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Abstract. This study developed a model for setting the adaptive luminance contrast between text and back-
ground for enhancing reading performance and visual comfort on smartphone displays. The study was carried
out in two experiments. In Experiment I, a user test was conducted to identify the optimal luminance contrast with
regard to subjects’ reading performance, measured by lines of text reading and visual comfort, assessed by self-
report after the reading. Based on the empirical results of the test, an ideal adaptive model which decreases the
luminance contrast gradually with passage of time was developed. In Experiment II, a validation test involving
reading performance, visual comfort, and physiological stress measured by a brainwave analysis using an
electroencephalogram confirmed that the proposed adaptive luminance contrast is adequate for prolonged
text reading on smartphone displays. The developed model enhances both reading performance and visual
comfort as well as reduces the energy consumption of a smartphone; hence, it is expected that this study
will be applied to diverse kinds of visual display terminals. © The Authors. Published by SPIE under a Creative Commons
Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including
its DOI. [DOI: 10.1117/1.OE.53.11.113102]
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1 Introduction
Reading is one of the most important ways of communicat-
ing information. Problems related to legibility and readabil-
ity have been studied for decades, mainly focusing on printed
texts.1,2 However, as portable digital devices have become
more accessible in everyday life,3 paper reading materials
are being replaced with visual display terminals.
Compared with printed texts which are seen through recog-
nizing reflected lights, digital displays are a self-illuminant
surface which emit light, resulting in more stress to the
human eye.4,5 Hence, recent studies have accordingly
devoted more attention to discovering the appropriate lumi-
nance on displays such as smartphones, e-books, and tablet
PCs.4,6–8 The studies suggest particular luminances to pre-
vent visual fatigue caused by displaying materials, but
these suggestions lack careful consideration of the human
visual system. People do not perceive luminance in absolute
terms but rather they see luminance contrast.9,10 When read-
ing on a smartphone display, the luminance contrast between
the text and background has a great influence on visual
perception. People prefer a higher luminance contrast as
confirmed by previous studies, however, a lower luminance
contrast does not disturb visual perception.11 According to
Knoblauch et al., a large contrast in luminance increases vis-
ual recognition,12 whereas the continuity of the contrast has
contributed to visual discomfort.5 Therefore, human vision
provides a time-dependent adaptation11,13,14 to reduce visual
fatigue. Some studies have also revealed that the maximum
luminance contrast between text and background is inad-
equate for reading a display because an excessively high
contrast leads to visual stress.6,12,15 Consequently, it is rea-
sonable that the luminance contrast of smartphone displays

changes with the passage of time in the light of visual
adaptation.16,17

In this regard, this study attempts to develop a model for
the adaptive luminance contrast, which gradually changes
the luminance contrast between the text and background
over time to improve reading performance and visual com-
fort in parallel, particularly for reading on smartphone dis-
plays. Furthermore, the effectiveness of the proposed
model will be verified through a validation test. Across
the whole course of the study, it is hypothesized that a
gradual decrease of luminance contrast would facilitate com-
fortable and efficient reading.

2 Experiment I: User Test for Developing the
Adaptive Luminance Contrast

2.1 Objective

The user test in Experiment I is aimed investigating the ideal
luminance contrast between the text and background for
reading on smartphone display, as well as developing a
model of the adaptive luminance contrast which enhances
both reading performance and visual comfort.

2.2 Stimuli

Prior to the experiment, stimuli for the user test were pre-
pared. In creating luminance contrast, three approaches
were employed: first, set A was text change—the text
color changes from black to white as time passes while
the background color is fixed as white; second, set B was
background change—the text color remains black and the
background shifts from white to black; and lastly, set C
was text-background change—the text gradually changes
from black to white, whereas the background color changes
from white to black at the same rate. Next, given that the*Address all correspondence to: Hyeon-Jeong Suk, E-mail: h.j.suk@kaist.ac.kr
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maximum luminance contrast between the text and back-
ground is 100 and the minimum luminance contrast is 0,
each set was equally divided into 10 levels of luminance con-
trast. After combining the three overlapped stimuli from each
set, black text on white background into one stimulus (here-
inafter cited as default), there were a total of 28 luminance
contrasts. The luminance was measured using a spectroradi-
ometer (Konica Minolta CS-2000) under the same luminous
environment during the experiment. Moreover, the display
RGB input and Michelson contrast10 of each stimulus
were listed in Fig. 1.

Among the 28 stimuli, some could cause negative percep-
tion in terms of both cognitive comfort and esthetics due to a
very small luminance contrast between the text and
background. Hence, before the user test, subjects were
asked to indicate the stimulus with the smallest but still
acceptable luminance contrast for each set. Based on the
responses, the minimum luminance contrasts for sets A,
B, and C were found to be T40, B70, and TB40, respectively

(see Fig. 1). In addition, an intermediate stimulus was
inserted for each set—T70, B80, and TB70—and seven
stimuli were selected for the reading task.

2.3 Experimental Setup

A total of 50 subjects composed of 26 males and 24 females
took part in the user test. The average age of the subjects was
23.18 years with a standard deviation of 1.99 years. Each of
them had normal vision or corrected to normal vision. The
stimuli were displayed on a smartphone (Samsung Galaxy
S3) with a 4.8 inch screen, and the backlight luminance
of the display was fixed at 140 cd∕m2. At the subject’s
desk, the measure of the correlated color temperature was
6300 K, and the illuminance was 600 lx. During the test,
the subjects maintained a typical viewing distance from
the smartphone display of 30 cm.18 The experimental
setup is schematically shown in Fig. 2.

Set 
Stimuli 
name 

Text Background 
Michelson 

contrast 
ExampleRGB 

(R=G=B) 
Luminance 

(cd/m2) 
RGB 

(R=G=B) 
Luminance 

(cd/m2) 

default D100 0 49.66 255 282.53 0.70 A 

set A: 
text change 

T90 26 53.42 255 282.53 0.68 A 

T80 51 62.06 255 282.53 0.64 A 

T70 76 73.15 255 282.53 0.59 A 

T60 102 88.47 255 282.53 0.52 A 

T50 128 108.08 255 282.53 0.45 A 

T40 153 132.94 255 282.53 0.36 A 

T30 178 163.00 255 282.53 0.27 A 

T20 204 198.64 255 282.53 0.17 A 

T10 230 239.83 255 282.53 0.08 A 

set B: 
background 
change 

B90 0 49.66 230 239.83 0.66 A 

B80 0 49.66 204 198.64 0.60 A 

B70 0 49.66 178 163.00 0.53 A 

B60 0 49.66 153 132.94 0.46 A 

B50 0 49.66 128 108.08 0.37 A 

B40 0 49.66 102 88.47 0.28 A 

B30 0 49.66 76 73.15 0.19 A 

B20 0 49.66 51 62.06 0.11 A

B10 0 49.66 26 53.42 0.04 A

set C: 
text-
background 
change 

TB90 13 51.15 242 263.71 0.68 A 

TB80 26 53.42 230 239.83 0.64 A 

TB70 38 57.01 217 218.03 0.59 A 

TB60 51 62.06 204 198.64 0.52 A 

TB50 64 67.33 191 181.25 0.46 A 

TB40 76 73.15 178 163.00 0.38 A 

TB30 89 81.06 166 148.51 0.29 A 

TB20 102 88.47 153 132.94 0.20 A 

TB10 115 97.69 140 120.97 0.11 A 

Fig. 1 RGB input, luminance and Michelson contrast of the 28 stimuli for Experiment I.
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2.4 Method

Subjects were instructed to read 10 pages (approximately
2500 letters) of a newspaper article at a natural speed on
a smartphone under the seven selected stimuli in a random
order. They had a 1-min break before turning to the next
reading sessions. Each article consisted of different content
but the same level of difficulty to circumvent the influence of
content type. In the same way as related studies for examin-
ing the effect of displays,19–22 this study evaluated both the
reading performance and visual comfort by conducting two
kinds of tasks. First, to evaluate reading performance, the
subjects’ reading speeds for each page were measured
under the seven selected stimuli on the assumption that read-
ing speed is faster under an adequate reading environment.
Next, to assess visual comfort, subjects answered a self-
report questionnaire to evaluate their subjective visual com-
fort to luminance contrast for the 28 stimuli by using a five-
point Likert scale23 (1 point: very uncomfortable; 5 points:
very comfortable). For example, they gave a score of five
points if they felt comfortable with the given stimulus.

2.5 Results and Analysis

There was a large difference between the reading speeds of
each page. It became faster as the subject turned the pages.
The reading speed noticeably increased from page 7 or about

135 s after the subject began reading (average reading speed
of the 1 to 6 pages: 672.07 letters∕min; 7 to 10 pages:
743.08 letters∕min), and the increased speed was thereafter
maintained. This means that subjects generally start focusing
attention on reading around 135 s after they begin. From this,
the starting time of the change in luminance contrast could be
determined given that reading speed does not change after
the subject concentrates more intensively on the reading.

Comparing the reading speed of each set, two stimuli in
set B (B80 and B70) recorded the highest speed and stimuli
in set C (TB70 and TB40) followed closely, whereas a mark-
edly lower speed was observed for the default stimulus
(D100), as shown in Fig. 3. In other words, the stimuli in
two high-ranked sets have a better reading performance
than the others. The results were contrary to earlier research
results stating that reading speed is fastest when the lumi-
nance contrast between text and background is maximal.24,25

In terms of visual comfort, subjects felt most comfortable
under the default stimulus (D100). Comparing visual com-
fort among two stimuli in same set and the default (D100,
T70, and T40; D100, B80, and B70; D100, TB70, and
TB40), visual comfort decreased rapidly in every set
when the luminance contrast became smaller. In comparison
with each set under same level of luminance contrast (inter-
mediate and minimum luminance contrast), respectively, the
stimuli in set C (TB70 and TB40)—the luminance of text

Fig. 2 Experimental setup for the user test: (a) displayed stimulus, and (b) experimental session.
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and background change simultaneously—earned the highest
comfort score in both times. Furthermore, in set C, the degree
of visual comfort decrease that depended on the decline of
luminance contrast was relatively small in sets A and B. On
the contrary, B80 included in set B received a very low com-
fort score even at the intermediate level of luminance con-
trast. From the results, it is found that subjects do not feel
visual comfort under the stimuli in set B despite the fact
that those offered the best reading performance; as such,
it is inappropriate to select set B as the changing pattern
of luminance contrast.

2.6 Development of Adaptive Luminance Contrast

By using the results of the user test, an empirical basis for
designing the adaptive luminance contrast was partially col-
lected. It is appropriate that the luminance contrast starts
from maximum contrast (corresponding with the default)
and gradually decreases in the text and background at the
same rate, as in set C.

Accordingly, the recognition point of change in lumi-
nance contrast was investigated in order to confirm the
final luminance contrast and to derive the adaptive model.
A video clip with changing luminance contrast from maxi-
mum (0.70 in the experiment) to 0 for 20 s was created for set
C, and subjects were asked to stop the video clip when they
noticed a change in the luminance contrast on the display.
As a result, it was found that the average recognition
point was a luminance contrast of 0.52 in the experiment
(luminance of text: 62.06 cd∕m2; luminance of background:
198.64 cd∕m2), namely the RGB values of the text are 51
and those of the background are 204; this remained the con-
stant even though the changing time varied. Luminance
decrease should occur within the imperceptible range
because esthetic satisfaction of the display decreases if
users notice the change.

Through a series of user tests, a time-dependent adaptive
model of luminance contrast for a smartphone display was
developed as shown in Fig. 4. The luminance contrast
between the text and background starts from a maximum

Stimuli 
default 

set A: 
text change 

set B: 
background change 

set C: 
text-background 

change 

D100 T70 T40 B80 B70 TB70 TB40 

Example

Michelson 
contrast 

0.70 0.59 0.36 0.60 0.53 0.58 0.38 

Mean reading 
speeda (SD) 

724.21 
(143.19) 

855.28 
(244.26) 

835.93 
(238.52) 

881.06 
(228.70) 

891.83 
(224.68) 

867.81 
(215.43) 

860.64 
(169.70) 

Mean visual 
comfortb (SD) 

4.06 
(0.89) 

3.14 
(0.96) 

1.58 
(0.64) 

2.80 
(1.20) 

2.30 
(1.00) 

3.40 
(0.96) 

2.40 
(0.77) 

a unit: letters/minute 
b scale: 1 to 5 

A A A A A A A

Fig. 3 Mean reading speed and visual comfort for the seven stimuli in Experiment I.

Fig. 4 Adaptive luminance contrast: gradual decrease between text and background as time passes.
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where RGB values of the text are 0 and those of background
are 255, because a large contrast helps users to concentrate
on reading at first. They also feel visual comfort for these
values. However, users suffer from visual fatigue if it lasts
a long time; hence, the luminance contrast begins to change
150 s later as they generally focused more intensively on
reading the content at about that time. In addition, by taking
into account both reading performance and visual comfort,
set C where the luminance of the text and background
change at the same rate was selected as a changing pattern.
The final luminance contrast was determined as 0.52, the
RGB values of the text are 51 and the background are
204 considering the average recognition point of change.
In order to avoid users becoming aware of the change
because they are bothered with the changing luminance,
the luminance contrast between the text and background
shifts slowly for 40 s.

3 Experiment II: Validation Test for Verifying the
Adaptive Luminance Contrast

3.1 Objective

The purpose of the second experiment of the study is to apply
the adaptive luminance contrast in an actual usage environ-
ment. Moreover, it attempts to verify the effectiveness and
applicability of the proposed adaptive model through a series
of multidimensional validation tests by evaluating reading
performance and visual comfort.

3.2 Stimuli

Besides the adaptive luminance contrast, two additional
luminance stimuli were prepared to compare the effective-
ness with the developed model. The first stimulus was
black text on a white background which corresponds with
D100 in Experiment I, the luminance contrast of the current
displays on general smartphones. Another stimulus was B70,
which was assessed as the best reading performance from the
previous user test. Thus, a total of three stimuli were com-
prised for the validation test as shown in Fig. 5.

3.3 Experimental Setup and Method

Twelve students, consisting of six males and six females,
served as subjects for the experiment. Their average age
was 24.83 years with a standard deviation of 1.46 years.
The experimental environment was identical with that of
the user test in Experiment I.

Subjects were asked to read a newspaper article for 5 min
using a smartphone under the three luminance stimuli in a
random order. As in the previous test, both reading perfor-
mance and visual comfort were evaluated to compare the
effectiveness of the stimuli. In addition to measuring the sub-
jects’ reading speeds and their self-reports on visual comfort,
a brainwave analysis was carried out using an electroen-
cephalogram (EEG) while subjects read articles. A total of
four electrodes, two channels on the frontal lobe (FP1,
FP2), ground, and reference electrodes, were attached to
the subject’s head to capture the EEG signal, as shown in
Fig. 6. Brainwave data were measured for 5 min and
10 s, and the first 10 s of the recorded data were deleted
to improve the accuracy of the results. The collected data
were converted by 256-Hz sampling frequency and 12-bit
analog-digital converter, then saved through Telescan, the
analysis program developed by Laxtha Inc. After that, the
relative ratio of the high beta rhythm (20–30 Hz)26 to
the entire range (3.5–50 Hz) was then calculated using
the data. A high beta rhythm is generated when people
feel stress and anxiety;27 thus, a low ratio of high beta rhythm
indicates that the subject is in a comfortable state during
reading. Each subject’s data was obtained by calculating
the mean ratio of two channels. For example, if the ratios
of high beta rhythm from FP1 and FP2 were 7.11% and
6.98%, respectively, the mean value of the two data, namely
7.05%, was the final data for the subject. The relative ratio is
used for brainwave analysis rather than absolute power since
brainwave powers have wide variations in different people.

3.4 Results and Analysis

Through the results of the validation test, the effectiveness of
the three stimuli was compared in various aspects, as shown
in Fig. 5. The ratio of the high beta rhythm, which indicates

Stimuli D100 
Adaptive 

luminance contrast
B70 

Example  

Mean ratio of  
high beta rhythma (SD) 

8.66 (3.24) 7.01 (2.85) 7.23 (2.75) 

Mean reading speedb (SD) 843.40 (272.91) 876.00 (299.42) 784.20 (234.93) 

Mean visual comfortc (SD) 3.08 (0.95) 3.25 (1.01) 2.50 (1.26) 

a unit: % 
b unit: letters/minute 
c scale: 1 to 5 

AAA A

Fig. 5 Mean ratio of high beta rhythm, reading speed, and visual comfort for the three stimuli in
Experiment II.
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the degree of stress during reading, was much lower when
viewing the adaptive luminance contrast than when reading
on D100, which corresponds with the luminance contrast of
current smartphone displays. While reading under the devel-
oped adaptive model, the emission of high beta rhythm was
about 7% and was even lower than that while reading books
on paper28 or working cognitive performance tests.29,30

Moreover, the result of the self-report questionnaire on visual
comfort also rated highest in the adaptive luminance contrast
among the three luminance stimuli. That is, users feel most
comfortable with the display applying the proposed model.
On the contrary, B70 was reported as the least comfortable
stimulus, because the dark background gave subjects an
unpleasant impression, consistent with the user test in
Experiment I.

In respect to reading performance, subjects read the article
most quickly under the adaptive luminance contrast, fol-
lowed by D100 and B70. This demonstrates that the devel-
oped adaptive model improves the readability of typography.

To sum up, the adaptive luminance contrast was the most
outstanding for both reading performance and visual com-
fort, and it confirmed that a gradual decrease in luminance
contrast provides an adequate reading environment on smart-
phone displays.

4 Discussion
From the experiments, a new way has been presented for
implementing the optimal luminance contrast between text
and background.

Applying the adaptive luminance contrast on a smart-
phone display affords two major advantages. First, it enables
the user to read content in a comfortable and efficient state
for a long period of time by maintaining the balance between
reading performance and visual comfort. Second, the adap-
tive model requires lower energy consumption compared to
current smartphone displays; therefore, it has a potential for
saving battery power. According to Chang et al., users even

accept some color changes to extend the battery life, as long
as they can still recognize the displayed contents.31 In this
aspect, this study is remarkable for both improving users’
comfort and extending battery life at the same time. The
aforementioned two advantages are the benefits of brightness
control discovered from an earlier study.32

This study provides some opportunities for further
research. Above all, supplementary research should be con-
ducted to examine the effect of display backlight and ambi-
ent illuminance on the adaptive luminance contrast, because
visual performance depends on both contrast and lumi-
nance.7 Previous studies discovered that ambient illuminance
plays an important role in visual perception and preference of
display.33–37 Reading is also influenced by backlight lumi-
nance.38 Hence, it has to be determined whether or not
the results of this study are relevant on displays with different
backlight luminances or under various levels of ambient illu-
minance. It might also be meaningful to compare the distinc-
tion between optimal luminance contrasts depending on age
group, and to suggest an appropriate luminance solution fit-
ting each group because the visual ability of humans varies
considerably with age.39 Such additional research will
increase the value and relevancy of the study.

5 Conclusion
In this study, two phases of experiments were conducted to
examine the optimal luminance contrast for comfortable and
efficient smartphone use and an adaptive luminance contrast
model that supports a time-dependent adaptive process of the
human visual system was developed. The model gradually
changes the luminance contrast between text and back-
ground on a smartphone display as time passes such that
the user is not aware of the change. The effectiveness of
the proposed adaptive model was verified through a valida-
tion test. It is hoped that this study will extend the opportu-
nities for prolonged use for diverse kinds of visual display
terminals including smartphones, tablet PCs, and e-books.

Fig. 6 Experimental setup for validation test: (a) attachment location of electrode and (b) experimental
session.
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