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Abstract – An image obtained from a low light environment results in a low-exposure problem 
caused by non-ideal camera settings, i.e. aperture size and shutter speed. Of particular note, the multi-

ple color-filter aperture (MCA) system inherently suffers from low-exposure problems and perform-

ance degradation in its image classification and registration processes due to its finite size of the aper-

tures. In this context, this paper presents a novel method for the color enhancement of low-exposure 

images and its application to color shift model-based MCA system for image refocusing. Although 

various histogram equalization (HE) approaches have been proposed, they tend to distort the color in-

formation of the processed image due to the range limits of the histogram. The proposed color en-

hancement algorithm enhances the global brightness by analyzing the basic cause of the low-exposure 

phenomenon, and then compensates for the contrast degradation artifacts by using an adaptive histo-

gram specification. We also apply the proposed algorithm to the preprocessing step of the refocusing 

technique in the MCA system to enhance the color image. The experimental results confirm that the 

proposed method can enhance the contrast of any low-exposure color image acquired by a conven-

tional camera, and is suitable for commercial low-cost, high-quality imaging devices, such as con-

sumer-grade camcorders, real-time 3D reconstruction systems, digital, and computational cameras.   
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1. Introduction 
 
As the demand for digital image acquisition devices in-

creases, improved image enhancement techniques have be-

come necessary for better color reproduction and higher 

signal-to-noise ratio (SNR). In spite of advances in digital 

image processing, real photographic images are often subject 

to low-exposure problems due to the limited size of aper-

tures and shutter speeds under low light or indoor conditions. 

Multiple color-filter aperture (MCA) system, first proposed 

in [1-4], are especially prone to this and cannot avoid the 

low-contrast problem and performance degradation in image 

classification and registration processes due to the funda-

mental limitations of their finite size of apertures. 

Histogram equalization (HE) has been the most popular 

approach to enhance the contrast in various application 

areas, such as medical image processing, object tracking, 

speech recognition, etc [5]. However, HE-based methods 

cannot maintain an average brightness level, which may 

result in either under-saturation or over-saturation. To 

overcome this problem, bi-histogram equalization (BHE) 

[6] and dualistic sub-image histogram equalization (DSHE) 

[7] methods have been proposed that use the decomposi-

tion of two sub-histograms. The recursive mean-separate 

histogram equalization (RMSHE) method [8] has been 

studied for further improvement, which iteratively per-

forms the BHE, and produces separately equalized 2n  

sub-histograms. However, the optimal contrast enhance-

ment cannot be achieved since the iterations converge to 

null processing. Noise removal techniques for low light 

level images have also been proposed in the literature [9]. 

In this paper, we present a novel color enhancement 

method for low-exposure images using global contrast en-

hancement based on an analysis of the low-exposure phe-

nomenon and adaptive histogram specification. More spe-

cifically, the proposed color enhancement algorithm first 

analyzes the luminance of the input low-exposure image. A 

transfer function is estimated by analyzing the low-

exposure image, and then is used for the global contrast 

enhancement. Image compensation is then performed to 

enhance the low-intensity regions using histogram decom-

position and extension. We also apply the proposed algo-

rithm to the preprocessing step of the MCA system refo-

cusing technique to enhance the color images. Based on the 

proposed algorithm, the color enhanced image effectively 

generates the refocused image in the image classification 

and registration process of the MCA system. 

In Section 2, we briefly describe the theoretical back-

ground of the contrast enhancement method. The proposed 

algorithm is presented in Sections 3 and 4. Section 5 sum-

marizes the experimental results and Section 6 concludes 

the paper. 
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2. Fundamentals of Contrast Enhancement Using 

Histogram 

 

This section briefly summarizes the fundamentals of his-

togram equalization (HE) and the related work used for the 

analysis of important variants. 

 

2.1 Histogram Equalization (HE) 

 

Histogram equalization (HE) is a well-known method 

used to enhance the contrast of an image. Let [ ]0, 1
k
r L∈ −  

be the k th−  intensity level, the probability density func-

tion (PDF) ( )kP r  can then be defined as 

 

( ) ,    for  0,1, , 1,k

k

n
P r k L

N
= = −⋯            (1) 

 

where k
n  represents the number of appearances of the 

k th−  intensity, N  the total number of pixels in the im-

age, and L  the number of intensity levels. ( )
k

P r  is the 

histogram of an input image. The cumulative density func-

tion (CDF) ( )
k

C r  is defined as 

 

0

( ) ( ),     for  0,1, , 1.
k

k j

j

C r P r k L
=
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HE estimates a transfer function whose output image has 

a uniform histogram. The transfer function is expressed as 

 

0

( 1) ( ) ( 1) ( ),    
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k
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=
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⋯

                (3) 

 

All of the intensity values of an input image are trans-

formed into the other value via the transfer function T , 

and the contrast of the input image is thereby finally en-

hanced. However, HE-based methods cannot maintain an 

average brightness level, which may result in either under-

saturation or over-saturation. 

 

2.2 Histogram Specification (HS) 

 

Histogram specification is another contrast enhancement 

method that specifies what is to be modified. Under the 

assumption that ( )
k

P r  and ( )
k

P z  respectively represent 

the PDFs of an input image and its specified histogram, the 

CDF of the specified histogram is defined as 

 

0

( ) ( ),     for  0,1, , 1.
k

k z k z j

j

V C z P r k L
=

= = = −∑ ⋯       (4) 

 

Based on the CDFs of the input image histogram k
S  

and the specified histogram k
V , the transfer function k

Z  

is defined as 

1 1 1( ) ( ) ( ( )),    

for  0,1, , 1.

k Z k Z k Z x k
Z C V C S C C r

k L

− − −= = =

= −⋯

           (5) 

 

The intensity value of an input image is replaced by the 

transfer function. If we find an appropriately specified his-

togram, the HS method effectively performs contrast en-

hancement. However, there is no general rule used to ob-

tain the ideally specified histogram. 

 

2.3 Recursive Mean-separate Histogram Equaliza-

tion (RMSHE) 

 

The Bi-histogram equalization (BHE) method has been 

proposed that uses the decomposition of two sub-

histograms under an average brightness level. This method 

can preserve a certain level of brightness. In order to 

achieve better brightness preservation, the recursive mean-

separate histogram equalization (RMSHE) method has 

been proposed that iteratively performs the BHE. Suppose 

that the original histogram of input image f  is divided 

into four sub-histograms using RMSHE. An input image is 

then repeatedly separated by the average brightness value. 

The RMSHE result can be formulated as 

 

1 1 2 2 3 3 4 4
( ) ( ) ( ) ( ),g T Sub T Sub T Sub T Sub= + + +        (6) 

 

where i
T  and i

Sub  represent the i th−  intensity trans-

formation functions and the correspondingly decomposed 

image, respectively, for 1, , 4i = … . The RMSHE result 

preserves the average brightness value at the cost of a re-

duced contrast enhancement as the number of sub-

histograms increases. 

 

2.4 Gain-Controllable Clipped Histogram Equaliza-

tion (GC-CHE) 

 

The gain-controllable clipped histogram equalization 

(GC-CHE) method provides histogram equalization and 

brightness preservation by controlling the gain [10]. The 

clipping rate is determined based on the average brightness 

value, and the clipping threshold is determined based on 

the clipping rate. The clipping rate is adaptively controlled 

to enhance the contrast while preserving the mean bright-

ness. Although this method can successfully preserve 

brightness, it can cause a color distortion in high histogram 

distributions for the bins with a specifically low-intensity 

range. 
 
 

3. Low-exposure Image Enhancement based on 

Adaptive Transfer Function Estimation and  

Histogram Specification Using Image Analysis 

 

The demand for the enhancement of low-exposure im-

ages has increased for most consumer digital cameras and  
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various advanced cameras. The image histogram under a 

low light environment has a high histogram distribution for 

the bins with specific low-intensity ranges. The previous 

histogram-based contrast enhancement methods cannot 

avoid the color distortion problem due to excessive equali-

zation in the high distribution of the histogram with spe-

cific low-intensity bin ranges. In this section, we present a 

new color enhancement method for low-exposure images 

using global contrast enhancement based on image analysis 

and adaptive histogram specification. 

 

3.1 Adaptive Transfer Function Estimation Using 

Image Analysis 

 

Since images obtained from low light environments have 

different average brightnesses, we estimate the key value 

using the luminance [11-13], and enhance the image using 

the estimated key value. The key value is computed by 

analyzing the dominant tone by 
 

,

exp (log( ( , )) ) / ) ,
x y

LU x y Nkey ε
 

= + 
 
∑          (7) 

 

where ( , )LU x y  represents the luminance of pixel ( , )x y  

and ε  is a constant value that prevents the log function 
from diverging to negative infinity. Fig. 1 shows the key 

values of differently illuminated images, where we note the 

key values change according to the image brightness. Im-

ages with high brightness tend to have high key values, and 

vice versa. 

The key values are expressed as a number from 0 to 100, 

and it is generally in the range between 50 and 60 in most 

middle-intensity images. To provide a practical range for 

the key value, we set the lower bound of the key value to 

30 in this study, and low-exposure images have a key lower 

than the low bound. The proposed algorithm estimates the 

key value above the lower bound for analyzing the amount 

of low exposure. If an input image has low-exposure, we 

calculate the target key value by multiplying an appropriate 

weighting value to the key value of the input image, be-

cause the proper key value of a middle-exposure image 

ranges from 50 to 60. As shown in Fig. 1, a key value of 

around 50 denotes a middle-exposure image. 

The target key values are separated into low, middle, and 

high-intensity regions, and then we estimate the transfer 

function using each key value. The estimated transfer func-

tion is applied to the input image for global contrast en-

hancement. As a result, the transfer function appropriately 

increases the intensity in the dark regions and decreases the  

   

(a) (b) (c) 
 

  

(d) (e) (f) 

Fig. 1. The key value as it regards to differently illuminated images 
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intensity in the bright regions, as shown in Fig. 2. 

Global contrast enhancement using the key value 

generally increases the pixel intensity and degrades the 

contrast in the low-intensity regions of an image. To 

overcome this problem, image compensation is performed 

to enhance the low-intensity regions using adaptive 

histogram specification. 

 

3.2 Low Intensity Compensation using Adaptive His-

togram Specification 

 

In the intermediate image with the globally enhanced 

contrast, most of the bins are distributed in the high-

intensity regions due to the increased pixel intensity. This 

distribution degrades the image contrast due to the de-

crease of the low-intensity values. An adaptive method to 

specify the histogram can be used to compensate for the 

contrast degradation. The proposed adaptive histogram 

specification method divides the entire dynamic range of 

the pixel intensity into four sub-histograms using the aver-

age intensity. 

In order to estimate the transfer function, we expand the 

sub-histograms in the middle-intensity region all the while 

preserving the original histogram shape. We apply the his-

togram specification to the estimated histogram and input 

image using (2) and (3). 

For the image enhancement, we compute the transfer ta-

ble by 

 
1( ),

k k
Z C S−=                                      (8) 

 

where 
k
z  represents the k-th transfer table and 

k
s  the k-

th bin of the original histogram as 

 

0

( ) ( 1) ( ) ,
q

k

i

k k
C Z L P Z S

=

= − =∑                (9) 

 

where L  represents the number of intensity levels and 

( )
k

P z  the k-th probability density function. 

 

 

4. Color Shift Model-based Refocusing using Color 

Enhancement for Low-exposure Images based on 

Histogram Specification 

 

The MCA system [1-4] generates spatially varying im-

ages due to the misalignment amongst the color channels. 

The misalignment has direction and length according to 

distance of the object because the configuration of the 

MCA system has three shifted apertures and uses R, G, and 

B color filters. Therefore, we can determine an object’s 

distance by analyzing the displacement between the color 

channels, and the results are used to estimate the point- 

 
 

 

(a) (b) (c) 
 

   

(d) (e) (f) 

Fig. 2. Global contrast enhancement using the proposed method: (a) and (d) the original images, (b) and (e) the estimated 

transfer functions, and (c) and (f) the global contrast enhancement results 
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spread function (PSF). As shown in Fig. 3, the MCA sys-

tem process consists of: (i) regions-of-interest (ROIs) clas-

sification, (ii) image registration, (iii) image fusion, and 

(iv) noise smoothing. We first classify an image acquired 

by the MCA camera into multiple regions-of-interest so 

that all of the pixels in a region have the same inter-

channel color misalignment. The RGB color channels cor-

responding to each ROI are aligned using the misalignment 

via phase correlation matching (PCM), and then the objects 

in the aligned ROIs are fused to generate an approximately 

refocused image. To remove undesired artifacts, we use a 

spatially adaptive noise smoothing filter. 

The image acquired by the MCA system inherently suf-

fers from the low-exposure problem due to the fixed, finite 

size of apertures. The resultant low-exposure image has an 

increased ambiguity in cluster boundary due to contrast 

degradation, and thereby degrades the performance of the 

ROI classification. Furthermore, it is difficult to extract 

features in low-exposure images, which causes additional 

poor performance in the ROI classification. 

For this reason, a contrast enhanced image should be 

used for classification and registration in the MCA system, 

as shown Fig. 3, where the classification and registration 

performance are significantly improved due to the simple, 

accurate extraction of features.  

The contrast enhanced image in the MCA system re-

duces ambiguity in the cluster boundaries and so makes 

feature extraction easy. The proposed method can enhance 

the contrast of any low-exposure color images, and is espe-

cially useful in improving the image classification and reg-

istration performance in MCA system. 

 
 

5. Experimental Results 

 

In order to evaluate the performance of the proposed al-

gorithm, we used real photographic low exposure images 

acquired by conventional cameras and an MCA system. 

The results of the proposed color enhancement algorithm 

for the low exposure images using histogram specification 

and its application to color shift model-based refocusing 

are discussed in this section.  

The experimental results of the proposed color en-

hancement algorithm are shown in Fig. 4, where the global 

transfer function efficiently enhances the low-exposure 

image, as shown in Fig. 4(c), and the low intensity com-

pensation enhances the contrast in the low-intensity values, 

as shown in Fig. 4(d). 

 

Fig. 3. The block diagram of the proposed color enhancement algorithm of low exposure images based on exposure analy-

sis and its application to the MCA system for refocusing 

 

    

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

Fig. 4. The results of the proposed algorithm: (a) the original image, (b) the transfer function, (c) the result of the global 

color enhancement, and (d) the result of the compensated low intensity 
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The proposed algorithm was also compared to existing 

well-known algorithms, the HE, BHE, RMSHE, and CG-

CHE methods. Although the HE and BHE methods en-

hanced the low-intensity regions, these methods suffered 

from color distortion, as shown in Figs. 5(b) and 5(c). Figs. 

5(d) and 5(e) show the results of the RMSHE and CG-CHE 

methods, and these methods had little color distortion. 

However, the contrast of the results is not sufficiently en-

hanced for the background and figures. As shown in Fig. 

5(f), the overall image quality is enhanced by the proposed 

algorithm without color distortion for an image acquired by 

a conventional camera. Similar results using a man in the 

image are shown in Fig. 6. The conventional results have 

color distortion and decrease the intensity. 

   

(a) (b) (c) 
 

   

(d) (e) (f) 

Fig. 5. The comparison of different enhancement algorithms using several miniatures: (a) the original image and (b)-(f) the 

enhanced images using the HE, BHE, RMSHE, CG-CHE, and proposed algorithms, respectively 

 

   

(a) (b) (c) 
 

   

(d) (e) (f) 

Fig. 6. The comparison of different enhancement algorithms using a man: (a) the original image and (b)-(f) the enhanced 

image using the HE, BHE, RMSHE, CG-CHE, and proposed algorithms, respectively 
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Table 1 summarizes average absolute mean brightness 

error (AAMBE) [10] of the HE, BHE, RMSHE, CG-CHE, 

and proposed methods, computed by 

 

1

1
( ) ( ) ,

M

n n

n

AAMBE E X E Y
M =

= −∑               (10) 

 

where M  represents the total number of test images, 

( )E X  the average intensity of M th−  the test image 

M , and ( )E Y  the average intensity of the corresponding 

output image. 

From Table 1, it is evident that the proposed method is 

capable of preserving the brightness to a higher degree 

with respect to most of the existing methods. 

The proposed algorithm applied to the preprocessing 

step of the MCA system is shown in Fig. 7. The test image  

Table 1. The AAMBE Values for the Five Different Algo-

rithms using 24 Input Images 

Method AAMBE 

SHE 28.19 

BHE 8.64 

RMSHE 4.09 

GC-CHE 17.32 

Proposed Method 2.423 

 

contains multiple objects at different distances from the 

camera. Figs. 7(a) and 7(d) show the test image acquired 

by the MCA system and its contrast-enhanced version by 

using the proposed algorithm, respectively. Figs. 7(b) and 

(e) show the results of color segmentation corresponding to 

the low-exposure image and the enhanced image using the 

proposed method, respectively. The results of the 

registration of Figs. 7(a) and 7(b) is shown in Figs. 7(c) 

 
  

(a) 
(b) (c) 

 

   

(d) 
(e) (f) 

 

 

 

 

 (g)  

Fig. 7. (a) the original image acquired by the MCA camera, (b) the result of segmentation corresponding to (a), (c) the re-

sult of registration corresponding to (b), (d) the enhanced image result, (e) the result of the color segmentation corre-

sponding to (d), (f) the result of registration corresponding to (e), and (g) the refocused image using the proposed 

method 
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and 7(f), respectively. In Figs. 7(c) and 7(f), the proposed 

algorithm provides a significantly improved contrast and 

better classification and registration compared to the output 

image of the original MCA camera without the contrast 

enhancement process. 

 

 

6. Conclusion 

 

In this paper, we present a novel color enhancement 

method for low-exposure images using global contrast en-

hancement based on the analysis of the low-exposure phe-

nomenon and adaptive histogram specification. The pro-

posed color enhancement algorithm first analyzes the lu-

minance of the low-exposure images. The transfer function 

is estimated by analyzing the low-exposure image, and is 

used for global contrast enhancement. Image compensation 

is then performed to enhance the low-intensity regions us-

ing histogram decomposition and extension. The proposed 

algorithm can effectively enhance the overall quality of the 

image without color distortion to the low-exposure images 

and provide a contrast enhanced image. Furthermore, the 

proposed algorithm successfully improves the classifica-

tion and registration performance of the MCA camera. The 

experimental results demonstrate that the proposed algo-

rithm can enhance the contrast of any low-exposure color 

image, and is suitable to various image devices, such as 

consumer-grade camcorders, real-time 3D reconstruction 

systems, digital, and computational cameras. 
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