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SUMMARY 

One of the major issues in the agricultural industry is cocoa quality determination that may be based on 

subjective sensory assessment techniques that may cause inconsistency and losses after harvesting. The 

following research will solve the set of issues by taking the Mumford-Shah functional algorithm with the 

image segmentation, to evaluate the quality of cocoa at various stages of development: un-ripe, ripe, and 

diseased. The operation of the segmentation is performed on MATLAB simulation, and the images are 

processed to measure the primary metrics like how many regions they have, the average area, the average 

perimeter, and the average eccentricity. The outcomes of the segmentation indicate a clear difference in 

such measures in the three stages of cocoa growth. In the case of unripe cocoa there are 997 regions and 

the average region area is 10,509.80 pixels, the average perimeter is 18.40 pixels and the average 

eccentricity is 0.20. In case of ripe cocoa, there are 768 regions with the average area of 13,997.49 pixels, 

perimeter of 24.57 pixels, and the average eccentricity of 0.21. The diseased cocoa had 1,705 regions 

with a mean area of 5,936.61 pixels, mean perimeter of 11.68 pixels and with a mean eccentricity of 0.21. 

The discussion has shown that the Mumford-Shah algorithm offers an accurate means of grading cocoa 

quality and has been shown to offer major benefits over the conventional sensory assessment procedures, 

post-harvest losses and quality control in cocoa production.  

Key words: cocoa quality, mumford-shah algorithm, image segmentation, agricultural image 

processing, quality control, MATLAB simulations, organoleptic characteristics. 

INTRODUCTION  

Historically, high-quality agricultural exports have been highly challenging for all countries, and even 

more so when we are talking about cocoa (Therobroma cacao), since it is one of the main products with 

world production of more than 4,72 million tons. [1] [2] 

Cocoa is native to the Amazon basin, and Peru is one of the main countries that has the largest genetics 
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of this cultivation providing more than 60% of the cocoa varieties cultivated by farmers around the world 

[1]. Its quality stands out for its organoleptic characteristics.  

 

Figure 1. Adapted from midagri database 

Figure 1 shows in the bars the tons produced in Peru in the years 2010 to 2023 and with a price trend in 

dollars of cocoa. 

The value of Peruvian cocoa exports experienced a significant increase of 305.9% between 2023 and 

2024, rising from 122 million to 495 million US dollars. The main export destinations were: 

 

Figure 2. Organoleptic characteristics we use color and texture, own elaboration 

Malaysia: 98 million USD, Indonesia: 86 million USD, Netherlands: 57 million USD y Belgium / 

Luxembourg: 55 million USD [3]. 

The quality of cocoa is based on its correct harvesting, this activity is carried out entirely by hand, in 
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other words, cocoa farmers identify the morphological and organoleptic characteristics through their 

senses (Figure 2) [4].  

To determine the quality or verification of maturity, the indicated sensory characteristics used by cocoa 

producers must be taken into account, which can lead to considerable inconsistencies [5]. In addition to 

having a negative impact on the health of consumers, it also has repercussions on the economy of 

farmers, since, by not harvesting the final product on time, they completely lose the fruit. [4] 

Due to optimization problems, it is planned to specify a technology with suitable characteristics for its 

determination. Technological advances, which progress rapidly every year, allow us to find optimal 

values for the recognition and evaluation of quality. [6] [7] 

Key Contribution 

• Mumford-Shah functional algorithm is an image segmentation algorithm that will be applied to 

the cocoa images, which offers a more precise and objective analysis of cocoa quality. 

• Comparison of the algorithm performance in detecting cocoa by the various stages of development 

including: unripe, ripe and diseased, using the relevant metrics of the image including: area, 

perimeter and eccentricity. 

• Provision of the effectiveness of the Mumford-Shah algorithm on the examples of MATLAB 

simulating the algorithm, which indicates its ability to minimize post-harvest losses and manage 

cocoa quality better. 

The paper is presented in the following way: Section 2 gives a comprehensive literature review of the 

quality determination methods of cocoa and image segmentation methods. Section 3 provides the 

methodology of the work, including the Mumford-Shah functional algorithm and image segmentation 

process. The discussion of the findings of the experiments (its important metrics, comparisons) can be 

found in section 4. Lastly, Section 5 had a conclusion of the paper summarizing the findings, limitations 

and the future research directions. 

LITERATURE REVIEW 

Manual sensory assessment has also been used in cocoa quality assessment, and this can be prone to 

inconsistencies as well as subjective assessment. Image processing methods especially image 

segmentation has been considered over the recent years in order to automate this process to enhance 

accuracy and efficiency [21]. A number of studies have worked on the application of image segmentation 

in determining the quality of cocoa judging by visual features including color and texture. Vergel et al. 

(2022) [5] and Bonilla and Hubert (2022) [2] also show how segmentation can be utilized to analyze 

cocoa, and such studies tend to disregard the fact that cocoa can be segmented into unripe, ripe, and 

diseased at different stages of development [22]. This poses a loophole which the present study will aim 

to fill using the Mumford-Shah functional algorithm that has been proven to be highly accurate in 

identifying edges and cutting images into meaningful components to cocoa quality determination [23]. 

In 1989, the Mumford-Shah functional algorithm was developed, and it has been extensively applied in 

computer vision due to its effectiveness in identifying the edges and segmentation of more complicated 

images. Although the algorithm has been able to be used in facial recognition and in low-light settings, 

there have been few uses of the algorithm in agricultural produce such as cocoa. Other recent studies 

such as the one by Kang and Hua (2023) [6] have applied the Mumford-Shah algorithm to improve the 

segmentation process, yet they have not been tested in a large-scale on-farm setting. Also, the problems 

with cocoa image segmentation, which is vastly different depending on the ripeness and disease, is not 

very discussed yet. The study seeks to fill this gap by testing the Mumford-Shah algorithm according to 

the real-life agricultural settings using MATLAB simulations to partition cocoa images and examine 

their quality in a better manner [24]. 

Image segmentation has been done previously in the agricultural research, but research on segmentation 

of cocoa quality with advanced segmentations is still developing. The present work closes this gap by 
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applying the Mumford-Shah algorithm to categorize cocoa in terms of its organoleptic characteristics to 

enhance the precision of the quality control and the effectiveness of the post-harvest operations. By so 

doing, the study will contribute towards a more valid method of assessing the quality of cocoa which 

will result in less post-harvest losses and enhance the exportation of cocoa. 

In the search and collection process, academic research in the scientific field was selected. Using terms 

and keywords in Spanish: “segmentation”, “images”, “quality”, “cocoa”, “algorithm”, “functional”, 

“Mumford-Shah” and in English: “Cocoa”, “Quality”,  

“Mumford-Shah”,” functional”,” algorithm”, “Image”,” Segmentation”; the following search equations 

were used by journal as shown in the Table 1. 

Table 1. Journal search equations 

Magazine Search equation 

Scopus 
“Cocoa AND Quality” + “Mumford-Shah AND functional algorithm” + “Image 

AND Segmentation 

Scielo “Image segmentation “+” Mumford-Shah functional algorithm” 

Sciences “Cocoa quality “+” image segmentation” 

IOPScience “Cocoa quality” + “Mumford-Shah functional algorithm” 

Source: own elaboration 

The results of the literature review in the search engines gave a total of 245 scientific articles related to 

the research keywords. Scopus provided the largest number of results with 188 articles, followed by 

Science with 18, Scielo with 23 and IOPScience with 16 articles. In addition, a total of 24 scientific 

articles and the publication of the report of the Central Reserve Bank of Peru (BCRP) were filtered and 

selected for this research as shown in the Table 2. 

Table 2. Table data collection by keywords 

DATA    BASE TOTAL, AMOUNT SELECTION FOR RESEARCH 

Scopus 188 18 

Scielo 18 4 

Sciences 23 1 

IOPScience 16 1 

BCRP 1 1 

TOTAL 245 25 
 

The prism methodology was applied for systematic reviews. 

Relevant journals were included for the development of the study, which addressed research published 

in the last 5 years between 2020 and 2024, obtaining a total of 25 scientific articles in those years. (Figure 

3)  

The collection of research from scientific journals such as Scopus, Scielo, Sciences and IOPScience, 

using search terms related to inclusion and exclusion criteria, used the PICO methodology as shown in 

Table 3, to select relevant studies, which should address the Mumford-Shah function and image 

segmentation. 

Table 3 PICO shows the major aspects of the investigation in accordance to the PICO model. The 

Population is the cocoa that has to be analysed. The Intervention is the implementation of the Mumford-

Shah functional algorithm of image segmentation, with the view of enhancing cocoa quality 

classification. Though, no explicit comparison group is stated, the study is concerned with the efficacy 

of the algorithm. The Determination and classification of cocoa quality is the Outcome that is determined 

using the results of the segmentation. 
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Figure 3. Information resource according to journals used 

Table 3. Table PICO 

Population  Intervention Results 

Cocoa Mumford-Shah 
Functional 

Algorithm 

 
Image  

segmentation 
Quality 

 

METHODOLOGY 

Mumford-Shah functional determination 

The Mumford-Shah functional algorithm is not an emerging technology, as it was developed in 1989 by 

David Mumford and Jayant Shah, however, it is still relevant and has emerging technological 

applications such as computer vision and deep learning. 

In this context, thanks to technological advances and the functionality of mathematical algorithms, it 

was proposed to analyze the Mumford-Shah functional model and image segmentation to improve the 

identification of quality cocoa [8]. 

As shown in the following Mumford-Shah equation 1 for image segmentation: 

𝐸(𝑓, 𝑟) = 𝑣 ∫ (𝑓 − 𝑔)2
Ω\𝑟

+ 𝜆 ∫ |▽ 𝑓|2
Ω\𝑟

+ 𝜇|𝑟|      (1) 

Table 4. Data table 

Mumford-Shah image segmentation equation 

Parameters  Description 

λ, u Represents the original image 

C  

 

Represents the set of edges in the image region 

Length (C) It is the length of the curve µ 

a Non-negative penalty parameters 

 The larger a is, the softer the image will be  
The larger u is, the shorter the curve will be C 

u 

 

can approximate the data pair (u, C) and control 

the length of the surrounding curve 

▽ 𝑓 The gradient off, used to measure the variation in 

intensity of the segmented image within the 

region 
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The values are as follows: Ω is the image property, g is the image to be segmented, r is the union of the 

edges of each segmented region, ƒ is the segmented image and │r│ is the total length of the arcs that 

comprise r. Finally, λ, μ and v are weights that allow improving the quality of the segmented image. 

With the Mumford-Shah function, the most precise edges of the image can be detected are shown in 

table 4 [9]. 

This algorithm works by consisting of three terms: Fidelity Term shown in equation 2 and 3  [6] 

∫ |▽ 𝑓|2
Ω\𝑟

          Softness level term                             (2) 

∫ ((𝑓|𝑟|)𝑟)2
Ω\𝑟

  Edge length term                                   (3) 

The study and application of this Mumford-Shah method, integrated with current technology, will 

benefit all fields of agricultural research, therefore, the main objective is to understand the functionality 

of this method applied to the cocoa industry. 

It is very important to recognize what professionals attribute with respect to the demand for cocoa 

quality, if some time ago there was no law that required adequate quality for national and international 

markets, as of 2017 the technical standard NTP 208.040:2017 was approved, which establishes the 

quality and classification requirements for Peruvian cocoa. 

The research seeks to answer the following question clearly and concisely:  

¿How does the Mumford-Shah functional algorithm influence the combination with image segmentation 

to improve cocoa quality? 

This question examines the influence of the Mumford-Shah algorithm on the quality assessment of cocoa 

and provides a comparative analysis of its effectiveness against conventional inspection methods.  

Segmentation Process 

The following Figure 4, 5 and 6 shows a segmentation obtained by applying the algorithm based on the 

Mumford-Shah functional, for the recognition and determination of the quality of cocoa, achieving a 

precise partition of the regions of interest.  

 

Figure 4. Cocoa in the “Ripe” state 

 

Figure 5. Cocoa in “unripe” state 
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Figure 6. Cocoa in a “sick” or “spoiled” state 

Currently there are a number of methods for image recognition and segmentation  [10]. Which can be 

used in different industrial sectors, from agriculture, security and medicine. However, there are many 

efficient methods such as the Mumford-Shah functional algorithm that are excellent for image 

segmentation and reconstruction [6]. 

For the development of this article, it was carried out based on the mixed review, which is a research 

approach that exhaustively and even-handedly tracks, collects, evaluates and synthesizes all existing 

evidence related to addressing the study objective "Determination of cocoa quality using the Mumford-

Shah functional algorithm and image segmentation" using a programming language in Matlab [11]. 

 

Figure 7. Cocoa quality classification pipeline: a visual overview 

Figure 7 demonstrates that the process of quality categorization of cocoa is performed through the 

division of images. It commences with obtaining the image and then preprocesses it (conversion to 

grayscale), and characteristic extracted (histograms, graphs). The significant segmentation is by 

employing the Mumford-Shah functional to arrive at a proper segmentation. The segments are classified 

based upon characteristics like area, perimeter and eccentricity and majority on the ground in the 

segmented regions is the last consideration. It is an automated process of quality cocoa and efficiency 

in quality management and decision making. 

Algorithm 1: Cocoa Quality Classification Using Mumford-Shah Functional Algorithm for Image 

Segmentation 

Input 

The input to the system is an image of cocoa at various stages (unripe, ripe, diseased), denoted as: 

𝐼(𝑥, 𝑦) ∈ ℝ𝑀×𝑁×3 
 

Camera Cocoa 
Grayscale 

Calculation of metrics 
Histogram Mumford Shah 

Result 
Image with greater similarity 
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Step 1: Image Acquisition 

Convert the color image to grayscale: 

𝐼𝑔(𝑥, 𝑦) = 0.2989 𝐼𝑅 + 0.5870 𝐼𝐺 + 0.1140 𝐼𝐵 

Step 2: Preprocessing 

Apply a smoothing filter to reduce noise and simplify segmentation: 

𝐼𝑠(𝑥, 𝑦) = 𝐼𝑔(𝑥, 𝑦) ∗ 𝐺𝜎(𝑥, 𝑦) 

Step 3: Mumford-Shah Segmentation 

The Mumford-Shah functional for image segmentation is defined as: 

𝐸(𝑓, 𝐶) = 𝜆 ∫ (𝑓(𝑥, 𝑦) −
Ω

𝐼𝑠(𝑥, 𝑦))2 𝑑𝑥 𝑑𝑦 + 𝛼 ∫ ∣ ∇𝑓(𝑥, 𝑦)
Ω∖𝐶

∣2  𝑑𝑥 𝑑𝑦 + 𝜇 Length(𝐶) 

where: 

𝑓(𝑥, 𝑦)is the segmented image, 

𝐶is the set of edges (region boundaries), 

∇𝑓is the gradient of 𝑓, 

𝜆, 𝛼, 𝜇are weighting parameters for fidelity, smoothness, and edge detection. 

Minimize the functional to find the optimal segmentation: 

(𝑓∗, 𝐶∗) = arg min 
𝑓,𝐶

𝐸(𝑓, 𝐶) 

Step 4: Feature Extraction 

For each segmented region 𝑅𝑖, extract the following features: 

Area: 

𝐴𝑖 = ∑ 1

(𝑥,𝑦)∈𝑅𝑖

 

Perimeter: 

𝑃𝑖 = ∑ 1

(𝑥,𝑦)∈∂𝑅𝑖

 

Eccentricity: 

𝐸𝑖 = √1 −
𝜆2

𝜆1
 

Step 5: Quality Classification 

Cocoa is classified based on thresholds for area 𝐴, perimeter 𝑃, and eccentricity 𝐸as follows: 

𝑄(𝑅𝑖) = {

Unripe, 𝐴𝑖 > 𝐴𝑢, 𝑃𝑖 > 𝑃𝑢, 𝐸𝑖 < 𝐸𝑢

Ripe, 𝐴𝑖 ∈ [𝐴𝑟
𝑚𝑖𝑛, 𝐴𝑟

𝑚𝑎𝑥], 𝑃𝑖 ∈ [𝑃𝑟
𝑚𝑖𝑛, 𝑃𝑟

𝑚𝑎𝑥], 𝐸𝑖 ∈ [𝐸𝑟
𝑚𝑖𝑛 , 𝐸𝑟

𝑚𝑎𝑥]
Diseased, 𝐴𝑖 < 𝐴𝑑 , 𝑃𝑖 < 𝑃𝑑 , 𝐸𝑖 > 𝐸𝑑
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Step 6: Final Decision 

The overall cocoa quality is determined by the majority vote across all segmented regions: 

𝑄final = mode{𝑄(𝑅1), 𝑄(𝑅2), … , 𝑄(𝑅𝑛)} 
Output 

The output is the final cocoa quality classification: 

𝑄final ∈ {Unripe,Ripe,Diseased} 
This decision is based on the majority classification of the segmented regions within the cocoa image. 

Algorithm 1 is an automatic determination of the quality of cocoa with the Mumford-Shah functional 

image segmentation. It turns cocoa images into grayscale, smoothes the image and breaks the image 

according to edge locating and smoothness. The area, perimeter and eccentricity are some of the key 

features that are extracted to classify the cocoa into unripe, ripe, or diseased. The last categorization is 

registered by the majority vote of the segmented regions and is an efficient, objective and automated 

process of quality control and decision making. 

RESULTS AND DISCUSSION      

Mumford-Shah equation to improve image segmentation performance currently is as follows equation 

4 and table 5 and 6  [12] 

𝐸(𝑢, 𝐶) = 𝜆 ∫ (𝑢𝑞 − 𝑢)2𝑑𝑥𝑑𝑦
Ω

+ 𝑎 ∫ |▽ 𝑢|2
Ω\𝑐

𝑑𝑥𝑑𝑦 + 𝜇𝑙𝑒𝑛𝑔𝑡ℎ(𝐶)    (4) 

Table 5. Data table 

Mumford-Shah image segmentation equation 

Parameters Description 

λ, u Represents the original image 

C  

 
Represents the set of edges in the image region 

Length (C) It is the length of the curve µ 

a Non-negative penalty parameters 

 The larger a is, the softer the image will be 
 The larger u is, the shorter the curve will be C 

u 

 

can approximate the data pair (u, C) and control the length of the 

surrounding curve 

▽𝑓 
The gradient of 𝑓, used to measure the variation in intensity of the 

segmented image within the region 
 

The Mumford-Shah functional algorithm is focused on solving the image segmentation problem of a 

classical procedure, finding optimal segment results, the original Mumford-Shah function is the 

following equation 5, 6 and 7 [9]. 

𝐸(𝑢, 𝐶) = 𝜆 ∫ (𝑈0 − 𝑈)2
Ω

𝑑𝑥𝑑𝑦 + 𝑎 ∫ |▽ 𝑢|2𝑑𝑥𝑑𝑦 + 𝜇𝑙𝑒𝑛𝑔𝑡ℎ(𝐶)
Ὠ/𝑐

                        (5) 

𝐸(𝑢, 𝐶) = 𝜆                                                                                                                  (6) 

𝐹𝑀𝑆(𝜇, 𝐶) = 𝜇. 𝑙𝑒𝑛𝑔𝑡ℎ(𝐶) + 𝜆1 ∫ |𝑢0 (𝑥, 𝑦) − 𝑢(𝑥, 𝑦|2
Ω

𝑑𝑥𝑑𝑦 +𝜆1 ∫ |𝑢0(𝑥, 𝑦) − 𝑢(𝑥, 𝑦|2
Ω

𝑑𝑥𝑑𝑦      (7) 

The study carried out with the Mumford-Shah logarithm using Matlab software allowed finding 

homogeneity in the segmented images to improve the selection of quality cocoa, using the deep learning 

tool [13] [14]. 
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Table 6. Data table 

Mumford-Shah Functional Algorithm 

Parameters Description 

C Curve in the level set method 

 

 
µ ≥ 0, v ≥ 0, λ1, λ2 > 0  

Length (C) It is the length of the curve C 
 

The Figures 8, 9, and 10 show the quality analysis process of cocoa: the original image (a) is used to 

observe the seeds in their initial state; the conversion to grayscale (b) eliminates color information to 

simplify the analysis; the smoothed image (c) reduces noise, facilitating accurate segmentation; and the 

segmentation result (d) delimits the regions of interest (seeds) with respect to the background. The 

complementary numerical analysis, with metrics such as areas, perimeters and eccentricity, allows to 

evaluate uniformity and detect possible defects in the seeds, offering an objective evaluation of their 

quality. 

 

(a)                                   (b) 

 

(c)                                           (d) 

 Figure 8. Cocoa quality analysis: number of regions: 768, average areas: 13997.49 pixels, average perimeters: 

24.57 pixels, average eccentricity: 0.21 

 

(a)                                             (b) 

 

(c)                                             (d) 

Figure 9. Cocoa quality analysis (image of diseased cocoa): number of regions: 1705, average areas: 5936.61 pixels, 

average perimeters: 11.68 pixels, average eccentricity: 0.21 
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(a)                                      (b) 

 

(c)                                        (d) 

Figure 10. Cocoa quality analysis (green unripe cocoa image): number of regions: 997, average areas:10509.80 

pixels, average perimeters: 18.40 pixels, average eccentricity: 0.20 

 

Figure 11. Metric comparison chart 

Figure 11 compares the variation in quality metrics between images, helping to identify significant 

differences in the characteristics of cocoa beans. Three standard images were created and trained to then 

analyze it and verify whether it compares the images of sick and green cocoa with the standard images. 

Table 7. Pattern data comparison table 

 Pattern 1 Pattern 2 Pattern 3 

Area 13141.06 39941.17 33364.23 

Perimeter 22.54 22.54 49.16 

Eccentrics 0.21 0.20 0.20 
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Average Pattern Metrics: 

• Average Area: 28815.49 

• Average Perimeter: 43.59 

• Average Eccentricity: 0.20 

Table 8. Image results comparison table 

 Image 1 Image 2 Image 3 

Area 9527.49 6181.90 9302.46 

Perimeter 16.78 12.31 16.98 

Eccentrics 0.20 0.22 0.20 

Total Distance 6438.27 7554.96 6513.22 

Quality Not Optimal Not Optimal Not Optimal 
 

Variation analysis: In addition to color analysis, the implemented program evaluates variations in shape 

characteristics, such as area, perimeter and eccentricity of the segmented regions shown in table 7 and 

8. These metrics allow detecting differences in size, shape or uniformity between the standard images 

and those to be compared. The generated graphics help to observe how these metrics vary between 

images, which is crucial for a complete analysis. The following 3 standard images determine (Figures 

12, 13, and 14): the analysis of each image is taken to grayscale and segmented, adding the generation 

of its color histogram for each image [15]. 

 

Figure 12. Pattern graph 1 

 

Figure 13. Pattern graph 2 
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Figure 14. Pattern graph 3 

Comparison  

 

Figure 15. Pattern graph 1 

First image (Figure 15) of comparison with the patterns, in which it is verified that it complies with the 

similarity.  

 

Figure 16. Pattern graph 2 
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Comparison image (Figure 16), but it is of a sick cocoa in which the comparison of color and 

segmentation is evident that "does not comply" with the similarity, therefore the recognition is 

"negative". 

 

 Figure 17. Pattern graph 3 

This third image (Figure 17) shows a comparison equal to the previous one, it shows an image of a sick 

cocoa which "does not comply" with the characteristics of similarity with respect to the pattern. 

A summary about each image shown: The analysis of the standard and comparison images begins with 

a detailed visualization of each processed image. For the standard images, the original image is first 

shown, which includes details of texture, color and possible defects of the cocoa. Afterwards, a grayscale 

image is generated, which simplifies the analysis by removing the color information, facilitating 

segmentation. The segmented image is the result of the functional Mumford-Shah algorithm, where 

regions of interest, such as cocoa seeds, are highlighted. Finally, a color histogram illustrates the 

distribution of red channel intensities, providing a key tool for analyzing the chromatic composition of 

the images [16].  

For the images to be compared, the same steps are performed. This allows to observe how these 

candidate images behave during the segmentation process and how their color distribution compares to 

the pattern images. These visualizations are essential to understand the similarities and differences in 

shape and color between the images as shown [17]. 

The model implemented in Matlab evaluates the similarity between the target images and the images to 

be compared by calculating absolute differences in their color histograms. For each target image, the 

image to be compared with the smallest color difference is identified, indicating the highest chromatic 

similarity. The results are presented numerically in the console, highlighting which candidate image is 

most similar to each target and what the magnitude of the difference is [18]. 

For example, if the model indicates that "Pattern 1 is most similar to Compare 2 with a color difference 

of 150.34", this means that, of all the images to compare, image 2 has the closest color composition to 

Pattern 1, with this difference being quantified in intensity units (Figure 18). 
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Figure 18. Color similarity map of the analyzed images 

Image similarity by color: 

Pattern 1 is most similar to compare 1 (Color difference: 2671110.00). 

Pattern 2 is most similar to compare 1 (Color difference: 4178846.00). 

Pattern 3 is most similar to compare 1 (Color difference: 2884940.00). 

Figure 18 shows the color similarities between all the benchmark and comparison images. In this map, 

the X-axis represents the comparison images and the Y-axis represents the benchmark images. Dark 

colors in the map indicate less color difference, reflecting greater similarity between the images, while 

light colors indicate greater difference. This map allows you to visually identify which images have 

similar color patterns, making it easier to analyze large data sets. 

The implemented model combines visual and numerical analysis to identify the images to be compared 

that are most similar to the standard images in terms of color and shape. Charts such as color histograms 

and similarity maps provide a clear visual representation, while numerical values quantify the 

differences and support objective selection [19] [20]. This analysis allows for informed decisions, such 

as identifying cocoa images that meet the standards set in the standard images, improving processes such 

as quality control and cocoa classification. 

CONCLUSION 

The given research proves that the Mumford-Shah functional algorithm is efficient in the context of 

cocoa image segmentation to determine the quality, provides more objective classification as compared 

to the traditional sensorial methods. The most notable results are that the algorithm was able to 

distinguish between unripe, ripe and diseased cocoa, with the unripe cocoa giving 997 segments and an 

average area of 10,509.80 pixels, ripe cocoa giving 768 segments and an average area of 13,997.49 

pixels and diseased cocoa giving 1,705 segments and an average area of 5,936.61 pixels. All these 

findings indicate that the algorithm can be used to help classify the quality of cocoa, cut losses due to 

post-harvest, and perform quality control. Nonetheless, the research has certain weaknesses. A small set 

of cocoa images was used to test the model, and this might not be representative enough of the variations 

that crop up in the agricultural settings. Also, the performance of the algorithm in the poor conditions, 

including different light and moisture, was not tested. Besides, Mumford-Shah algorithm is effective, 

but computationally intensive and will need to be optimized to be used in large-scale and real time 

application. 
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The next generation of research must be done to enhance the computational efficiency of the 

MumfordShah algorithm, potentially using parallel processing, or incorporating deep learning to 

accelerate processing. It would be better to make the data more diverse and increase the number of 

different environmental factors to present a more comprehensive assessment of the relevance of the 

algorithm. Besides, the scalability and accuracy of cocoa quality determination systems may be further 

improved by integrating the Mumford-Shah algorithm with automated harvesting systems to evaluate 

quality in real-time and fish into deep learning-based segmentation models. 
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