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ABSTRACT  
Lacquer painting, a significant component of China’s cultural heritage, faces challenges such as 
insufficient lighting, texture loss, and blurred details due to environmental degradation and time. 
Traditional restoration methods are often inefficient in addressing these complex issues. To enhance 
restoration precision and speed, this paper proposes an adaptive image enhancement algorithm that 
integrates the Sparrow Search Algorithm (SSA) with the incomplete beta function. This novel approach 
leverages SSA's optimization capability to dynamically determine optimal grayscale transformation 
parameters, enabling effective image enhancement in low-light and intricate texture conditions. 
Experimental results demonstrate significant improvements in image clarity and detail restoration, 
outperforming traditional methods, particularly in terms of visual perception and brightness contrast. 
The proposed method automates the enhancement and restoration process, reducing manual intervention 
and improving efficiency. Its adaptability makes it suitable for various cultural heritage restoration tasks, 
especially in low-light and severely damaged scenarios. Looking forward, this method holds promise 
not only for other types of heritage restoration but also as a new approach for the digital preservation of 
cultural artifacts, with broad application potential. 

Keywords: Lacquer Painting Preservation, Sparrow Search Algorithm, Digital Image Processing, 
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1 INTRODUCTION 
Since 2003, traditional lacquer painting techniques have been included in the first batch of China's 
National Intangible Cultural Heritage List[1]. Over time and under environmental influences, lacquer 
paintings face various forms of degradation during preservation. Traditional restoration methods 
primarily rely on manual operations, which are time-consuming, labor-intensive, and lack precision, 
making it difficult to meet the dual demands for efficiency and accuracy in modern cultural heritage 
preservation. This study employs the Sparrow Search Algorithm (SSA), which has demonstrated 
significant potential in the field of image processing due to its fast convergence speed and strong 
optimization capability[2]. Compared to other optimization algorithms, the SSA adaptively optimizes 
grayscale parameters, making it particularly effective for handling lacquer painting images under low-
light conditions with intricate details. This study proposes a novel approach that integrates SSA with an 
incomplete beta function-based adaptive image enhancement algorithm. The method aims to enhance 
the visual quality of lacquer painting images under low-light conditions while restoring intricate textures 
and essential details. It provides a new pathway for the digital preservation of lacquer paintings and 
offers a foundation for the automated restoration of other cultural heritage artifacts. Through 
comprehensive experimental validation, the effectiveness and applicability of the proposed method are 
demonstrated, providing valuable insights and a feasible reference for advancing the intelligent 
restoration of cultural heritage. 

2    RESEARCH BACKGROUND 
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2.1 Lacquer Painting 
The history of lacquer art can be traced back over 8,000 years. Lacquer art primarily encompasses 
lacquerware, lacquer painting, and lacquer sculpture[3]. During the Warring States period (475–221 
BCE), lacquer-painted musical instruments had already appeared, such as the "Lacquered Wooden Tiger 
Base Drum with Bird Stand," as shown in Figure 1[4]. By the Han Dynasty, lacquer art combined both 
practicality and aesthetics, marking a golden age in the history of Chinese lacquer craftsmanship. 
Therefore, this study selects the lacquer painting images from the red-ground painted lacquer coffin 
unearthed from Mawangdui Tomb No. 1, which was formally excavated in 1972, as the research subject. 
Our analysis has significantly enhanced the understanding of social life and cultural practices during the 
Western Han period[5]. 

 
Figure 1.Painted Wooden Drum with Bird and Tiger Stand Jingzhou Museum Collection 

In August 2022, China issued a notification on the "14th Five-Year Plan for Cultural Development." 
The plan emphasizes the need to enhance the educational and exhibition capabilities of museums, 
memorial halls, and cultural heritage protection units[6]. In the document titled "Notice of the Office of 
the National Cultural Heritage Administration on the Activities for the 2024 Cultural and Natural 
Heritage Day," issued in March 2024, it is stated: "Efforts will focus on promoting major policies, such 
as mutual learning among civilizations, thereby showcasing a new dynamic outlook of confidence and 
dedication in heritage work[7]." Regarding research on lacquer painting, its artistic independence and 
development are reflected in its integration with various forms of painting[8]. The expressive potential 
of lacquer painting in the field of imagery also facilitates the inheritance and innovation of traditional 
lacquer art within the context of modern artistic discourse[9]. In lacquer restoration, particular attention 
should be given to ensuring harmony between the restored lacquer surface and the original, achieving a 
visually pleasing restoration outcome[11]. Therefore, this study applies the Sparrow Search Algorithm 
(SSA) and the incomplete beta function to image enhancement in the restoration of lacquer paintings, 
providing a technological foundation for their restoration. 

2.2 Review of image enhancement methods 
Pan, X. proposed a retina-inspired illumination map enhancement method to address the issues of 
insufficient improvement in dark areas and overexposure in bright areas during low-light image 
enhancement[12]. Wei, X. proposed a two-stage restoration model, MER (Mural Enhancement and 
Restoration Net), aimed at facilitating the restoration of damaged murals[13]. Xu, X. proposed a low-
light image enhancement method that combines a Signal-to-Noise Ratio (SNR)-aware transformer with 
a convolutional model to enhance images[14]. Tang, H. proposed a method based on the independence 
of YCbCr color channels combined with RetinexNet and denoising techniques to reduce color distortion 
in enhanced images[15]. Rodan proposed an improved image filtering algorithm by enhancing noise 
detection, weight calculation, and filter template design in the classic mean filter[16]. 

2.3   Optimisation algorithm based approach 
Gharehchopogh, F. S. conducted a review of the Sparrow Search Algorithm (SSA) and its applications 
in solving optimization problems, focusing on research related to its variants, improvements, 
hybridizations, and optimization techniques[17]. Xue, J. provided a comprehensive overview of the 
Sparrow Search Algorithm (SSA) and its variants[18]. Yan, S. systematically compared and analyzed 
the Sparrow Search Algorithm (SSA) with classical intelligent algorithms such as PSO, DE, and 
GWO[19]. Fan, X. and colleagues proposed a two-step contrast enhancement method for medical 
images. 
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2.4   Introduction to Sparrow Search Algorithm    
The Sparrow Search Algorithm (SSA) is a metaheuristic algorithm developed based on the foraging and 
anti-predation behaviors of sparrow populations[20]. Hu, L. proposed an improved SSA by introducing 
an adaptive Weibull distribution and enhanced search strategies[21]. Gharehchopogh, F. S. and 
colleagues conducted an in-depth study on SSA, analyzing its applications in the fields of variants, 
improvements, and hybridizations[22]. Du, H. proposed an SSA-based algorithm (HLSSA-VMD) that 
integrates the Halton sequence and Laplace crossover operator with Variational Mode Decomposition 
(VMD) for optimizing VMD parameters[23]. 

2.5   Introduction to incomplete beta functions 
The Incomplete Beta Function (IBF) is a generalized form of the Beta function, defined as an integral 
function with two parameters, α\alphaα and β\betaβ. Zhang, Y. proposed an improved population 
optimization algorithm[24]. Braik, M. proposed a hybrid algorithm (HWOA) that combines the Whale 
Optimization Algorithm (WOA) and the Chameleon Swarm Algorithm (CSA), aiming to adaptively 
determine the optimal parameters of the Incomplete Beta Function (IBF) in Image Contrast 
Enhancement (ICE)[25]. 

3   THEORY AND RESEARCH METHODS 

3.1 Sparrow Search Algorithm (SSA) 
The Sparrow Search Algorithm (SSA) is a bio-inspired optimization algorithm that simulates the 
foraging and anti-predation behaviors of sparrows. It is designed to solve complex optimization 
problems [26]. The Sparrow Search Algorithm (SSA) has demonstrated effective performance in 
applications for low-light image enhancement. For dehazing methods targeting daytime and nighttime 
fog images, the combination of an improved dark channel prior and image enhancement through a 
physical model, along with a multi-scale Retinex method based on an improved Sparrow Search 
Algorithm, has achieved excellent dehazing results for both daytime and nighttime fog images [27]. The 
operation principle of the Sparrow Search Algorithm (SSA) begins with the initialization step. In this 
step, an initial population is randomly generated within the search space, where each population member 
represents a sparrow’s position. The position can be regarded as a vector in the solution space, with each 
dimension representing a variable of the solution. The fitness value of each sparrow is then calculated 
based on the fitness function, which is typically the objective function. 
The second step is the iterative search, which consists of updates by producers, scroungers, and escapees 
from predators. The principle of the producers is to explore the solution space by mutating based on the 
current optimal solution and their own position to discover new potential optimal positions. This process 
is governed by Equation (1): 

                                                                           (1) 

Here,  represents the future position,  is the current position,  is the index of an individual 
sparrow,  is a constant, represents the proportion of producers,  is the population size, and 

 is the maximum number of iterations.In swarm intelligence algorithms, scroungers update their 
positions based on the locations of the best and worst individuals in order to track high-quality solutions. 
Additionally, when predators are detected, they adopt an evasion strategy to maintain the safety of the 
population. This process is governed by Equation (2): 

                                                                        (2) 

Here,  and represent the best and worst individuals in the current population in terms of 
fitness, respectively, and  is a random constant used to simulate randomness. The evasion from 
predators occurs when an individual senses a threat from a predator; the individual immediately changes 
direction and moves to a new random position. This behavior simulates the anti-predation strategies of 
sparrows in nature. This process is governed by Equation (3): 
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                                                                                              (3) 

Here, is a step-related constant, represents a distribution function that follows a -

flight pattern, and  refers to the temperature of the problem. 

3.2 Incomplete beta function (IBF) 
The Incomplete Beta Function is a generalized special function commonly used in statistics and 
probability theory. It extends the regular Beta Function by introducing an upper or lower bound in the 
integral, thereby partially constraining the function's domain[29]. The Incomplete Beta Function is 
divided into regularized and non-regularized forms. The non-regularized Incomplete Beta Function, 
denoted as , is defined as shown in Equation (4). 

                                                                                    (4) 

Here,  and are the two parameters of the function, and  is the upper limit of the integral, 
which lies within the range [0,1]. The regularized Incomplete Beta Function, denoted as , is 
defined as shown in Equation (5). 

                   
                                                                                      

(5) 

Here,  represents the complete Beta Function, which is defined as shown in Equation (6). 

                                                                        (6) 

Here,  represents the Gamma function. The regularized Incomplete Beta Function, denoted as 
, expresses the ratio of the non-regularized Incomplete Beta Function to the complete Beta 

Function, and thus its value always lies between 0 and 1. 

3.3 Research Methodology 
The experimental environment consisted of a 64-bit 13th Gen Intel(R) Core(TM) i9-13900KS processor 
with 24 cores (8P+16E) and a maximum turbo frequency of 6.0 GHz, using MATLAB R2023a. The 
experimental data were sourced from images taken at the Hunan Provincial Museum, focusing on low-
light image enhancement research. This experiment significantly improved image clarity and detail, 
enhancing visual perception. The specific experimental method involved applying the Sparrow Search 
Algorithm (SSA) and the Incomplete Beta Function for nonlinear pixel transformation. After enhancing 
pixel values, bicubic interpolation was used to enlarge the image, achieving a super-resolution effect. 
Bicubic interpolation is a commonly used image enlargement technique that generates high-resolution 
images by performing smooth interpolation between pixels. Its basic principle involves utilizing the 
values of 16 surrounding pixels (a 4x4 region) and applying cubic polynomials to calculate new pixel 
values. Hassan, F. S. and colleagues proposed an innovative interpolation-based Reversible Data Hiding 
(RDH) method[28]. The specific low-light image enhancement method is shown in Figure 3. 
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Figure 3. Enhancement Path Map  

4   RESULTS 

4.1   Data collection 
The experimental dataset was collected at the Hunan Provincial Museum, with photographs taken 
between 3:00 p.m. and 4:00 p.m. Due to the low lighting conditions inside the museum, to test the 
consistency of the algorithm's enhancement effect under low-light conditions, all images were 
standardized to a resolution of 144 x 144 after being taken and adjusted to a landscape composition, as 
shown in Table 1. 

Name Image Image 
resolution 

Memory 
/Format 

Image analysis 
 

 
 

Left 
sidewal

l  

 
 

144 x 144 

 
 

3.8MB 
/PNG 

Due to prolonged burial 
and natural corrosion, the 
coffin's lacquer painting 

appears dull, with a faded 
red background. Weak 
museum lighting and 

underexposed photography 
further obscure details, 
creating low brightness, 
contrast, and sharpness. 

Heavy shadows and 
blending of foreground and 
background hinder detailed 

archaeological analysis. 

 
 

Right 
sidewal

l  

 
144 x 144 

 
4.1MB 
/PNG 

 
 

Cover 

 

 
144 x 144 

 
1.7MB 
/PNG 

 
table 1. 

4.2   Experimental results and analyses 
The experimental results demonstrate that the adopted algorithm exhibits strong robustness and fast 
execution performance during operation, with a noticeable improvement in image brightness observable 
to the naked eye. To validate the effect, a comparative analysis of the original and enhanced images was 
conducted using histograms, as shown in Figure 4, Figure 5, etc,. 
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Figure 4.Enhancement before and after comparison chart 

 
               Figure 5.                                        Figure 6.                                   Figure 7. 

illumination enhancement. Figure 5 presents the histograms of the original and enhanced images. Figure 
4 illustrates the patterns on the left side of the lacquered coffin. As shown in Figures 6, Figure 7, etc., to 
evaluate the effect of the Sparrow Search Algorithm combined with the Incomplete Beta Function on 
the enhancement of lacquer painting images, the study used histogram equalization to compare and 
analyze the original and enhanced images. The histogram of the left image shows a high frequency 
concentrated in the lower pixel intensity range (between 0 and 50), indicating that the left image is 
generally darker, with a larger proportion of dark areas. In contrast, the histogram of the right image 
also shows a high frequency in the lower pixel intensity range, but compared to the left image, the right 
image has a slight increase in medium-intensity pixels between 100 and 200. This suggests that the right 
image has higher brightness, with a more even distribution of color and brightness, resulting in an overall 
brighter image. Therefore, the brightness of the lacquer painting image enhanced by the algorithm on 
the right is more pronounced. 
In Figure 8, the left side shows the original image, while the right side displays the image after 
illumination enhancement. Figure 9 presents the histograms of the original and enhanced images. Figure 
8 illustrates the lid of the lacquered coffin, featuring paired depictions of the Azure Dragon and White 
Tiger symmetrically distributed around a central flame-shaped motif.The composition is well-balanced 
and symmetrical, with rich colors. The spiritual figures are exaggerated yet vividly lifelike. 

 
Figure 8.     Enhancement before and after comparison chart 

!
Figure 9.                                  Figure 10.                                     Figure 11.  
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As shown in Figures 10, Figure 11, etc., and the histogram of the left image shows a high frequency 
concentrated in the lower pixel intensity range (between 0 and 50), indicating that most of the pixels are 
concentrated at the lowest and highest pixel intensity levels.  There are noticeable peaks in the frequency 
above 250 and between 0 and 50, suggesting that the image is generally dark. The histogram of the right 
image presents a similar pattern, but the overall frequency is slightly higher, particularly in the lower 
pixel intensity range. Compared to the left image, the brightness of the right image is higher, with more 
pronounced contrast between the bright and dark areas, resulting in a more vivid visual effect. 

Figure 12.  

 
Figure 13.                                       Figure 14.                                   Figure 15.  

In Figure 12, the left side shows the original image, while the right side displays the image after 
illumination enhancement. Figure 13 presents the histograms of both the original and enhanced images, 
indicating that the algorithm demonstrates fast convergence speed and efficient stability. The enhanced 
image on the right shows significant improvements in color, detail, contrast, and texture. The contrast 
between the red background and the decorative patterns is strengthened, with the details, three-
dimensionality, and material texture of the patterns fully revealed. In contrast, the original image on the 
left, due to insufficient lighting, appears blurry, with dull colors and low recognition of the decorative 
patterns and artistic details, which limits its value for artifact research and analysis. Figure 12 depicts 
the right side of the lacquered coffin, featuring abstract geometric motifs without any depictions of 
spiritual or supernatural figures. The entire coffin panel is covered with densely intricate two-way 
interlocking cloud patterns, interspersed with two diamond-shaped cloud motifs. A 14 cm-high 
diamond-shaped cloud pattern border surrounds the panel. As shown in Figures 14, Figure 15, etc., and 
the histogram of the left image shows that most pixels are concentrated in the lower intensity range 
(between 0 and 50), but there is also a significant peak at the highest intensity (255). This indicates that 
the image contains a large amount of dark areas. The histogram of the right image is similar to the left, 
but with more even peaks, and the overall brightness shows no large variations in contrast, with a 
significant increase in overall brightness compared to the left image.  
The study on the adaptive image enhancement algorithm based on the Sparrow Search Algorithm (SSA) 
and the Incomplete Beta Function evaluates the optimal fitness values of the algorithm during the image 
enhancement process at different iteration counts. From the perspective of convergence speed, the 
fitness values drop rapidly around the fifth iteration, indicating that the algorithm initially finds a region 
near the global optimum. After five iterations, the fitness values stabilize and remain consistent in 
subsequent iterations, meaning that once the algorithm approaches the optimal solution, further changes 
are minimal, entering a stable phase. Thus, the convergence curve demonstrates that the SSA combined 
with the Incomplete Beta Function possesses fast convergence capabilities for solving this image 
enhancement problem, achieving a near-optimal solution with relatively few iterations.Finally, by using 
histogram testing to compare the parameters of the original and enhanced images, the results confirm 
that the enhanced image is superior to the original. The enhanced image not only shows significant 
improvement in color saturation but also outperforms the original in terms of color gamut expression. 
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5     CONCLUSION 
This study addresses the complex issues of insufficient lighting and blurred details encountered during 
lacquer painting restoration, particularly the limitations of traditional restoration methods in low-light 
and complex texture scenarios. An adaptive image enhancement algorithm based on the Sparrow Search 
Algorithm (SSA) and the Incomplete Beta Function is proposed to tackle these challenges. Traditional 
methods often struggle with overexposure and distortion when enhancing image brightness and details, 
making it difficult to meet the high demands for clarity in lacquer painting restoration. To solve this 
problem, the proposed method dynamically optimizes the grayscale transformation parameters through 
SSA, significantly improving brightness and detail in low-light conditions while effectively reducing 
overexposure and distortion when handling complex textures. This method has three key advantages: 
First, SSA has strong adaptability, allowing it to dynamically adjust parameters to suit different lighting 
conditions, especially excelling in low-light and complex texture environments. Second, by combining 
SSA optimization with the Incomplete Beta Function, the algorithm significantly enhances detail, 
making it particularly suitable for highly damaged lacquer painting restoration scenarios. Third, while 
enhancing image brightness, the method avoids the common overexposure and distortion issues found 
in traditional methods, ensuring clarity and visual quality in the restored images. This technique not only 
provides robust technical support for the digital preservation and restoration of lacquer paintings but 
also offers new insights for research and applications in related fields. It demonstrates promising 
potential in areas requiring complex image processing, such as security surveillance, medical imaging, 
autonomous driving, and military reconnaissance. In the future, by incorporating distributed computing, 
adaptive filtering, and machine learning-based parameter optimization, the adaptability and efficiency 
of the algorithm can be further improved, ensuring continued advancements in image restoration and 
related applications. 
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