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ABSTRACT 
This study aims to improve the estimation accuracy of 

brightness in natural images by quantifying the effect of color 
contrast and introducing this effect into an equation based on 
the Helmholtz-Kohlrausch effect derived in our previous study. 

1 Introduction 
High-luminance, wide-color-gamut and high-resolution are 

advancing due to the high picture quality of display equipment. 
The wide-color-gamut changes the human perceived lightness 
(brightness) by changing the saturation. This phenomenon, 
called the Helmholtz-Kohlrausch (H-K) effect, is believed to 
affect images projected by displays, projectors, and mobile 
devices [1]-[4]. Brightness quantification can be useful for 
developing and evaluating display devices. Although brightness 
can be quantified in subjective-evaluation experiments, it is 
unrealistic to experiment with all conditions. Instead, it is 
effective to estimate brightness with a computational modeling. 
The H-K effect must be considered when estimating the 
brightness of a display device. Various color-appearance models 
have been proposed for brightness evaluations [5]-[8]. As these 
models are very complex, general-purpose estimation equations 
have been derived [9]-[11]. Nayatani et al. investigated and 
quantified the H-K effect on monochromatic images using the 
ratio of brightness to lightness of image (B/L) with various 
visual effect parameters [11]. This study considers various 
visual effects to estimate the brightness of natural images. 
Therefore, the authors extended the estimation equation based 
on Nayatani’s equation to natural images [12] and have reported 
studies in IDW regarding the effect of brightness by focusing on 
H-K effect with the aim of further accuracy improvement of the 
equation [13]-[18]. 
The equation in [19] based on Nayatani’s equation extends the 

estimation of monochromatic images to natural images by 
considering natural images as a set of monochromatic images. 
These studies considered the visual impact of the pixel of 
interest only. However, the surrounding pixels will also affect 
the estimation of brightness in natural images. Therefore, we 
consider the color contrast effect as the visual effect of the 
surrounding pixels. In the color contrast effect, the appearance 
of colors depends not only on the object but also on the relative 
distribution between the object and its surroundings [20][21]. 
Therefore, the color contrast effect must be considered in the 
estimation of brightness in natural images. We quantify the color 
contrast effect using two-color images and introduce them into 
equation [19] to estimate brightness accurately. 

The contributions of this study are as follows. 
(1) In estimating the brightness of natural image, to 

consider the surrounding pixels, the color contrast 
effect is introduced to the equation to improve 
accuracy. 

(2) To introduce the color contrast effect, the effect is 
quantified. The gaze area in natural image is 
automatically selected in a saliency map. 

2 Equation considering the color contrast effect 

2.1 Overview 
Equation (1) is derived by multiplying the equation in [21] by 

a function that considers the color contrast effect (Equation 
(3)). The brightness in natural image is estimated by averaging 
the brightness values of all pixels as shown in Equation (2) 
[12]. 

𝛤𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑
′ =

𝐵
𝐿∗ 

                    = 1 + {−0.134 ∙ 𝑞(𝜃) + 0.087 ∙ 𝐾𝐵𝑟(𝐿𝛼)} 

      × 𝑆𝑢𝑣(𝑥, 𝑦) × ℎ(𝐿∗, 𝜃) × 𝐶(𝐶𝑊𝐶𝐴𝐺2.0) 

(1) 

𝛤𝑁𝑎𝑡𝑢𝑟𝑎𝑙 =
∑ ∑ 𝛤𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑

′𝑚
𝑗=1

𝑛
𝑖=1

𝑚 × 𝑛  (2) 

Here, 𝑩 and 𝑳∗ are the brightness and lightness of the image, 
respectively, 𝒒(𝜽) is the hue, 𝑲𝑩𝒓(𝑳𝜶) is the magnitude of the 
adaptive luminance dependency relative to the background 
lightness 𝑳𝜶, 𝑺𝒖𝒗(𝒖, 𝒗) is the saturation, and 𝒉(𝑳∗, 𝜽) is the 
lightness. 

2.2 Quantification of the color contrast effect 
The effect of color contrast on brightness was experimentally 

investigated on various two-color images as shown in Fig.1. 
The experimental conditions are listed in Table 1. Fig.2 plots 

Figure 1. Various two-color images 
 Table 1. Experimental conditions 
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the ratio of the monochromatic images’ B/L and two-color 
images’ B/L versus the color contrast ratio. The color contrast 
ratio was calculated by Equation (3) using 𝐖𝐂𝐀𝐆𝟐. 𝟎 [22]. 

𝐶𝑊𝐶𝐴𝐺2.0 =
𝐿 + 0.05
𝐿′ + 0.05 

𝐿, 𝐿′ = 0.2126・𝑟 + 0.7152・𝑔 + 0.0722・𝑏  

(3) 

Here, 𝐿 and 𝐿′ are the relative luminances of the target (center 
color) and background (ambient color), respectively, and r, g, 
and b are the linear RGB gradation values. Equation (3) 
quantifies the relation between the target and background in the 
color contrast effect. Equation (4) is derived as a function of the 
color contrast effect from Fig.2. These two expressions  quantify 
the color contrast effect. 

𝐶(𝐶𝑊𝐶𝐴𝐺2.0) 

= {−0.32 × 𝐶𝑊𝐶𝐴𝐺2.0 + 1.30,   𝐶𝑊𝐶𝐴𝐺2.0 < 1
0.46 × 𝐶𝑊𝐶𝐴𝐺2.0 + 0.51,   𝐶𝑊𝐶𝐴𝐺2.0 ≥ 1 

(4) 

2.3 Contrast effect in natural images 
In Section 2.2, the relation between the object and the 

background in two-color images was given by Equation (3). 
However, in natural images, various colors are arranged in a 
complicated manner, and the target and background colors are 
not easily selectable. This study clarifies the target and 
background by changing the resolution of natural images, as 
shown in Fig.3. 

2.3.1 Estimation of brightness considering the color 
contrast 

 If area ② in Fig.4 is selected as gaze pixel in the natural image, 
the color contrast effect is working for area②  as target. 
Therefore, our study considers color contrast effect only in area 
②. The color contrast effect is calculated by Equation (5). 

𝐶(𝐶𝑊𝐶𝐴𝐺2.0) 

  = {−0.32 × 𝐶𝑊𝐶𝐴𝐺2.0 + 1.30,   𝐶𝑊𝐶𝐴𝐺2.0 < 1
0.46 × 𝐶𝑊𝐶𝐴𝐺2.0 + 0.51,   𝐶𝑊𝐶𝐴𝐺2.0 ≥ 1 

：Gaze Pixel(②) 

𝐶(𝐶𝑊𝐶𝐴𝐺2.0) = 1                             ：Otherwise(①) 
(5) 

𝐶𝑊𝐶𝐴𝐺2.0 was calculated by the Equation (6), which considers 
the color contrast between the gaze pixel and the pixel with 
maximum contrast against the gaze pixel. 

𝐶𝑊𝐶𝐴𝐺2.0 = 𝑀𝑎𝑥|
𝐿 + 0.05

𝐿′(𝑚, 𝑛) + 0.05 − 1| (6) 

Here, 𝑚  and 𝑛  denote the width and height of the image, 
respectively． 

2.3.2 Selecting object (target/gaze pixel) 
Selecting the gaze pixel is crucial when considering the color 

contrast effect. In this study, the gaze pixel was selected 
manually by the subject and automatically in a saliency map. 
Fig.5 shows the saliency maps of the images in Fig.3 [23]. A 
saliency map is a computed map representing the human gaze 
area on a scene. Objects in the gaze area are thought to be 
distinguished from the surrounding area [24][25]. The saliency 
map automatically selects the gaze pixel. 
 

3 Experiment 

3.1 Experimental conditions 
When estimating the brightness of natural images, 

experimental values were used as the correct data. 
Experiments were conducted under the conditions shown in 
Table 2 using the natural images shown in Fig. 6. Fig.7 are 
each chromaticity diagrams in natural images of Fig.6 
 

Figure 4. Estimated value calculation for 
resolution-changed images 

Figure 3. Natural image with changed resolution 
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Figure 2. Ratio of B/L of two-color image to B/L of 
monochromatic image 

〇results(Color contrast ratio >1.0) 
●results(Color contrast ratio <1.0) 

Figure 5. Saliency map of natural 
image with changed resolution 
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3.2 Experimental result 
Figure 8 and Table 3 show the respective results. In the estimate, 

the natural images were changed to various resolutions and 
calculated the estimated value of each resolution. We selected 
the best estimated value among them for the corresponding 
image. In Fig. 8, the B/L values were calculated three types of 
estimated values for comparison: “subjective” when the gaze 
pixel was manually selected by one of the authors, “automatic” 
when the gaze pixel was selected on the saliency map, and the 
value without considering a contrastive effect. In eight out of 10 
images, the result was improved by considering the contrast 
effect. (the exceptions were images (a) and (f)). 

3.3 Discussion 
Here, we discuss the results of images (a) and (f), for which the 

accuracy was not improved by contrast effect. The primary 
object is difficult to select among the many objects existing in 
these images and the color contrast effect may do not work. To 
investigate this idea, we calculated the color variations on a Luv 
chromaticity diagram of each image. The results are given in 
Table 4. Image (a) presented the highest variation, indicating the 
presence of various colors in the image. Therefore, the subject 
could not easily select the primary object. The results of  image 
(f), with relatively few color variations, are less easily explained 
and must be discussed in future. In addition, there are images 
where accuracy is good when contrast effect is not considered as 

in the images (a) and (f). Therefore, it may be necessary to 
change the visual effects considered in the equation depending 
on image features and human visual tendencies. In future work, 
we will further improve the estimation accuracy by classifying 
the images and applying the equation to each image category. 

Table 2. Experimental conditions 

Figure 6. Natural image 
 

(a)                (b)                 (c)                 (d)                  (e)                 (f)                  (g)                  (h)                 (i)                   (j) 

Figure 8. Experimental results 
 

×・・・Experimental value 
◇・・・Estimated value without contrast effect 

□・・・Estimated value with contrast effect (Subjective) 
〇・・・Estimated value with contrast effect (Automatic) 

 (a)                                  (b)                                 (c)                                 (d)                                   (e) 

  (f)                                   (g)                                 (h)                                 (i)                                   (j) 

Table 3 Error rate [%] 

Table 4. Color variations on the Luv chromaticity diagram 

Figure 7. Chromaticity Diagram 
 

(a)               (b)                 (c)                 (d)                  (e)                 (f)                  (g)                  (h)                 (i)                   (j) 
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4 Conclusions 
This study aims to improve the accuracy of brightness 

estimation by introducing the color contrast effect into the 
brightness estimation equation. This approach considers the 
effect of the surrounding pixels in natural images. In the 
experiment, the derived equation improved the previous 
estimation accuracy of eight out of 10 images. We also show 
that the color contrast effect may not be working in image (a) 
and (f) due to the difficulty of selecting the target area in image. 
In future work, estimation value will be calculated by using 
equation depending on the features and visual tendency of the 
images for further accuracy improvement. 
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