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Abstract 
Recent study in vision science has shown that blue light in a certain 
frequency band affects human circadian rhythm and impairs our 
health. Although applying a light blocker to an image display can 
block the harmful blue light, it inevitably makes an image look like 
an aged photo. In this paper, we show that it is possible to reduce 
harmful blue light while preserving the blue appearance of an 
image. Moreover, we optimize the spectral transmittance profile of 
blue light blocker based on psychophysical data and develop a color 
compensation algorithm to minimize color distortion. A prototype 
using notch filters is built as a proof of concept. 

Keywords: computational display, blue light, vision science 

Concepts: • Human-centered computing ~ Displays and 
imagers; Computing methodologies ~ Image processing; 
Applied computing ~ Consumer health; Applied computing 
~Psychology; 

1  Introduction 

We are exposed to electronic displays day and night nowadays, but 
this may not be good for our health. Scientists have found numerous 
evidences showing that exposing to blue light emitted from the 
display during nighttime greatly affects our circadian clock and can 
do serious harm to our health. For example, it has been shown that 
using electronic displays at night prolongs the time needed to fall 
asleep [Chang et. al 2015] and that exposing to blue light at night 
may be related to the causation of breast cancer [Stevens et al. 2009] 
and obesity [Stevens et al. 2007]. Many other studies also pointed 
to the same conclusion that blue light has adverse health effects 
[Harvard 2012]. 

One may reduce the blue light by placing a frequency-selective 
light blocker in front of the display [Lely et al. 2014] or using an 
app to suppress the intensity of blue pixels. However, as illustrated 
in Fig. 1(b), a blue light blocker can easily destroy color fidelity, 
because the elimination of blue light causes the hue of the image to 
bias towards red and yellow. 

Therefore, we ask two fundamental questions: 

 Is it possible at all to remove the harmful blue light without
affecting color fidelity?

 If it is possible, what is the optimal way?

In this paper, we address these questions and propose an effective 
solution. Our approach is motivated by the research findings about 
the cause of blue light related disorders. Vision scientists believe 
that such disorders are closely related to a newly discovered light 
sensitive cell called “intrinsically photosensitive retinal ganglion 
cell” (ipRGC) on our retina [Berson et al. 2002]. Unlike ordinary 
ganglion cells, ipRGC has its own photopigment that can be 
triggered by light, similar to the cone and rod [Berson et al. 2002; 
Zaidi et. al 2007]. It has been shown that our circadian clock has to 
do with the ipRGC response, which can impair our health if it is too 
strong [Berson et al. 2003].  

To reduce harmful blue light without degrading the blue image 
appearance, we create a metameric match of the input light 
spectrum such that the compensated spectrum results in a color 
sensation nearly identical to the original spectrum but induces 
minimal ipRGC response. Fig. 2 shows the spectral sensitivity 
profile of the ipRGC obtained by vision scientists [Dacey et al. 
2005; Gamlin et al. 2007] and the three CIE 1931 color matching 
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Figure. 1: Applying a blue light blocker to a display panel introduces image color distortion. Specifically, the hue of the image is biased towards red and 
yellow, as shown in (b). The proposed approach blocks the harmful blue light while preserving the image color appearance, as shown in (c). The emission 
spectra of the display at points A and B are shown in (d) and (e), respectively. The color of B is identical to A, but the spectrum of B has nearly zero power in 
the sensitive band of the ipRGC, a newly discovered light sensitive cell that suppresses the secretion of melatonin. 
 

Figure. 2: The spectral sensitivity profile of ipRGC and the three CIE 1931 
color matching functions. 
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functions. We can see that the peak of the ipRGC sensitivity profile 
deviates from those of the three matching functions, suggesting that 
it is possible to preserve the color sensation while reducing the 
ipRGC response.  

The importance of this work cannot be overstated because most 
existing displays that we use every day contain a light source that 
emits blue light. Fig. 3 shows the emission spectra of a cold cathode 
fluorescent lamp (CCFL), a white light-emitting diode (WLED), 
and an organic light-emitting diode (OLED). We can see that the 
spectral power density of these light sources is non-zero near 482 
nm, which is the most sensitive frequency of ipRGC. Since these 
light sources are widely employed in desktop monitors, televisions, 
smart phones, and tablet computers that are indispensable in our 
lives, a solution that minimizes the harm without degrading user 
experience is valuable.  
Our main contributions are summarized as follows: 

 We show that it is possible to preserve the blue image 
appearance and reduce the harmful blue light. 

 Based on the spectral sensitivity profile of ipRGC, we provide 
a theoretical foundation for the design of a frequency-selective 
light blocker that maximizes the display gamut and blocks the 
blue light in the most harmful frequency band. 

 Our color compensation method compensates for the color 
distortion caused by a blue light blocker. 

 We realize a proof-of-concept prototype and show that it 
indeed reduces the harmful blue light without introducing 
color distortion. 

 
2  Background 
 
The blue light sensitive cell ipRGC has profound impact on our 
health. To help understand what “harmful blue light” means, we 
provide a brief review of the spectral and psychophysical properties 
of ipRGC. To help understand why it is possible to preserve the 
color appearance of an image in the absence of a blue frequency 
band in the light spectrum, we discuss the basic theory about color 
perception; that is, how a light spectrum is perceived by our brain. 
Specifically, we discuss the condition under which two distinct 
light spectra result in identical color sensation. The information 
discussed in this section serves as the basis of our approach. 

ipRGC  Not all blue lights are equally harmful. Recent research in 
vision science [Berson et al. 2002] has revealed that there are 
actually two kinds of blue light sensitive cells in our eyes, namely, 
the ipRGC and the S-cone that is responsible for our perception of 
the color “blue.” Interestingly, although ipRGC and S-cone are 
both sensitive to blue light, their most sensitive frequencies differ. 
Specifically, the peak of the spectral sensitivity of ipRGC is 

approximately at 482nm (Fig. 2) [Dacey et al. 2005; Gamlin et al. 
2007], while that of S-cone is at around 440nm (or lower, 
depending on its adaptation state). This gap implies that, although 
both are perceived as “blue,” the light with a frequency closer to 
440nm actually induces less ipRGC response compared to the light 
with a frequency closer to 482nm. In this paper, we define the 
“harmful blue light” as the light with frequency close to the peak 
frequency of ipRGC. Although light in some other frequency bands 
may also be harmful to our health (e.g. macular degeneration, 
cataract, etc.), we only focus on the frequency band of ipRGC 
response in this paper. It should be clear that the proposed approach 
can be applied to deal with other frequency bands. 

Why does ipRGC response impair our health? It is all about the 
melatonin─a hormone in our body. Melatonin is also known as the 
“hormone of darkness” and is usually produced at night by the 
pineal gland. It improves our sleep quality. Scientists believe that 
ipRGC response suppresses the secretion of melatonin. Therefore, 
they suggest that we avoid exposing to the particular band of blue 
light that induces ipRGC response at nighttime. Further study show 
that exposure to blue light in the evening prolongs our circadian 
cycle and decreases our alertness in the next morning [Chang et al. 
2015] and that inappropriate exposure to blue light is related to 
seasonal affective disorder [Roecklein et. al. 2009], breast cancer 
[Stevens et al. 2009], and obesity [Stevens et al. 2007]. 

Unlike the cone and rod [Wanat et al. 2014], the ipRGC barely 
adapts to the viewing condition [Wong et al. 2012]. It works just 
like a photon counter, meaning that its response is approximately 
proportional to the power of the input light. This property allows us 
to directly focus on the spectral power of the light and ignore the 
other factors (such as viewing condition) that determine the 
adaptation level of the eyes. In addition, ipRGC is distributed 
evenly throughout the retina [Galindo-Romeroa et al. 2013]. This 
property allows us to ignore the position of the image on retina 
when computing the ipRGC response. 

Metamerism  In colorimetry, metamerism is a perceived matching 
of colors that appear to be identical but in fact have different 
spectral power distributions. Such colors are called metamers 
[Miyazaki et al. 2012]. This can be understood by noting that color 
is a subjective psychological phenomenon, and hence the 
perception of a color is dissociated from the physical spectrum of 
the color. In other words, color is a feature of the visual perception 
of an observer, not a property of the light spectrum [Morovic 2008]. 

Mathematically speaking, the light spectrum is a function on ℝ1. It 
has infinite degrees of freedom, because the spectral power of the 
light at any frequency (a real number) can have its own value. 
However, there are only three types of cone cells on human retina. 
Consequently, there must exist multiple spectra that induce 
identical cone response and hence identical color sensation. If two 
different spectra result in identical color sensation, they are referred 
to as a “metameric match” of each other.  

 
Figure. 3: The emission spectra of a cold cathode fluorescent lamp 
(CCFL), a white light-emitting diode (WLED), and an organic light-
emitting diode (OLED). 

 
Figure. 4: The ratio of the CIE 1931 color matching functions to the 
spectral sensitivity profile of ipRGC. 
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According to the color matching experiment performed in 1931 
[Smith et al. 1931], two spectra I1(λ) and I2(λ) are a pair of 
metameric matches if 
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where 𝑥𝑥(λ), 𝑦𝑦(λ) and 𝑧𝑧(λ) are constant functions called the color 
matching functions and shown in Fig. 2.  
 
3  Our Approach 
 
This work aims at blocking the harmful blue light without changing 
the image color appearance. Although these two objectives seem 
contradictory to each other at the first glance, we show that they 
can be achieved at the same time.  

Our main idea is to replace the spectrum of an image by a 
metameric match that induces the minimum ipRGC response. This 
is possible because the correlation between the spectral sensitivity 
profile of ipRGC and the XYZ color matching functions is 
adequately low (see Fig. 2). Although the spectral sensitivity 
profile of ipRGC is close to 𝑧𝑧(λ), its peak deviates from that of 𝑧𝑧(λ). 
We plot in Fig. 4 the ratio of 𝑥𝑥(λ), 𝑦𝑦(λ) and 𝑧𝑧(λ) to the spectral 
sensitivity profile m(λ) of ipRGC. It can be seen that the ratio 
𝑧𝑧 (λ)/m(λ) has a peak value larger than 1 near 430nm. This 
observation suggests that, if the spectral power of the metameric 
match is more concentrated at 430nm, the ipRGC response can be 
better reduced. 

Despite the above observation, directly manipulating the emission 
spectrum of a display is usually not possible because the spectra of 
the primaries in most existing displays are fixed. To make our 
solution practical, we combine a passive frequency-selective light 
blocker together with a color compensation algorithm.  
 
4  Blue Light Blocker 
 
In this section, we describe the design of the blue light blocker. We 
first derive the representation of display gamut volume and the 
expected ipRGC response as functions of the blocker’s spectral 
transmittance and then formulate the design of the blocker as an 
optimization problem. 

Display gamut volume  Given the linearized RGB value (R, G, 
B)∈[0, 1]×[0, 1]×[0, 1] (× denotes Cartesian product) of a pixel, 
the emission spectrum d(λ) at the pixel can be described by 

)()()()( λλλλ BbGgRrd ++= ,                        (2) 

where r(λ), g(λ), and b(λ) are the spectra of the three corresponding 
display primaries [Shih et al. 2016; Lindbloom 1989]. Let F(λ) 
denote the spectral transmittance profile of the blue light blocker. 
Then, the emission spectrum after applying the light blocker is 
F(λ)d(λ). 

Next, we derive the relation between the RGB value and the 
resulting XYZ value. For the ease of expression, we define the 
inner product of functions by 
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With this notation, the resulting XYZ value is derived as follows 
(we omit λ to keep the equations neat): 
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where 𝑥𝑥(λ), 𝑦𝑦(λ), and 𝑧𝑧(λ) represent the CIE 1931 color matching 
functions, and HF denotes the transfer matrix from the linearized 
RGB domain to the XYZ domain. The subscript F is added to 
specify that the transfer matrix is determined by the spectral 
transmittance profile F(λ) of the light blocker.  

Having derived the relation between the XYZ value and the RGB 
value, we are now ready to derive the display gamut volume. By 
definition, the display gamut D is the set of all displayable XYZ 
values. That is,  

}1,,0|),,{( ≤≤= BGRZYXD                      (5) 

Considering (4) and (5) together, we obtain the volume of D in the 
XYZ space,  

. det FD H=                                      (6) 

Expected ipRGC response  Consider again the spectral sensitivity 
profile m(λ) of ipRGC. The ipRGC response I induced by the 
spectrum F(λ)d(λ) can be expressed by 
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Here we take the gray-world assumption that the expected value of 
R, G, and B are equal. Then, the expected ipRGC response is 
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Therefore, to lower the ipRGC response, it is desirable that the 
norm of vF is as small as possible.  

Optimizing the objective function  Considering (6) and (8) 
together, we formulate the design of blue light blocker as a 
constrained optimization problem, 

 ( ) ( ){ }
, ]nm700 ,nm400[  ,1)(0 subject to

 ,  det minarg 6 

2
2

)(

∈∀≤≤

+−

λλ
λ

F

w FIF
F

vH  (9) 

where wI is the weight assigned to the ipRGC response term. Note 
that we replace the L1-norm in (8) with an L2-norm to simplify the 
computation. Also note that we add the sixth power of the ipRGC 
response to the cost function to balance the first term, which is the 
square of the volume of a three-dimensional gamut. We solve (9) 
iteratively using the gradient descent method and handle the 
constraints by projecting the solution onto the boundary of the 
feasible region in each iteration. 
 
5  Color Compensation 
 
We describe the color compensation algorithm in detail in this 
section. The main concept behind the algorithm is as follows: If a 
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pixel falls within the display gamut, its XYZ value is preserved; 
otherwise, we preserve its chroma and hue while compressing its 
lightness. 

Let (Ro, Go, Bo) denote the RGB value of an arbitrary pixel in the 
input image. To recover the color of the original image, it is 
required that the compensated RGB value (Rc, Gc, Bc), when 
shown on the display with a light blocker, result in an XYZ value 
identical to the original pixel. That is, we want (Rc, Gc, Bc) to be 
as close as possible to 

 [ ] ,  Τ 1
oooF BGRHH−                              (10) 

where H represents the transfer matrix from the RGB space to the 
XYZ space of the display without a light blocker, 
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However, the resulting RGB value obtained through (10) may not 
be in the range [0, 1] for some pixels, indicating that a perfect XYZ 
match is not possible due to the limited display gamut size.  

To deal with such out-of-gamut pixels, we compute their in-gamut 
match (Rc, Gc, Bc) with identical hue and chroma but a compressed 
lightness. Specifically, we adopt the CIE L*C*h* color space to 
represent the perceptual attributes of lightness, chroma, and hue for 
its uniformity [Fairchild, 2005; Shapira et al. 2012]. Let Λ(·) denote 
the transformation from the XYZ space to the L*C*h* space. The 
LCh value (Lo, Co, ho) of the original image is then obtained by 

[ ] [ ] ). ( T T 
oooooo BGR ΛhCL Η=              (12) 

Next, we compute the lightness scaling ratio K and the 
compensated RGB value (Rc, Gc, Bc) by 
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where  
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This way, the compensated RGB value (Rc, Gc, Bc) is guaranteed 
to be within the display gamut. 1 
 
6  Experimental Results 
 
In this section, we describe the experiments conducted to evaluate 
the proposed approach and show the results. Specifically, two 
experiments are conducted: One evaluates the blue light blocker 
described in Sec. 4, and the other evaluates the performance of the 
color compensation algorithm described in Sec. 5. 
 
6.1  Optimized Blue Light Blocker 
 
In this experiment, we optimize the spectral transmittance profile 
of the blue light blocker using the method described in Sec. 4. The 
emission spectra of the RGB primaries r(λ), g(λ), and b(λ) of the 
ASUS PA246Q liquid crystal display (LCD) adopted in our 
experiment are measured with an PR-655 spectroradiometer, and 
the gamma values are estimated with a Laiko DT-101 colorimeter. 
The measured spectra of the RGB primaries are shown in Fig. 5. 

Spectral transmittance  Fig. 6 shows the spectral transmittance 
profile of the optimized blue light blocker. We can see that it is a 
notch filter and the stopband extends approximately from 450nm to 
525 nm. Note that the stopband covers the most sensitive band of 

 
Figure. 5: The emission spectra of the three primaries of the ASUS 
PA246Q liquid crystal display adopted in our experiment. 

 
Figure. 6: The resulting spectral transmittance profile of the optimized 
blue light blocker. 

  
(a)                                                   (b)  

Figure. 7: The display gamut before and after applying the optimized blue 
light blocker plotted in (a) the XYZ space and (b) the xy space. 

 
Figure. 8: Illustration of (Ro, Go, Bo), (Rd, Gd, Bd), (Rc, Gc, Bc), and  (Rs, Gs, 
Bs) using an example. The subscript “o” denotes original image, “d” 
denotes distorted image, “c” denotes compensated image, and “s” denotes 
compensated image displayed with a blue light blocker. 

1 Patent pending. 
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the ipRGC centered at 482nm as expected. This blue light blocker 
reduces the expected value of the ipRGC response (8) by 62.6%. 

Display gamut  Fig. 7 shows the display gamut before and after 
applying the optimized blue light blocker. In the three-dimensional   
(3D) XYZ space shown in Fig. 7(a), the gamut volume after 
applying the blocker is 34.3% of the original gamut. However, 
contrary to the dramatic shrinkage of the 3D gamut, we can see in 
Figs. 7(b) that the area of each gamut in the two-dimensional (2D) 
xy space is approximately the same. In fact, the area of the gamut 
after the blocker is applied is even slightly larger (101.4%) than that 
of the original one. This result suggests that, although the light 
blocker reduces the maximum luminance of the display, it only 
slightly changes the range of chroma and hue. 
 
6.2  Color Compensation 
 
In this experiment, we compensate for the color distortion caused 
by the optimized blue light blocker described in Sec. 6.1 using the 
proposed compensation algorithm. This experiment consists of two 
parts. In the first part, uniform color patches are used as input. In 
the second part, natural images are used as input. 

The results should be evaluated on an electronic display instead of 
a printout. Since the reader may not have a physical blue light 
blocker when evaluating the results, we simulate the appearance of 
the distorted image using the estimated display parameters. 
Specifically, the RGB value (Rd, Gd, Bd) of the distorted images 
and the RGB value (Rs, Gs, Bs) of the compensated images are 
generated by setting 

[ ] [ ]T T  oooFddd BGRBGR HH =                  (15) 

and 

[ ] [ ] .  T T 
cccFsss BGRBGR HH =                (16) 

An illustration of the image notations used so far is given in Fig. 8. 

Color patches  In this part of the experiment, we apply our 
compensation algorithm to all 224 colors in the 8-bit RGB space and 
compute their average color difference, chromatic difference, and 
the reduction rate of ipRGC response relative to the original image 
without blue light blocking. The CIE L*C*h* color difference ∆𝐸𝐸𝑎𝑎𝑎𝑎∗  
and the chromatic difference ∆𝐶𝐶𝑎𝑎𝑎𝑎∗  are defined by 

,222* hCLEab ∆+∆+∆=∆                         (17) 

,22* hCCab ∆+∆=∆                              (18) 

where ∆L, ∆C, and ∆h, respectively, represent the difference of 
lightness, chroma, and hue. Our experimental results show that the 
average ∆𝐸𝐸𝑎𝑎𝑎𝑎∗  is 10.2, the average ∆𝐶𝐶𝑎𝑎𝑎𝑎∗  is 2.8, and the average 
ipRGC reduction rate is 50.3%. In comparison, the average ∆𝐸𝐸𝑎𝑎𝑎𝑎∗  
and ∆𝐶𝐶𝑎𝑎𝑎𝑎∗  without compensation are 31.1 and 29.4, respectively. 
Therefore, our compensation method reduces 67.2% of the CIE 
L*C*h* color difference and 90.5% of the chromatic difference. The 
average ∆𝐸𝐸𝑎𝑎𝑎𝑎∗  is higher than the average ∆𝐶𝐶𝑎𝑎𝑎𝑎∗  due to the fact that 
our compensation strategy attempts to compress the lightness of 
out-of-gamut pixels while preserving their hue and chroma. 

For the reader to have a good feel of the performance of our color 
compensation method, we show eighteen sample colors in Fig. 9. 
It can be seen that the compensated colors are almost 
indistinguishable from the original ones. To illustrate the effect of 
our color compensation algorithm on the ipRGC response, we show 
in Fig. 10 the spectra of three sample colors (the 6th, 12th, and 18th 
color from the left in Fig. 9). We can see that the compensated 
spectra have extremely low power near the most sensitive band of 
ipRGC.  

Natural images  In this part of the experiment, we apply our color 
compensation algorithm to natural images. The compensated 

 
Figure. 9: The original color patches (top), the distorted ones after applying the light blocker (middle), and the compensated results (bottom). 

 
Figure. 10: The original and compensated spectra of three sample colors. The original spectra are emitted from the display without any light blocker, and 
the compensated spectra are adjusted by our compensation algorithm and are emitted from the display with the optimized blue light blocker. The reduction 
percentage of ipRGC response is shown on the figure. 
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images and the ipRGC reduction rate, respectively, are shown in 
Figs. 11 and 12. We can see that dark and middle-toned colors (e.g. 
see the statue and the brick wall areas) are well preserved. In 
addition, for bright colors (e.g. the specular highlight on the sphere 
in the statue image, the white helmet and mudguard in the bike 
image, etc.) that cannot be perfectly preserved due to the limited 
display gamut, our method can still preserve the hue and chroma 
very well and make the compensated images appear similar to the 
original ones. Finally, it should be noted that the ipRGC response 
is reduced for all pixels whether they are within the gamut or not. 
 
7  Prototype 
 
A prototype display is implemented to validate our idea. In this 
section, we describe the prototype and evaluate its performance. 

 

7.1  Optical Notch Filter 
 
As pointed out in Sec. 6.2, an optical notch filter is needed in our 
prototype. A perfect notch filter that matches our specifications is 
difficult to find. Most off-the-shelf notch filters have a much 
narrower stopband. Therefore, in our prototype we cascade two 
notch filters with stopbands centered at 488nm and 514nm, as 
shown in Fig. 13(a). The spectral transmittance profile of the 
resulting light blocker is shown in Fig. 13(b). The experimental 

 
Figure. 11: The compensated results for eight natural images. The first row shows the original images, the second row shows the distorted images, and the 
third row shows the compensated images. 

 
Figure. 12: The ipRGC reduction percentage for the eight natural images shown in Fig. 11. 

 
Figure. 13: (a) The spectral transmittance profile of the two notch filters 
we adopt in the prototype. (b) The spectral transmittance profile of the 
light blocker constructed by concatenating the two notch filters. 

  
(a)                                                      (b) 

Figure. 15: (a) The setup of the experiment described in Sec. 7.2. (b) An 
example image captured with the light blocker. 

  
Figure. 14: (Left) The light blocker consisting of two cascaded optical 
notch filters. (Right) The light blocker is mounted on a holder and placed 
in front of an LCD. 
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setup is shown in Fig. 14, where the light blocker is placed in front 
of an LCD and each notch filter is 25mm in diameter. To see the 
displayed image through the blocker, a user needs to hold the 
blocker near the eyes. 
 
7.2  Evaluation 
 
Effect of Non-optimized Filters  The spectral transmittance profile 
of the light blocker used in the prototype is not exactly the same as 
that of the optimized light blocker. First, it does not completely 
block the light in the 450nm–476nm band. Second, it has a narrow 
passband centered at 501nm as a result of the gap between the 
stopbands of the two notch filters. Third, the transmittance in the 
passband is approximately 87% rather than 100%. In the following, 
we investigate the impact of these differences on the ipRGC 
reduction rate and color quality.  

Similar to the experiment in Sec. 6.2, we examine the average 
ipRGC response reduction rate, CIE L*C*h* color difference ∆𝐸𝐸𝑎𝑎𝑎𝑎∗ , 
and the chromatic difference ∆𝐶𝐶𝑎𝑎𝑎𝑎∗  to evaluate the color quality of 
the prototype. The ipRGC response reduction rate is derived from 
the emission spectra measured by a spectroradiometer, while ∆𝐸𝐸𝑎𝑎𝑎𝑎∗  

and ∆𝐶𝐶𝑎𝑎𝑎𝑎∗  are calculated using the XYZ values measured by a 
colorimeter. Experimental results show that the average ipRGC 
response reduction rate of the prototype is 42.9%. In comparison, 
the average ipRGC reduction rate of the optimized light blocker is 
50.3% (see Sec. 6.2). The difference is 7.4%. On the other hand, 
the average ∆𝐸𝐸𝑎𝑎𝑎𝑎∗  and ∆𝐶𝐶𝑎𝑎𝑎𝑎∗  of the prototype are 9.6 and 3.0, 
respectively. For the optimized light blocker, ∆𝐸𝐸𝑎𝑎𝑎𝑎∗  and ∆𝐶𝐶𝑎𝑎𝑎𝑎∗  are 
10.2 and 2.8, respectively. We can see that although the prototype 
has a slightly larger chromatic difference, it has a lower color 
difference. The lower color difference is due to the existence of the 
450nm–476nm passband, which allows a slight amount of 
additional blue light to pass through. 

Image quality  To demonstrate the image quality of the prototype, 
we capture images displayed on the prototype by a Canon EOS 7D 
Mk. II digital camera. In the capturing process, we place the light 
blocker right in front of the camera, as shown in Fig. 15(a). Without 
color compensation, the displayed image suffers severe color 
distortion, as illustrated in Fig. 15(b). 

Because the spectral sensitivity of the camera is different from the 
XYZ color matching functions of the human visual system, we first 
calibrate the display-camera system using the technique developed 

 
Figure. 16: The original, distorted, and compensated images displayed on our prototype. All images are captured with a digital camera. 

   
(a)                                                                                         (b)                                                             (c)  

Figure. 17: (a) The spectral transmittance profiles of the light blockers obtained by setting WI to various values in (11). (b) The resulting normalized gamut 
volume as a function of WI used to generate the light blocker. (c) The expected value of normalized ipRGC response as a function of the weight WI. 
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for projector-camera systems [Liu et al. 2015] and then perform 
color compensation by substituting the matrices HF and H, 
respectively, with the color mixing matrix obtained with and 
without the light blocker. 

During the capturing process, the auto white balance function is 
turned off, and all camera parameters (exposure time, aperture size, 
ISO, white point, etc.) remain fixed. The compensated results for 
45 test images are shown in Fig. 16. We can see that, although the 
compensated images are slightly dimmer than the original images 
for some regions, they do have similar color appearance as 
expected. 
 
8  Discussion 
 
In this section, we discuss the effect of the stopband width of the 
light blocker, the lightness reduction caused by color compensation, 
the speed of the compensation algorithm, application to dynamic 
contents, the cost, and the limitations of this work. 
 
8.1  Stopband Width 
 
To investigate the effect of stopband width on color fidelity and 
ipRGC response, we generate a series of spectral transmittance 
profiles by varying the weight wI in Algorithm 1 and examine the 

performance of our color compensation method for these spectral 
transmittance profiles. 

The generated spectral transmittance profiles are plotted in Fig. 
17(a). We can see that the stopband becomes wider as wI increases. 
We also show the gamut volume and the expected ipRGC response, 
respectively, in Fig. 17(b) and (c) as functions of wI. We can see 
that, as wI increases, the display gamut shrinks and the expected 
ipRGC response decreases. 

To evaluate color fidelity, we again examine the average ∆𝐸𝐸𝑎𝑎𝑎𝑎∗  and 
∆𝐶𝐶𝑎𝑎𝑎𝑎∗  for colors in the RGB space. Specifically, we compare ∆𝐸𝐸𝑎𝑎𝑎𝑎∗  
and ∆𝐶𝐶𝑎𝑎𝑎𝑎∗  of the distorted colors with those of the compensated 
colors and calculate the reduction rate. The results are shown in Fig. 
18. We can see that our compensation algorithm reduces the ∆𝐸𝐸𝑎𝑎𝑎𝑎∗  
by more than 58% and ∆𝐶𝐶𝑎𝑎𝑎𝑎∗  by more than 87%. From the ipRGC 
response reduction rate shown in Fig. 18(c), we can see that the 
ipRGC response reduction rate only drops by approximately 10%. 
Overall, our compensation algorithm can reduce color distortion 
effectively at the expense of a slight increase of the ipRGC 
response. 

From the compensated images shown in Fig. 19, we can see that, 
despite the increase of stopband width of the light blocker, our 
compensation algorithm is capable of restoring the image 
appearance. 
 

    

(a)                                                                         (b)                                                                            (c) 
Figure. 18: (a) The average reduction percentage of CIE L*C*h* distance as a function of WI. (b) The average reduction percentage of chromatic distortion 
as a function of WI. (c) The average ipRGC reduction percentage as a function of WI with and without color compensation. 

 
Figure. 19: The distorted images in the top row demonstrate the color distortion caused by blue light blockers with different stopband widths, and the 
compensated images in the bottom row demonstrate the compensation quality of our algorithm. 

 
Figure. 20: Nine consecutive frames of the original video, the distorted video, and the compensated video. 
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8.2  Dynamic Content 
 
In addition to still images, our color compensation algorithm can 
be applied to videos by processing each frame independently. The 
compensated video generated this way does not have flickering 
artifact, and no additional temporal smoothing is required. Fig. 20 
shows nine consecutive frames of the original video, the distorted 
video, and the compensated video. We can see that the color of the 
processed frames is consistent along the time axis. 
 
8.3  Computation Time 
 
To test the speed of our color compensation algorithm, we apply it 
to images of various resolutions and record the execution time. Our 
algorithm is implemented in Matlab on a desktop computer running 
Windows 7 and with a 3.60 GHz Intel Core i3-4160 and a 6GB 
memory. The results are shown in Fig. 21. We can see that the 
program is able to process more than 20 frames per second for an 
image having more than 2 mega pixels. The execution time of our 
pure software implementation here only serves as a reference. The 
computation can be further accelerated by hardware if needed. 
 
8.4  Cost 
 
The notch filters adopted in our prototype are expansive because 
they have very narrow stopband and sharp transition edge between 
the stopband and the passband. There are two possible ways to 
reduce the cost. First, the specification of the notch filter may be 
compromised. For example, the transition edge may be made 
smoother and the stopband may be made wider. How to strike a 
balance between cost and performance degradation caused by such 
compromise is a topic for future research. Second, the filter can be 
placed on the eyewear instead of the display to reduce the filter size 
and, consequently, the cost. Our technique is also suitable for near-
eye displays such as those on virtual-reality devices, for which the 
filter size is limited. 
 
8.5  Limitations 
 
We discuss two limitations of this work. First, we cannot preserve 
the exact appearance of bright colors due to limited dynamic range 
of the display. Second, our color compensation method may be less 
effective for displays with narrow-band primaries. Specifically, if 
the spectral power of the blue primary is highly concentrated near 
the sensitive band of ipRGC, poor color compensation quality is 
expected because almost all the emission power of the blue primary 
is blocked. Fortunately, as shown in Fig. 3, most existing displays 
adopt a wide-band light source. 

 
8.6  Psychophysical Test 
 
This work is built upon the findings in psychology and medical 
science about the ipRGC response. In this paper, we show the 
emission spectrum of a display and the effectiveness of color 
compensation to support our claim. However, we are unable to 
conduct a psychophysical test on human health. It is a long-term, 
delicate experiment that may take years to complete and requires 
expertise beyond our technical skills. Given the correlation 
between ipRGC response and melatonin suppression found in 
previous studies, we feel that the quantitative evaluation described 
in Sec. 6.2 and Sec. 7.2 are sufficient to justify our method from 
the engineering perspective. 
 
9  Conclusion 
 
In this paper, we have shown that it is possible to reduce harmful 
blue light for a display panel without degrading image color 
appearance. Based on the psychophysical characteristics of ipRGC, 
we have derived the spectral transmittance profile of the blue light 
blocker that maximizes the display gamut and minimizes the 
ipRGC response. In addition, we have described an algorithm to 
compensate for the color distortion caused by a blue light blocker. 
We have also built a proof-of-concept prototype to demonstrate the 
feasibility of our approach. 
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