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Abstract 
 

Recently high dynamic range imaging technique is hot issue in computer graphic area. We present a progressive tone mapping 

algorithm, which is based on weighted least squares optimization framework. Our approach combines weighted least squares filtering 

with iCAM06, for showing more perceptual high dynamic range images in conventional display, while avoiding visual halo artifacts. 

We decompose high dynamic range image into base layer and detail layer. The base layer has large scale variation, it is obtained by 

using weighted least squares filtering, and then the base layer incorporates iCAM06 model. Then, adaptive compression on the base 

layer according to human visual system. Only the base layer reduces contrast, and preserving detail. The result shows more perceptual 

color appearance and preserve fine detail, while avoiding common artifacts.  

 
1. Introduction 

 
High dynamic range (HDR) imaging has been an active research 

area in recent years. Different from traditional image, HDR images 

have a wider range of luminance. Compare with low dynamic range 

image (LDR), HDR images can show brighter and darker scene. 

Although displaying technology has advanced, it is not good enough to 

display high dynamic range images. And professional high dynamic 

range images monitors are too expensive, it is not practical to get a 

HDR monitor for most users. Most conventional LDR monitors have 

low dynamic range, it is hard to display a high dynamic range image. 

The result will display the scene too bright or too dark. That is why we 

need HDR rendering algorithms, which are also known as tone 

mapping operators. 

We present a progressive tone mapping operators, it is two-scale 

decomposition of the image into base layer and detail layer. The base 

layer is based on weighted least squares (WLS) framework [1], which 

is well suited for containing large scale variations.  In other words, if 

there is an input HDR image, after filtering the input image we will get 

a base layer, and the residual data is detail layer. WLS filtering also is 

an edge-preserving smoothing operator. [1] Their approach used WLS 

filter to deal with luminance values, there is no any process on 

chrominance. So in luminance part, after WLS filtering the image keeps 

large scale information and preserves fine detail, at the same time, 

avoids visible halo artifacts. In addition, in their approach after WLS 

filtering, they used simple tone compression strategy to base layer. 

Such an approach brings out two problems. On the one hand, the 

original image color information will not be suited for after tone 

mapping image perfectly. On the other hand, simple tone compression 

strategy lost luminance information in some cases, especially for the 

image which has higher dynamic range. 

According to the two problems, we modified the weighed least 

squares optimization framework, and combined with iCAM06 model 

[2], which is regarded as next generation of image appearance model. 

iCAM06 [2] also is developed for HDR image rendering technology. 

We only incorporated part of iCAM06 modules in weighted least 

squares framework. 

iCAM06 model inherits advantages from iCAM02[3] framework, 

such as the local white point adaption, chromatic adaption, and IPT 

uniform color space. Furthermore, iCAM06 extends to incorporate 

scotopic and photopic attributes, local contrast enhancement, local 

colorfulness enhancement, and surround luminance dependent 

correction. Incorporating properties of color appearance model in 

weighted least squares framework, while retaining important visual 

information.  Particularly, we are interested in chromatic adaption and 

tone compression modules in iCAM06 framework. 

We advocate a perceptual approach, which is particularly well-

suited for human visual system and the result is more close to real world. 

First, we need to use WLS filter to deal with original HDR image, not 

only luminance values. Then, we obtained base layers, which from 

different R, G, B pipelines. We applied to chromatic adaption function, 

IPT color space function, and tone compression function on our base 

layers, while achieving color correction and more perceptual color 

appearance.  

In the next section we discuss an edge-preserving filtering, which 

is more robust and versatile than bilateral filter [4]. In third section, we 

present our algorithm that combining WLS filter with modules of 

iCAM06 models. Section 4 shows experimental result. Section 5 

discusses about our conclusion. 
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2. Framework of the weighted least squares   

 
In this section, we introduce an effective and robust edge-

preserving filter, which is based on weighted least squares optimization 

framework [1]. Before this, we simply discuss about diverse edge-

preserving filters.   

2.1 Edge-preserving filters  

 
Many of edge-preserving filters, such as anisotropic diffusion [5], 

bilateral filter [4, 6] are outstanding in detail extraction. Particularly, 

bilateral filter is popular tool in diverse area. The reason is that this 

filter is well suited for noise removal, at the same time, keeping fine 

detail. But there is fatal weakness to bilateral filter, the filter trades off 

its edge-preserving ability with its smoothing ability. In other words, if 

we want to get a fine detail image, we need to sacrifice smoothing 

ability. It maybe not removes noise well.        

2.2 Weighted least squares filtering  
 

There is an input image 𝑔, we try to get a new image 𝑢, which is 

smooth image after WLS filtering and we apply image 𝑢 to base layer. 

At the same time, image 𝑢 is close to input image 𝑔. The base layer 𝑢, 

it is obtained using minimize energy function: 

∑ ((𝑢𝑞 − 𝑔𝑞)
2

+ 𝜆 (𝑎𝑥,𝑞(𝑔) (
𝜕𝑢

𝜕𝑥
)

𝑞

2

+ 𝑎𝑦,𝑞(𝑔) (
𝜕𝑢

𝜕𝑦
)

𝑞

2

))

𝑞

 (1) 

𝑞 denotes the location of an image. The first data term is to 

minimize the distance between original image 𝑔 and smooth image 𝑢. 
Second term controls the smoothness of image  𝑢 . The coefficients 

𝑎𝑥,𝑞 ,  𝑎𝑦,𝑞  are smoothness weights and depend on 𝑔. In last, 𝜆 is in 

charge of balance between the two terms, when we increase the value 

of  𝜆, we will get smoother image 𝑢.  

Smoothing weights defined as [7]:  

 (2) 

 (3) 

Where 𝑙 denotes luminance value of input image 𝑔, and 𝛼 

is the sensitivity to the gradients of the input image. Typically, 

𝛼 is between 1.2 to 2.0. Parameter 𝜀 we take 0.00001.      

Rewriting energy minimization function by matrix notation:   

(𝑢 − 𝑔)𝑇(𝑢 − 𝑔) +  𝜆(𝑢𝑇𝐷𝑥
𝑇𝐴𝑥𝐷𝑥𝑢 + 𝑢𝑇𝐷𝑦

𝑇𝐴𝑦𝐷𝑦𝑢) (4) 

Parameter 𝐴𝑥  and 𝐴𝑦  are matrices of smoothness weights. 

Parameter 𝐷𝑥  and 𝐷𝑦  are discrete differentiation operators. And 

unique vector 𝑢 can be obtained by using the solution of the general 

least-squares problem in linear algebra.   

(𝐼 + 𝜆𝐿𝑔)𝑢 = 𝑔 (5) 

𝐿𝑔 = 𝐷𝑥
𝑇𝐴𝑥𝐷𝑥 + 𝐷𝑦

𝑇𝐴𝑦𝐷𝑦 (6) 

Parameter 𝐼, which is in eq. (5) denotes identity matrix. The final 

smooth image 𝑢 can express as follow: 

u = 𝐹𝜆(𝑔) = (𝐼 + 𝜆𝐿𝑔)
−1

𝑔 (7) 

Just like we mentioned earlier, first they [1] calculated luminance 

of the input HDR image. Then, they got base layer after WLS filtering, 

and they compressed the base layer by multiplying a constant (between 

0 and 1). Last, they recombined the new base layer with unchanged 

detail layer to get final tone mapping image.    

3. Proposed method   

 
In this section, we show a modified base-detail decomposition 

approach. It is combined with WLS filter and modules of iCAM06 

model. Such an approach performs a perceptual and accurate result in 

tone mapping algorithm.  

Figure 1 is flowchart of our proposed algorithm. At first, we 

convert input HDR image RGB values to XYZ values by sRGB color 

space transform matrix [2]. Then let XYZ components pass WLS filter. 

After filtering, we obtain three edge-preserved base layers. 

Furthermore, this kind of filtering keeps large scale variation, while 

avoiding ringing artifact. In our proposed method, detail layer is 
residual of the input image and base layer.  

 
Figure 1. Proposed algorithm flowchart. 

After getting base layers, we need to apply chromatic adaption 

function and nonlinear tone compression function on base layers. 

Chromatic adaption function and nonlinear tone compression are 

inspirited by iCAM06 model.  

3.1 Chromatic adaption   

 
Chromatic adaption function simulates chromatic adaption 

phenomenon in human visual system. In iCAM06 [2] color appearance 

model, it adopts chromatic adaption transformation embedded in iCAM 

which is originally from CIECAM02. The computation of the 

transform are given in following:  

[
𝑅
𝐺
𝐵

] =  𝑀𝐶𝐴𝑇02 [
𝑋
𝑌
𝑍

] (8) 

𝑀𝐶𝐴𝑇02 = [
0.7328       0.4296 − 0.1624
−0.7036  1.6975      0.0061
0.0030     0.0136       0.9834

] (9) 

𝐷 = 0.3𝐹 [1 − (
1

3.6
) 𝑒

(
−(𝐿𝐴−42)

92
)
] (10) 

𝑅𝑐 = [(𝑅𝐷65

𝐷

𝑅𝑊
) + (1 − 𝐷)] 𝑅 (11) 

𝐺𝑐 = [(𝐺𝐷65

𝐷

𝐺𝑊
) + (1 − 𝐷)] 𝐺 (12) 

𝐵𝑐 = [(𝐵𝐷65

𝐷

𝐵𝑊
) + (1 − 𝐷)] 𝐵 (13) 

The components 𝑋𝑌𝑍 and 𝑋𝑊𝑌𝑊𝑍𝑊 tristimulus values are first 

𝑎𝑥,𝑞(𝑔) = (|
𝜕𝑙

𝜕𝑥
(𝑞)|

𝛼

+ 𝜀)−1
 

𝑎𝑦,𝑞(𝑔) = (|
𝜕𝑙

𝜕𝑦
(𝑞)|

𝛼

+ 𝜀)−1
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converted to RGB spaces. RGB adaption white image signals 

(𝑅𝑊𝐺𝑊𝐵𝑊) is derived from the Gaussian low-pass adaption image at 

each pixel location [2]. 𝑀𝐶𝐴𝑇02 matrix denotes chromatic adaption 

transform which is also used in the CIECAM02 [3] model. 𝐷 is 

incomplete adaption factor ( 𝐷 = 0.3  in iCAM06 model), 𝐿𝐴  is 

adaption luminance (20% of the adaption white), and 𝐹 is surround 

factor ( 𝐹 = 1  in an average surround), respectively. Chromatic 

adaption transform constructs a matrix that the matrix transforms 𝑋𝑌𝑍 

tristimulus values from a given white point to a new white point. In our 

case, new white point is CIE illuminant 𝐷65. 

3.2 Nonlinear tone compression   

 
In iCAM06 model [2], contrast compression is nonlinear 

compression. It is extended to a simulation of the cones and rods 

responses. And iCAM06 model has outstanding prediction of human 

vision system.  

At first, the chromatic adaption data are converted from the 

CAT02 space to Hunt-Pointer-Estevez fundamentals using the 

CIECAM02 formula:    

[
𝑅′

𝐺′

𝑌′

] =  𝑀𝐻𝑃𝐸𝑀𝐶𝐴𝑇02
−1 [

𝑅𝐶

𝐺𝐶

𝐵𝐶

] (14) 

𝑀𝐻𝑃𝐸 =  [
0.3897       0.6890  − 0.0787
−0.2298  1.1834       0.0464

0.0              0.0                1.0
] (15) 

𝑀𝐶𝐴𝑇02
−1 = [

1.0961     − 0.2789      0.1827
0.4544      0.4735          0.0721
−0.0096   − 0.0057    1.0153

] (16) 

The computation of nonlinear tone compression functions as 

following:  

𝑅𝑎
′ =

400(𝐹𝐿𝑅′/𝑌𝑊)𝑝

27.13 + (𝐹𝐿𝑅′/𝑌𝑊)𝑝 + 0.1 (17) 

𝐺𝑎
′ =

400(𝐹𝐿𝐺′/𝑌𝑊)𝑝

27.13 + (𝐹𝐿𝐺′/𝑌𝑊)𝑝
+ 0.1 (18) 

𝐵𝑎
′ =

400(𝐹𝐿𝐵′/𝑌𝑊)𝑝

27.13 + (𝐹𝐿𝐵′/𝑌𝑊)𝑝 + 0.1 (19) 

𝐹𝐿 = 0.2𝑘4(5𝐿𝐴) + 0.1(1 − 𝑘4)2(5𝐿𝐴)1/3 (20) 

𝑘 = 1/(5𝐿𝐴 + 1) (21) 

𝑝  denotes adaption level and it is a user-controllable variable 

(range of 0.6 to 0.85). The larger 𝑝 value generates higher overall 

contrast in the rendered image output. 𝑌𝑊 is the luminance of the local 

adapted white image.  

The rods response functions are given:  

𝐴𝑠 = 3.05𝐵𝑠 [
400(𝐹𝐿𝑆𝑆/𝑆𝑊)𝑝

27.13 + (𝐹𝐿𝑆𝑆/𝑆𝑊)𝑝] + 0.3 (22) 

𝐹𝐿𝑆 = 3800𝑗2(5𝐿𝐴/2.26) + 0.2(1 − 𝑗2)4(5𝐿𝐴/2.26)1/6 (23) 

𝐿𝐴𝑆 = 2.26𝐿𝐴 (24) 

j = 0.00001/[(5𝐿𝐴𝑆/2.26) + 0.00001] (25) 

𝐵𝑆 =
0.5

{1 + 0.3 [(
5𝐿𝐴𝑆

2.26
) (

𝑆
𝑆𝑊

)]
0.3

}

+ 0.5/{1 + 5[5𝐿𝐴𝑆/2.26]} 
(26) 

𝑅𝐺𝐵𝑇𝐶 =  𝑅𝐺𝐵𝑎
′ + 𝐴𝑆 (27) 

The rods response functions 𝐴𝑆  is given in equation (22). 

Parameter 𝑆 is the luminance of each pixel in the chromatic adapted 

image and 𝑆𝑊 is maximum value of the local adapted white point 

image. Here, 𝐿𝐴𝑆 denotes scotopic luminance and 𝐵𝑆 denotes rods 

saturation factor. Tone compression response is shown in equation (27).  

 After chromatic adaption and tone compression processes, the 

output image is obtained by recombining with new base layers and 

detail layers.  

4. Experiment and result 

 
We performed our experiment using MATLAB 2015a. Our 

experimental environment is based on 3.40 GHz Intel Core i5 CPU and 

we show three HDR images results in last page. 

As figure 2 (a) shows, it is a tone mapped image. The original HDR 

image is processed by WLS optimization framework [1]. They 

achieved the result image by using simple contrast compression 

strategy. The result is acceptable for most observers. But, there is a 

troublesome problem on color appearance such as shadow of the 

engines. The shadow of the engines seems too bright and washed out 

in figure 2 (a). However, the proposed algorithm shows that the shadow 

is more natural and closer to our visual system in figure 2 (b).  

In figure 3, wooden furniture of (b) is more realistic than (a). 

Telephone booth and ceiling lamp are more vivid color appearance in 

(b). In figure 4, sky and road of (b) are more perceptual and colorful.  

5. Conclusion  

 
We admit WLS filter is an excellent edge-preserving filter. 

Especially, it has an important contribution on detail extraction and 

avoiding visible artifact. But if we only process luminance scale on tone 

mapping operation, we will lose some of chromatic information.  

As a result, our approach takes in advantages of WLS filtering and 

iCAM06 model. The experiment shows that chromatic adaption 

function and nonlinear tone compression have significant color 

improvement. Unfortunately, computations is a considerable issue. Our 

approach improves color appearance but increases the complexity.  

In future work, we will focus on how to accelerate WLS filtering 

and color appearance model.  
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 (a)                                                      (b)

Figure 2. Engines (a) based on WLS optimization framework, (b) based on proposed algorithm. 

(a)                                                      (b)

Figure 3. Coffee Shop (a) based on WLS optimization framework, (b) based on proposed algorithm.  

(a)                                                      (b)

Figure 4. Santa Monica Sunset (a) based on WLS optimization framework, (b) based on proposed algorithm. 
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