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Abstract. Various e-paper devices also have been released (e.g. Amazon’s 
Kindle DXTM), and their features include paper-like display and low power con-
sumption. In our previous studies, in high light conditions, readability of the 
backlight LCD dropped significantly, because of the glare of the surrounding 
background. On the other hand, the readability of the electronic paper is in-
creased, it was easy to read than backlit LCD. The e-paper that have low con-
trast ratio, evaluation of readability was low. In low light, the evaluation of the 
readability of the backlit LCD was high. The aim of this experiment was to ve-
rify the minimum illumination for comfortable reading with e-paper in low il-
lumination (300 or less lx). 

Keywords: e-paper, backlight LCD, minimum illumination, readability  
evaluation.  

1 Introduction 

Recent advances in display technology have led to the introduction of a wide range of 
reading devices as alternatives to traditional paper made books. Various tablet devices 
with backlit LCDs have been released onto the market (e.g. iPadTM [1]). These de-
vices have many functions and can be used to read documents. Various e-paper de-
vices also have been released (e.g. Amazon’s KindleTM [2]), and their features include 
paper-like display and low power consumption. In 2012, new models equipped with 
an LED front light e-paper device and color e-paper were released. Thus, the choice 
of consumer e-book readers has further increased. One of the biggest differences be-
tween tablet devices and e-paper is the display system. Typical tablet devices, like the 
iPad, have mostly self-illuminating displays, while e-paper systems have reflective 
panels. However, the devices show different visibilities, partly affected by this differ-
ence in illumination. The general view is that under conditions of high illuminance, 
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the visibility of self-illuminating displays is poor. On the contrary, the visibility of 
reflective displays is as good as paper books under the same conditions. In this study, 
we carried out experiments with a reading test to evaluate the visibility of backlit 
LCDs and e-paper under various illuminance conditions. We used the Kindle DX and 
300 dpi EPD (Electronic Paper Display) as e-paper devices and an iPad 2 as a backlit 
LCD device. For comparison, we also used conventional paper texts. In our previous 
study, self-luminous device under high illuminance, the readability is reduced by a 
significant reflection of the surrounding background. On the other hand, the evalua-
tion of e-paper increased, it had become more than a backlight LCD. In low light, the 
readability assessment of self-luminous type LCD is high, however e-paper was lower 
rating. This is because the contrast ratio of the e-paper is low. Therefore, in this expe-
riment we aimed to verify the practical allowable lower limit of environment illumin-
ance for reading e-paper in low light (less than 300 lx).   

2 Materials and Methods 

For the experiment, we developed a presentation apparatus for use by the subjects in 
which the LED was the light source and illumination was increased in six steps (10, 
20, 50, 100, 200, 300 lx). In addition, a diffusion board was installed under the light 
source to rectify the intensity luminous distribution. A board was set at an angle of 50 
degrees inside the apparatus. The test media or test paper was mounted on the center 
of the board (Fig. 1, 2). The text displayed on each media was set at the same height. 
White Kent paper was affixed to the equipment and the object mounting board. Four 
types of media were used in the experiment: the e-paper devices were the Amazon 
Kindle DX and 300 dpi EPD; new iPad (back lit LCD); and a regular paper text as a 
control. The resolution of each medium was 150 dpi (monochrome 16 gradation) for 
the Kindle DX, 300 dpi (monochrome 2 value) for the 300 dpi EPD,  264 dpi (color, 
256 gradation) for the new iPad, and 1,200 dpi (monochrome 2 value) for the paper 
text. In order to avoid any influence on the evaluation by the frame of each device, it 
was covered with white Kent paper and the subjects saw only the screen (Fig. 3). 

 

 
 

 

Fig. 1. Light source (left) D65 fluorescent 
lamp (right) FL lamp + LED 

Fig. 2. Overview of the experiment 
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Fig. 4. Subjective eva
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Fig. 6. Subjective evaluation (KindleDX) Fig. 7. Subjective evaluation (Paper) 

  

Fig. 8. Subjective evaluation (newiPad) Fig. 9. Viewing distance (KindleDX) 

  

Fig. 10. Viewing distance (Paper) Fig. 11. Viewing distance (newiPad) 
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on (300dpiEPD) Fig. 13. Viewing distance (300dpiEPD) 

Table 1. Contrast ratio 
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4 Discussion and Conclusion 

In the evaluation of readability, the viewing distance is also used as an indicator. 
When subjects feel difficulty in reading text, it is known that they move closer to the 
text. Contrast ratio and resolution is also a factor in readability. In addition, we consi-
dered whether the anti-aliasing process to the characters to affect the subjective eval-
uation. The resolution of 300dpiEPD, there are two times of KindleDX. Further, 
viewing distance is longer than the paper in the illuminance of 50 lx or more. Because 
this device has higher contrast ratio than paper. However, subjective evaluation of 
readability is the lowest. There are two possible reasons. First, screen display is black 
and white binary, and anti-aliasing has not been done in the font. Second, (see en-
larged view of Fig. 14) during the display of the file that has been introduced from the 
outside, there is a possibility that the image is degraded (the middle of Fig. 14). 

The viewing distance became a little shorter with the iPad as the illuminance level 
increased. On the other hand, paper and e-paper showed a tendency for the viewing 
distance to become longer with increasing illumination. It is suggested that paper and 
e-paper had an advantage in bright illuminance environments. In the present experi-
ment, we used six different illuminations (10, 20, 50, 100, 200, 300 lx). In dark envi-
ronments the iPad obtained good readability ratings, which decreased with increasing 
illuminance. Conversely, evaluation of e-paper and paper was poor in dark environ-
ments, and improved with higher illuminance. Ultimately, , the viewing distance was 
similar with all the media used in this experiment at illuminance of 200-300 lx. Con-
sidering the results of the present experiment, 200 lx might be a critical illuminance 
point where more than one third of subjects evaluated ease of reading at 3 or higher. 
Furthermore, in the 200 lx environment the viewing distance for the e-paper was simi-
lar to the backlit LCD and the regular paper text. Thus, we consider the 200 lx illu-
minance level to be the minimum optimum limit for comfortable reading of e-paper. 
E-book readers equipped with LED front light have begun to be released. These read-
ers can compensate for the disadvantages of e-paper in low light. In the future, it will 
be necessary to evaluate those products and compare them with conventional prod-
ucts. 
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