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Abstract: People spend about 5-8 hours per day on phones, causing circadian disruption and
eye fatigue, thus raising a great need for comfort and health. Most phones have eye protection
modes, claiming a potential eye protection effect. To examine the effectiveness, we investigated
the color quality, namely gamut area and just noticeable color difference (JNCD), and circadian
effect, namely equivalent melanopic lux (EML) and melanopic daylight efficacy ratio (MDER),
characteristics of two smartphones: iPhone 13 and HUAWEI P30, in normal and eye protection
mode. The results show that the circadian effect is inversely proportional to color quality when
the iPhone 13 and HUAWEI P30 changed from normal to eye protection mode. The gamut
area changed from 102.51% to 82.5% sRGB and 100.36% to 84.55% sRGB, respectively. The
EML and MDER decreased by 13 and 15, and, 0.50 and 0.38, respectively, affected by the eye
protection mode and screen luminance. The EML and JNCD results in different modes show that
the eye protection mode benefits the nighttime circadian effect at the cost of the image quality.
This study provides a way to precisely assess the image quality and circadian effect of displays
and elucidates the tradeoff relationship between them.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Computers, smartphones, and tablets play an irreplaceable role in our work and life [1]. Statistics
show that by 2018, the Chinese daily smartphone usage time reached 115 mins. By 2019 and
2020, they spent 198 mins and 210 mins per day on their phones. In modern life, people are used
to looking at the electronic screen for a long time after turning off the light. Recently investigators
[2] have examined 844 subjects’ smartphone usage time before going to bed. Almost 56.3% of
subjects used smartphones within 1 hour after lights out, 9.8% used smartphones after midnight,
and 31.2% did this between these two points of time. It might cause visual and circadian issues
by using these devices for a long time. About 78% of the 2,012 people surveyed by Slep Junkie
admitted to ‘revenge sleep procrastination’, with the average time taken to fall asleep after playing
with their phones before bed averaging one hour. The use of optoelectronic devices at night
reduced the proportion of rapid eye movement [3] sleep from 23% to 14%.

At present, display technologies are used in electronic devices including liquid crystal display
(LCD) and organic light emitting diode (OLED) [4]. LCD is a liquid crystal display technology
using a light-emitting diode (LED) as the backlight source. While most mobile displays are still
LCD-based, OLEDs have been capturing a rapidly increasing share of the market [5]. Compared
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with LCD, OLED displays images based on the mixed principle of R, G, and B primary colors
in different proportions. It is a self-luminous screen with advantages such as high flexibility,
wide viewing angle, bright color, high contrast, and wide gamut [6]. It has become a hot
choice for mainstream high-end smartphones. OLED can be classified as passive matrix organic
light-emitting diode (PMOLED) and active-matrix organic light-emitting diode (AMOLED)
[7]. AMOLED originated from the Samsung company. Each pixel is equipped with a thin
film transistor with a switch. Such panels are widely used in consumer electronic products [8].
PMOLED, which has low manufacturing costs and fast response speed, is of great potential
in displaying simple microdevices. However, its disadvantages are high power consumption,
reduced life, and a limitation of product size of 5 inches [9].

Light can regulate a variety of physiological functions, such as biological rhythms, sleep,
arousal, cognition, and emotion [10], which changes with the duration, wavelength, and intensity
of light [11]. These non-visual responses originate via a specialized class of retinal neurons,
the intrinsically photosensitive retinal ganglion cells (ipRGCs) [12]. These cells have their
intrinsic sensitivity to light and combine this intrinsic melanopic input with rod and cone inputs
[13]. Since the discovery of ipRGCs, different action spectra and metrics have been proposed to
estimate the potential melanopic contribution of lighting. Lucas et al. quantified the input from
the different photoreceptor classes to non-visual systems via the α-opic metric in 2017 [14]. The
metric can be used to calculate illuminance integrated within the intrinsic spectral sensitivity
functions of rods, cones, and ipRGCs from any light spectra [15]. The frequency and duration of
using light-emitting devices after lights out will suppress the hormone of melatonin and affect
circadian health, leading to poor sleep quality, daytime sleepiness, insomnia, and other symptoms
[16]. Long-term diurnal rhythm disorder will increase the risk of chronic diseases. Therefore,
health display has a great application value for the rhythm health of the whole age population.

Manufacturers began to provide eye protection modes to filter blue light through hardware
and software techniques. The software technique reduces the blue light component by reducing
the correlated color temperature (CCT) and luminance of the screen manually [17]. This might
degrade users’ viewing experience. The hardware technique is more inclined to hardware
adjustment, by fine-tuning the LED backlight to change the peak wavelength of blue light from
450 nm to 460 nm. This method is more thorough and can filter out about 85% blue light without
causing the screen yellowing effect, but it is difficult to popularize due to its high cost [18].

So far, there have been few discussions about the effects of eye protection mode. Surveys
such as the American Lighting Research Center studied the inhibitory effect of iPad night shift
mode on melatonin in 2017 [19]. Based on the circadian stimulus model proposed by Mark
Rea et al. [20], changing the spectral composition of self-luminous displays, without changing
their luminance settings, may be insufficient for preventing impacts on melatonin suppression.
Another research conducted by Duraccio showed that the eye protection mode of the iPhone
might not improve sleep quality [21].

Although there has been some progress in eye protection research, the influence of eye
protection mode on circadian effect and image quality relation had not been studied. Does the eye
protection mode work? We made investigations of the optics characteristics of two smartphones,
the iPhone 13 and HUAWEI P30, in normal and eye protection mode. There are two primary aims.
Firstly, to investigate the non-visual effects on human rhythm and potential damage reduction in
eye protection mode. Secondly, to examine the tradeoff between the circadian rhythm effect and
image quality based on the color gamut area and JNCD approach.

2. Performance of smartphone screens

To verify whether the eye protection modes of smartphones work or not, we focus on efficiency,
blue light damage, circadian effect, and color quality performance. These performances
correspond to some parameters, luminous efficacy of radiation (LER), luminous efficacy (LE),
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blue light hazard (BLH), equivalent melanopic lux (EML), melanopic daylight efficacy ratio
(MDER), gamut, and just noticeable color difference (JNCD).

The efficiency performance is mainly determined by two parameters, LER and LE. The LER
is used to describe the efficiency characteristic of the screen on human eyes and is determined
by the spectral power distributions of the screen [22], defined as Eq. (1), where V(λ) is the
photopic vision sensitivity curve as shown in Fig. 1 and the constant Km = 683 lm/W represents
the maximum spectral luminous efficacy regarding the visual system, and the P(λ) refers to the
spectral power distributions of light emitted from a smartphone screen. The LE is normally used
as the conversion efficiency from electrical power to optical power (called radiant efficiency) [23]
and the formula is shown as Eq. (2), where Fv is luminous flux and P is the power consumed by
the light source.

LER =
Km

∫ 780
380 P(λ)V(λ)dλ∫ 780
380 P(λ)dλ

(1)

LE =
ΦV

P
(2)

Fig. 1. Response functions of human eyes to visible light. V(λ), B(λ), and Nα (λ) are the
action spectra of photopic vision, blue light hazard, and melanopic effect peaked at 555, 437,
and 490 nm, respectively.

Blue light has a relatively short wavelength and may cause potential retina damage when
reaching the exposure limit value [24]. The BLH refers to the damage to the retina caused by
400-500 nm short-wave blue light and we use the proportion of blue light RB in the range of
wavelength 400-500 nm to characterize the intensity of the BLH [25]. The calculation formula is
shown in Eq. (3). The B(λ) refers to the weighting factor function of BLH as shown in Fig. 1, and
the light in the 400 to 500 nm range takes about ∫500

400 B(λ)dλ/∫780
380 B(λ)dλ = 0.956. Therefore,

B(λ) can be approximated as 1 in the range of wavelength 400-500 nm and as 0 in the other range.
The proportion of blue light RB in the range of wavelength 400-500 nm might indicate the impact
of BLH.

RB =

∫ 500
400 P(λ)dλ∫ 780
380 P(λ)dλ

(3)

Circadian effect of light is a hot topic in the past decades, and several indexes have been
proposed, of which EML and MDER are more recognized. The EML is calculated by multiplying
the photopic illuminance by the melanopic ratio as shown in Eq. (4) [26], where Ee,λ(λ) refers
to the photopic illuminance that can be perceived by the human eye, and Nα (λ) in Fig. 1 is the
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melanopic action spectrum representing the normalized relative spectral sensitivity of the ipRGC
photoreceptor to optical radiation incident at the cornea developed by Lucas et al. [14]. The
MDER is proposed by CIE S 026 to determine the biological potential for a light spectrum to
activate melanopsin relative to visual illuminance [27]. As shown in Eq. (5) and Eq. (6), the
MDER is the ratio of the melanopic efficacy of luminous radiation (MELR) for a test source,
Kmel,v, to the MELR for D65 daylight, KD65

mel,v. The Kmel,v defines the melanopic irradiance of a
test light, Emel, divided by its illuminance, Ev. Superscript indicates the illuminant, being either
the source (empty superscript) or D65. Although EML and MDER describe similar effects, EML
is more likely to be an absolute value, and MDER is a relative value in terms of spectrum. BLH,
EML, and MDER are all related to the short wavelength part and may be highly correlated to
each other under specific conditions.

EML = 72983.25
∫ 780

380
Ee,λ(λ)Nα(λ)dλ (4)

MDER =
Kmel,v

KD65
mel,v

(5)

Kmel,v =
Emel

Ev
=

∫
Ee,λ(λ)Nα(λ)dλ

Km
∫

P(λ)V(λ)dλ
(6)

Color quality directly affects the visual perception of users, which can be measured by gamut
and JNCD. Gamut is defined as a chromaticity area surrounded by triangles, and its area represents
the color reproduction ability of display technology [28]. The standard sRGB gamut is one of the
early gamut standards based on the CIE 1931 chromaticity diagram and was used as a reference
for the variation of gamut coverage [29]. The JNCD is the smallest unit of color variance that the
human eye can distinguish [30]. JNCD offers an accurate and objective way to evaluate the color
accuracy of a display in terms of the eye’s sensitivity to color [31]. The calculation formulas are
Eq. (7) and Eq. (8), and the calculated angular color shift (∆u’v’) values are easily transformed
into JNCD [32]. When viewing the screen during the day or at night, a color shift in the case of
less than 3-4 JNCDs is not visually noticeable on a display by the human eye [33]. The gamut
area is an overall description of a display’s color quality and has been widely used, while JNCD
could measure the color quality of a given image at the pixel level.

∆u′v′ =
√︂
(u′

2 − u′
1)

2 + (v′2 − v′1)2 (7)

JNCD =
∆u′v′

0.004
(8)

3. Method

3.1. Test samples

In this study, we analyzed the data collected from iPhone 13 and HUAWEI P30. Table 1 lists the
specifications and attributes of the two smartphones. Both phones adopt the AMOLED screen
produced by Samsung or LG company, which supports a DCI-P3 gamut with ultra-high contrast
and luminance.

3.2. Measurement of spectral power distributions, corneal illuminance, luminous flux,
and power consumption of smartphone screens

Experiments were carried out in a dark room (< 5 lx at eye level) to avoid interference from
stray light. Smartphone screen is set at normal and eye protection modes and eye protection
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modes embody cold, moderate, and warm mode, respectively. As shown in Table 2, the display
luminance is kept at 100% level, four graphs white (255, 255, 255), red (255, 0, 0), green
(0, 255, 0), and blue (0, 0, 255) are displayed in sequence. A hyperspectral imaging camera
(SR-5000, TOPCON) and an illuminometer (IM-1000, TOPCON) optical measuring device were
vertically positioned at the center of the screen, 40 cm away from the screen as shown in Fig. 2.
By adjusting the integration time, the spectral data (380-780 nm, 1 nm interval) of each pixel
of the two smartphone screens were collected to form a cube image of 1.4 million resolution
(1376× 1024). These data were used to calculate the LER, BLH, CCT, and JNCD. The corneal
illuminance and spectrum at 40 cm from an observer’s view using an illuminometer were also
obtained. These data were used to calculate the EML and MDER.

There are few ways to measure the luminous flux of a smartphone screen. In this work, we
projected the screen’s light on the area with mesh segmentation and measured the illuminance
at the joint of mesh segmentation. We roughly obtain the luminous flux by integrating the
illuminance and area. A POWER-Z power detector is used to obtain the power consumption of
smartphones. Generally, the power consumption of the OLED display accounts for about 26.33%
of the smartphone’s [34]. We used these data for an estimation of the smartphone screens’ LE.

Table 1. Specifications and properties

iPhone 13 HUAWEI P30

Display technology AMOLED AMOLED

Display manufacturer Samsung /LG Samsung /LG

Screen diagonal (in.) 6.1 6.1

Frequency (Hz) 90 60

Gamut DCI-P3 DCI-P3

Display resolution 2532× 1170 2340× 1080

Pixels per inch (PPI) 460 422

Fig. 2. Measurement of spectral power distributions and corneal illuminance of smartphone
screens.
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Table 2. Real-time screen in different modes
Normal Cold Moderate Warm

iPhone 13

White

HUAWEI 
P30

iPhone 13

Red

HUAWEI 
P30

iPhone 13

Green

HUAWEI 
P30

iPhone 13

Blue

HUAWEI 
P30

4. Results and discussion

4.1. Spectral power distributions of smartphone screens

The spectral power distributions of the two smartphone screens in normal and eye protection
modes are shown in Fig. 3. All analyses and calculations are performed using Matlab 2019a.

According to the white light spectrum analysis, the peak wavelengths and full-width at
half-maximums are 623/15, 531/13, 464/15 nm for iPhone 13 and 621/35, 525/35, 456/21 nm for
HUAWEI P30. The peak wavelength of the blue light is about 460 nm, avoiding the blue light
wavelength region of 415-455 nm which may cause the atrophy of the retinal pigment epithelium
cells [22]. When changing from normal to warm eye protection mode, the blue light component
decreases from 43.69% to 14.20%, the green light component increases from 26.94% to 28.86%,
and the red light component increases from 29.37% to 56.94% for iPhone 13. The blue light
component decreases from 39.73% to 20.54%, the green light component increases from 32.65%
to 34.70%, and the red light component increases from 27.62% to 44.75% for HUAWEI P30.

4.2. Gamma correction

The gamma corrections of R, G, and B channels for iPhone 13 and HUAWEI P30 are shown
in Fig. 4. We use y= a·xγ for the R, G, and B channels to complete gamma corrections. The
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Fig. 3. Measured spectral power distributions of iPhone 13 and HUAWEI P30 in normal
and eye protection modes. The green light of HUAWEI P30 is normalized to a maximum of
1, and taken as a reference for other spectral power distributions.

Fig. 4. Sum of spectral radiances as function of gray intensity of red, green, and blue
channels. (a) iPhone 13; (b) HUAWEI P30.

y-axis represents the sum of the spectral intensities for each channel, the x-axis represents the
gray intensity from 0 to 255, parameter a is the coefficient, and γ is the gamma correction
coefficient. Typically, a display device has a gamma greater than 1.0, and the standard of the
National Television System Committee recommends a gamma of 2.2 [35]. The gamma values of
three channels for the two phones are around 2.2 with a high goodness of fit of adjusted R2 value
closing to 1.

4.3. Assessment of LER, BLH, EML, MDER, and CCT performances

The screen spectra and luminance parameters were measured using a hyperspectral imaging
camera. We calculate the LER, BLH, EML, MDER, and CCT of the two smartphones in different
modes, the data are presented in Fig. 5. It is clear that the highest luminance and blue light
spectral irradiance occur from a white screen. Any other colors are generated by removing part
of the emission from the device. The following discussion takes the white screen as an example
when the two smartphones change from normal to warm eye protection mode. The LER increases
from 279 to 300 lm/W and 282 to 309 lm/W, and the luminance decreases from 240 to 146 cd/m2

and 515 to 452 cd/m2, for iPhone 13 and HUAWEI P30, respectively. The LE increases from
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15.8 lm/W to 30.5 lm/W and from 12.4 lm/W to 21.2 lm/W for iPhone 13 and HUAWEI P30.
The LE is affected by the luminance, quantum efficiency of the chip, and light composition.

Fig. 5. Change of performances for iPhone 13 and HUAWEI P30: (a) LER; (b) RB; (c)
EML and MDER; (d) screen luminance level and EML; (e) screen luminance and EML.

As to BLH, the RB changes from 33% to 10% and 29% to 14% for iPhone 13 and HUAWEI
P30. The RB decreases by 23% and 15% for the two smartphones, respectively. As is suggested,
the lower the RB the safer for the human eye. From the above analysis, eye protection mode can
reduce the amount of blue light to some extent.

In this section, the EML is calculated from the corneal spectrum. The EML decreases from
17 to 4 and 32 to 17 for iPhone 13 and HUAWEI P30, respectively. Schlangen et al. proposed
and modeled a sigmoidal relation between melatonin suppression and melanopic illuminance
[36]. They revealed that melatonin suppression is predicted to be 10%, 50%, and 90% melatonin
suppression occurring at 1.5 EML, 21 EML, and 305 EML, respectively. According to this
model, melatonin suppression drops from about 46% to 21% and 57% to 46% for iPhone 13 and
HUAWEI P30, namely a 25% and 11% decrease, respectively. Activating the eye protection mode
reduces melanopic illuminance may benefit the secretion of melatonin. The EML content in
smartphone displays has been shown not only to suppress melatonin but also to induce circadian
phase-shifting and impact sleep and alertness. The EML of displays should be lowered as much
as possible from the perspective of reliving the circadian rhythm effect at nighttime.

We use CIE S 026 α-opic toolbox [37] to calculate the MDER. When changing from normal
to eye protection mode, the MDER decreases from 1.06 to 0.56 and 1.02 to 0.64 for iPhone 13
and HUAWEI P30, respectively. This result is attributed to the spectral sensitivity of melatonin
which is more sensitive to short wavelengths (in the region of blue). Light emission with spectral
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content which is rich in short wavelength radiation inhibits the secretion of melatonin, thus
boosting alertness. By definition, MDER is normalized to 1 for the reference illuminant D65
[38] and the MDER of both two smartphones dropped below 1, which reflected the difference
between the observed smartphone’s screen light and D65. A higher MDER value indicates the
light source’s higher capability to stimulate the ipRGC [39]. The eye protection modes have a
beneficial effect on the nighttime human circadian rhythm.

Screen luminance has a great impact on EML and we analyze the relationship between EML
and screen luminance in normal mode as shown in Fig. 5(d). Section 4.2 have verified that gamma
values for both two smartphones are close to 2.2. When the screen luminance changes from 0%
to 100% level, the EML increases from 0.04 to 17 and 0.5 to 32, and, melatonin suppression
increases from about 1% to 46% and 5% to 57%, for iPhone 13 and HUAWEI P30, respectively.
A low screen luminance may be better for avoiding adverse impacts on melatonin secretion and
circadian system. However, it is expected that low luminance settings are more likely to cause eye
fatigue [40]. Zhou et al. proposed that screen luminance levels should be in 20.63-75.15 cd/m2

to obtain optimal subjective feelings of visual fatigue and visual comfort during the evening
[41]. Thus, the suitable screen luminance range at night is 15%-60% level and 5%-30% level,
and, the melatonin suppression changes [36] from 6% to 18% and 8% to 22% for iPhone 13 and
HUAWEI P30, respectively.

When the screen luminance changes from 0% to 100% level as shown in Fig. 5(d), the
luminance of HUAWEI P30 (11-515 cd/m2) is much higher than that of iPhone 13 (2-234 cd/m2)
and the EML of HUAWEI P30 is generally high. Taking the screen luminance range of iPhone
13 as a reference, we compare the EML of the two phones in the same luminance range as shown
in Fig. 5(e). When the screen luminance changes from 2 to 234 cd/m2, the EML increased from
0.04 to 17 and 0.5 to 13, and, the melatonin suppression [36] increases from about 1% to 46%
and 5% to 42%, for iPhone 13 and HUAWEI P30, respectively. The iPhone 13’s low EML is
mainly attributed to low screen luminance.

From the normal to warm eye protection mode, the decrease of blue light component leads
to a decrease of CCT. The CCT changes from 6534 to 2762 K for iPhone 13, and from 6389 to
3500 K for HUAWEI P30, respectively, as shown in Fig. 6. Shamsul et al. proposed that the
3000-5500 K range is the intermediate CCT with a soft light line. If it is too high or low, it will be
bluish or yellowish [42]. People prefer warm colors and bright lighting and the most comfortable
and relaxed light situation was at 3000 K with warm color [43]. Thus, the warm eye protection
mode may bring comfort.

Fig. 6. CCT representation in CIE 1931 XYZ chromaticity diagram.
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4.4. Properties of gamut and color drift

The color gamut of the two smartphones in the CIE 1931 chromaticity diagram is shown in
Fig. 7(a)-(b). As described in Fig. 7(c), in different modes, the gamut area changes are 102.51%,
102.41%, 99.46%, and 82.50% sRGB for iPhone 13, and 100.36%, 94.02%, 91.79%, and 84.55%
sRGB for HUAWEI P30. The gamut decreases with the increase of eye protection mode level.

Fig. 7. Variation of color gamut and drift of red, green, and blue chromaticity points in CIE
1931 chromaticity diagram in normal and eye protection modes of (a) iPhone 13, and (b)
HUAWEI P30; (c) the change of gamut area of two smartphones in different modes.

When the two smartphones change from normal to warm eye protection mode, the red, green,
and blue chromaticity points all drifted in the CIE 1931 chromaticity diagram. There is a great
deviation in green, and blue color, and a small deviation in red color. The degree of deviation
directly affects the color accuracy.

4.5. Evaluation of image quality and EML/MDER

Compared with the original test image, we analyze the color changes of each pixel in the test
image and EML/MDER under different display settings. Test images are from a public image
database that has been used in over 100 studies [44].

The real-time images displayed in normal and warm eye protection mode for iPhone 13 and
HUAWEI P30 are shown in Fig. 8(a)-(b). Taking the original image (Fig. 8(c)) as a reference, we
calculate the JNCD of displayed at each pixel in both normal and warm eye protection modes, as
shown in Fig. 8(d)-(e). It can be seen that the average JNCD of these two smartphones in normal
mode is less than 4. However, in the warm eye protection mode, the average JNCD reaches about
22 for iPhone 13 and 13 for HUAWEI P30. Figure 9(a)-(b) shows the chromaticity change of
each pixel in the test image of the two smartphones in different modes in the more uniform color
CIE 1976 u’v’ chromaticity diagram. The original image gamut is used as a reference for the
variation of gamut coverage. In normal and warm eye protection modes, the gamut area changes
from 80.59% to 39.31% for iPhone 13, and from 83.05% to 52.33% for HUAWEI P30. The
JNCD is positively correlated with the level of eye protection mode, and the larger the JNCD
is, the greater the deviation of the chromaticity value of each pixel, and the worse the image
quality is. This suggests that JNCD can be used as a good index for evaluating the real-time
image quality reduction when viewing phones.

We also analyze the relationship between EML/MDER and test image quality (average JNCD)
of two smartphones, as shown in Fig. 9(c). As the eye protection mode level rises, the average
JNCD increases from 3.8 to 22 and 3 to 13 for iPhone 13 and HUAWEI P30. The EML decreases
from 4.7 to 1.3 and 14 to 8, and, the MDER drops from 0.9926 to 0.4402 and 0.9507 to 0.6438,
respectively. The higher the level of eye protection mode, the lower the EML and MDER, the
larger the JNCD, and the worse the image quality.
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Fig. 8. Image display in normal and warm eye protection mode for (a) iPhone 13, and (b)
HUAWEI P30; (c) original image of 384× 512 px; JNCD in normal and eye protection mode
for (d) iPhone 13, and (e) HUAWEI P30.

Fig. 9. The chromaticity distribution of each pixel changes in original, normal, and warm
eye protection mode for (a) iPhone 13, and (b) HUAWEI P30; (c) the relationship between
EML/MDER and image quality.

In general, the eye protection modes of the iPhone 13 and HUAWEI P30 have positive effects
at nighttime in terms of blue light damage, circadian effect, and energy consumption as shown
in Table 3. However, the color quality decreases with the eye protection level. The results
show that the percentage of short wavelength reduces and luminous efficacy improves in the eye
protection modes. As to the circadian effect, because EML is proportional to luminance level,
we choose the relative value MDER which is not affected by luminance for comparison. The
MDER decreases, but JNCD increases with the increase of the eye protection level. This shows
that the eye protection mode benefits the nighttime circadian effect at the cost of the color quality
performance. The iPhone 13 may perform better in luminous efficacy, while the HUAWEI P30
can reach a higher luminance level. In the warm eye protection mode, iPhone 13 performs better
at blue light damage and circadian rhythm performance but worse at color quality than HUAWEI
P30. A good eye protection mode requires a comprehensive optimization on both the circadian
effect and color quality. There are still a lot of work to reach a better effect for these phones.
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Table 3. LER, LE, luminance, RB, MDER, and JNCD in different modes for iPhone 13 and HUAWEI
P30.

iPhone 13 HUAWEI P30

Normal Cold Moderate Warm Normal Cold Moderate Warm

LER (lm/W) 279 284 301 300 282 299 303 309

LE (lm/W) 15.8 16.2 24.2 30.5 12.4 13.9 16.3 21.2

Luminance (cd/m2) 240 228 192 146 515 513 507 452

RB (%) 33 30 20 10 29 23 22 14

MDER 1.06 1.01 0.74 0.56 1.02 0.87 0.82 0.64

JNCD 3.8 4.5 10.2 22 3 5.1 8.1 13

5. Conclusions

In this study, we evaluate the efficacy, blue light damage, circadian effect, and color quality of
two smartphones, iPhone 13 and HUAWEI P30, in normal and eye protection mode. We can
reach the following conclusions.

Firstly, the eye protection mode of the two smartphones is realized by changing the screen spectra
and luminance. Screen luminance and the blue light components in the spectra gradually decrease
with the increase of eye protection mode level, which reduces the damage of blue light radiation
to eye health to a certain extent. Secondly, the BLH, EML, MDER, and CCT characteristics
all decrease when changing from normal to eye protection mode of two smartphones. The
eye protection mode mainly minimizes the light impact on melatonin suppression by reducing
melanopic illuminance. Lastly, both the gamut and JNCD are good indicators to evaluate the
effect of eye protection mode on image quality. The color gamut could indicate the color of
a phone that could present in a given mode, while the JNCD could indicate the color quality
of a given image. The higher the level of eye protection mode, the larger the JNCD, the more
significant the color difference, and the worse the image quality.

The red, green, and blue light components of the spectrum and the change of luminance are
related to the phone model. When changing from normal to eye protection mode, the blue
light ratio decreased to 23% for the iPhone13, and 15% for the HUAWEI P30. The luminance
decreased by 94 cd/m2 for iPhone 13, and 63 cd/m2 for HUAWEI P30. Differences in the
adjustment mechanism might affect the effectiveness of the eye protection mode. In summary,
the eye protection mode benefits circadian rhythm at night and reduces blue light damage to a
certain degree, but at the cost of image quality. Our work for the first time quantifies the light
impact on the circadian rhythm and image quality reduction. The work elucidates the tradeoff
between the circadian effect and image quality and may greatly improve the display in a healthier
and more eye-friendly way. From this study, although the eye protection modes of these two
phones work, they lack of a better optimization strategy. None of these phones have intuitive and
friendly user interfaces for adjustments and presentation of optics characteristics. Optimizations
are required regarding color quality and circadian effect, and optimization strategy should be
adapted to a change of the displayed images.

There are still some limitations in this work. Firstly, the experiment is carried out in a
completely dark room, and the ambient light is not involved. Secondly, users viewing time and
dose are not included in this work.
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