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Abstract. We carried out experiments to evaluate the readability of e-books us-
ing different display systems. We used two types of e-paper (Amazon Kin-
dleDX and 300dpiEPD), one type of backlit LCD (new iPad), and ordinary pa-
per text. In the experiments, we conducted subjective evaluations and measured
viewing distance. This study found a dependency between readability and illu-
minance of each device.
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1 Introduction

In recent years, e-books have spread to many countries. E-books are available for tablet
PCs (e.g. Apple iPad [1]) and E-readers (e.g. Amazon Kindle DX [2]), and are used in
various illuminance environments. However, the readability of e-books depends on
several factors including the characteristics of the display and environmental illuminance.

In this study subjects evaluated the readability of highly backlit LCDs in low illu-
minance environments. However, as the illuminance increased so did the reflection of
the background light making it more difficult for subjects to read the LCD. In contrast,
subjects rated the readability of e-paper as difficult under low illuminance, but as the
illuminance increased so did the positive evaluations of readability. Thus, the reading of
the backlit LCDs are more difficult to read under high illuminance, while e-paper is
easier to read under high illuminance. Because of the increasing popularity of e-paper
usage, we were interested in understanding at what exact point of illuminance would be
satisfactory for the readability with both forms of media. Our initial conjecture was that
this point rests between 1,000 Ix and 3,150 Ix of illuminance.

2 Method

2.1  Subjects

The subjects for this study included 130 healthy males and females between the age
of 17 and 85 years. Those who needed glasses or contact lenses were permitted to use
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them in order to simulate their normal reading situation in normal fashion. We ob-
tained informed consent from all subjects and approval for the study from Ethical
Review Board in the Graduate School on Information Science at Nagoya University.

2.2  Experimental Design

We carried out the experiments in a darkened room. In order to adjust to constant
illumination, we used fluorescent lights and LED lights for reading. We put the read-
ing devices in small compartments on a desk. The subjects read them in comfortable
reading posture. In the experiments, we used two types of e-paper (Amazon Kindle
DX and 300 dpi EPD), one type of backlit LCD (new Apple iPad) and an ordinary
paper text, under five illuminance conditions (500, 750, 1,000, 2,000, 5,000 1x).

Lighting system

) 60 cm
Device

60 cm

Fig. 1. The reading set up

The picture resolution was 150 dpi (monochrome, 16 gradiation) with Kindle DX,
300 dpi (monochrome, 2 value) with the 300 dpi EPD, 264 dpi (color, 256 gradiation)
with the new iPad, and 1200 dpi (monochrome, 2 value) with the paper text. Each
textual device was covered with white Kent paper in order to show only the display to
the subjects, raised to the same height as the subject on a mounting board, and placed
at a 50 degrees angle from the horizontal direction(Figure 1). Table 1 shows the
measured illuminance values.
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Table 1. Measured illuminance values (Ix)

Illuminance

Measured value

500 Ix
750 Ix
1,000 Ix
2,000 Ix
5,000 Ix

565
803
1,110
2,080
5,310

2.3  Task Design

The experimental task was to read aloud written text displayed on the devices (Figure
2).There were 34 characters in Japanese per line, and 13 lines in each text passage.
The character font was 9-point Shuei-Mincho L. The text style was black/dark on a
white/bright background color for screen polarity. The brightness level of the back-
light of the LCD was set to the maximum. Table 2 shows the text contrast under the

each condition of illuminance.
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Fig. 2. Example of text for reading task
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In each of the five illuminances (500 — 5,000 Ix), the participants read aloud a line
of text, and we measured their viewing distance with a laser distance meter. After
reading, the participants subjectively evaluated the readability of the text. The
evaluations by the subjects fell into six groups (Table 3).

Table 2. The contrast ratio of each device for given illuminance

Illuminance Kindle DX 300dpiEPD  new iPad paper
500 Ix 8.37 7.96 151 13.3
750 Ix 8.46 7.95 126 13.2
1,000 Ix 8.53 8.99 99.7 13.1
2,000 Ix 8.67 7.92 53.0 13.7
5,000 Ix 8.87 8.75 26.7 13.0

Table 3. Subjective evaluation of readability for tested texts

Level Evaluation
0 Very hard to read
1 Hard
2 A little hard
3 A little easy
4 Easy
5 Very easy

3 Results

3.1 Subjective Evaluation

Figure 3 shows the comparison of subjective evaluation for each illuminance. Under
500 1Ix and 750 Ix, significant differences were observed among e-paper, backlit LCD
and paper text. The order from easiest to hardest to read was new iPad, paper text,
Kindle DX, and the 300 dpi EPD. Under 1,000 Ix, significant differences were ob-
served among e-paper, backlit LCD and paper text. The order from easiest to hardest
to read was paper text, new iPad, KindleDX, and the 300dpiEPD. Under 2,000 1x and
5,000 Ix, the evaluation of the new iPad was significantly worse than the other devic-
es. The order from easiest to hardest to read was paper text, Kindle DX, 300 dpi EPD,
and the new iPad.
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Fig. 3. Subjective evaluation for each illuminance

3.2  Viewing Distance

345

Figure 4 shows the comparison of viewing distance for each illuminace. No signifi-
cant differences were observed in any conditions. Between 500 1x and 1,000 1x, the
order from furthest to closest was the new iPad, paper text, Kindle DX and 300 dpi
EPD. Under 2,000 1x, the order from furthest to closest was the paper text, new iPad,
Kindle DX and 300 dpi EPD. Under 5,000 Ix, the order from furthest to closest was
the paper text, Kindle DX, new iPad, 300 dpi EPD.
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Fig. 4. Viewing distance for each illuminance
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4 Discussion

In this study, we evaluated the readability of e-books and ordinary paper text. Under
500 Ix and 750 Ix, that is general indoor illuminance, the new iPad was evaluated to
be the best. Because the new iPad has a light source and high resolution, readability
was evaluated to be better in this condition. When the illuminance became higher than
2,000 Ix, the subjects found the Kindle DX was easier to read, and the evaluation of
the 300 dpi EPD exceeded that of the new iPad. Under conditions of high illuminance
the new iPad cannot prevent glare, and the readability of the new iPad came down.

In terms of viewing distance, the order from furthest to closest was the paper text,
the Kindle DX, and 300 dpi EPD, while the distance for the new iPad was found to
fluctuate according to illuminace as follows. The viewing distance with the new iPad
was the shortest under illuminance of 500 Ix, and increased gradually with illumin-
ance up to 2000 Ix. Under illuminance of 5000 1x, however, the viewing distance
became shorter than that in the case of 2000 Ix.

In terms of overall ease of reading, a majority of subjects rated all devices to be
easy to read (a little easy, easy, and very easy) under illuminance of 1000 Ix and 2000
Ix. Under illuminance of 2000 1x, the ease of reading evaluation of the Kindle DX and
300 dpi EPD exceeded that of the new iPad. Under illuminance of 5000 Ix, the rating
for ease of reading of the new iPad decreased significantly and the new iPad was
more difficult to read than other displays and paper.

5 Conclusions

When the illuminance was lower than 1,000 1x, the backlit LCD received a better
evaluation than that of e-paper. This is because the backlit LCD has its own light
source, high resolution and high contrast ratio [3][4]. When the illuminance became
higher than 2,000 Ix, e-paper received a better evaluation than that of the backlit LCD.
This is because glare is prevented with E-paper in high illuminance conditions.

The above results suggest that the crossing point of ease of readability between the
Kindle DX and new iPad is approximately illuminance of 1600 1x, and between the
300 dpi EPD and new iPad is approximately illuminance of 1800 1x. The above values
were obtained using interpolation without the actual illuminance levels of given val-
ues. Accordingly, we may presume that e-paper is superior to backlit LCD in reada-
bility when the environmental illuminance is 1800 Ix or more.
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