is used for Red and Yellow, while InGaN is
used for Blue and Green dies, respectively. These materials have enabled the production of LED TV displays with combination
[9]. Accordingly, this study aims to investigate the effects of viewing conditions on the visual fatigue. All participants are
randomly allocated to watch two different types of 30-min video (standard color or general color videos) on two  different
forms of the LED TVs (curved or flat LED TVs) adjusting three different levels of display luminosity (150 nit, 200 nit or 300 nit).
During watching the TV, the eye-tracker measures the pupil diameter as an objective measurement for the visual fatigue
simultaneously. A questionnaire is conducted to measure subjective visual fatigue just before and after watching the TV.
Such objective and subjective data are compared to figure out any relationships between the experimental parameters and
the visual fatigue.

2. Methods

2.1. Selection of subjects

A total of 108 participants were included (average age: 32.2 ± 17.4 years old), and they were divided into three age groups
(under 20, 20–40 and over 40 yrs.).

2.2. Preliminary tests

All participants were required preliminary tests to satisfy with the inclusion criteria such as at least 0.8 of uncorrected
or corrected monocular visual acuity at distance, normal color vision, a stereopsis of better than 100 s of arc at near, and no
ophthalmic and psychiatric histories. Anyone who failed to satisfy all the inclusion criteria were initially excluded.

3. Viewing conditions

3.1. Videos

Two different types of 30-min video were edited and recorded by using standard color (A) and general color (B). A video
using the standard color was consisted with a natural documentary, news and a variety show of which length was  10 min
each. The other using the general color was consisted with a variety show, natural documentary and sport news with the
same length of 10 min  each as well.

The video using the general color had a higher brightness at the same display luminosity than the other. While the one
using the general color was composed of dynamic scenes, the other was done of static scenes.

3.2. Display

Two different forms of LED TVs were used in this study. One was a curved 55-inch LED TV with a radius of curvature
equal to 4200 mm (UHD TV, UN55HU7200F, 130 cm, Samsung Co., Korea), and the other was  a flat 55-inch LED TV (UHD TV,
UN55HU7000F, 139 cm,  Samsung Co., Korea). A viewing distance was 3 m from the displays.

3.3. Illuminance and luminosity

The level of illuminance in the experimental room was maintained at 200 lux, and it was measured by T-10A (Konika
Minolta, Inc., Tokyo). The display luminosities were set as 150 nit, 200 nit and 300 nit for this study. It was determined by
averaging the luminosity measured at nine points of the display; for example, upper right, upper middle, upper left, right
center, center, left center, lower right, lower center and lower left. The luminosity level was measured by CS-200 (Konika
Minolta, Inc., Tokyo).
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