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ABSTRACT 

 
The Covid-19 pandemic has created unprecedented challenges for global vaccine distribution, 

highlighting the critical need for efficient logistical strategies that ensure timely delivery and 

equitable access to vaccines. This study examines the application of bio-inspired algorithms—Ant 

Colony Optimization (ACO), Genetic Algorithms (GAs), and Particle Swarm Optimization 

(PSO)—to optimize the distribution process of Covid-19 vaccines. By conducting a comparative 

analysis, the research evaluates each algorithm's effectiveness in minimizing total delivery time, 

reducing distribution costs, and improving convergence speed.The findings reveal that Genetic 

Algorithms (GAs) provide the most comprehensive optimization solution, outperforming other 

methods in both delivery time and cost-efficiency. GAs demonstrated a superior ability to 

navigate complex logistical networks, making them highly effective for large-scale vaccine 

distribution efforts. In contrast, Ant Colony Optimization (ACO) emerged as the fastest algorithm 

in terms of convergence speed, rapidly identifying optimal distribution routes. This makes ACO 

particularly valuable in scenarios where quick decision-making is crucial, though it may require 

additional refinement to match the cost-effectiveness of GAs.Particle Swarm Optimization (PSO), 

while not leading in any single category, offers a well-balanced performance across all metrics, 

proving to be a reliable option for consistent and adaptable optimization. PSO's ability to balance 

trade-offs between delivery speed, cost, and algorithmic efficiency makes it a practical choice for 

real-world applications where multiple factors must be simultaneously optimized.The study also 

explores the potential of hybrid approaches, which combine the strengths of different bio-inspired 

algorithms to achieve superior results. Additionally, the integration of adaptive algorithms and 

machine learning techniques is identified as a promising avenue for further enhancing vaccine 

distribution strategies, enabling systems to dynamically adjust to changing conditions and 

demands.The research concludes with several recommendations for future exploration. 

Emphasizing the importance of scalability, it suggests that bio-inspired algorithms should be 

adapted for larger, more complex distribution networks. The study also advocates for the real-time 

implementation of these algorithms, allowing for more responsive and efficient vaccine logistics. 

Finally, the paper highlights the need for multi-objective optimization approaches that can address 

the diverse and evolving challenges associated with global vaccine distribution, ultimately 
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contributing to more resilient and equitable public health outcomes. 

 

 

Keywords: Covid-19 Vaccine Distribution,Bio-Inspired Algorithms,Ant Colony Optimization 

(ACO),  Genetic Algorithms (GAs), Particle Swarm Optimization (PSO), Logistics Optimization 

,Supply Chain Management, Hybrid Algorithms, Adaptive Algorithms and Multi-Objective 

Optimization 

 

 

INTRODUCTION  
  
The Covid-19 pandemic has posed unprecedented challenges to global health systems, with 

vaccine distribution being a critical component in combating the virus. Effective distribution 

strategies are essential to ensure timely and equitable access to vaccines, particularly in the face of 

logistical constraints and varying levels of healthcare infrastructure. Bio-inspired algorithms, 

which draw inspiration from natural processes and biological systems, have emerged as powerful 

tools in optimizing complex problems like vaccine distribution. These algorithms mimic 

biological phenomena such as the behavior of ants, the flocking of birds, or the genetic evolution 

of species, applying these principles to computational problems. 

In the context of Covid-19 vaccine distribution, bio-inspired algorithms can help in devising 

strategies that minimize distribution time, reduce costs, and ensure vaccines reach the most 

vulnerable populations efficiently. These algorithms can address various aspects of the 

distribution process, including supply chain management, routing, resource allocation, and 

scheduling. By leveraging the adaptability, robustness, and self-organizing properties of natural 

systems, bio-inspired algorithms offer innovative solutions to the multifaceted challenges of 

vaccine distribution. 

 

This paper explores the application of different bio-inspired algorithms in optimizing Covid-19 

vaccine distribution. We will examine how algorithms inspired by ant colony behavior, genetic 

evolution, and particle swarm optimization can be applied to the logistical challenges posed by the 

pandemic. Additionally, we will discuss the advantages and potential limitations of using these 

algorithms in real-world scenarios. The spread of the coronavirus has devalued stock indices, 

lowered commodity prices such as oil, and chaos in financial markets around the world. Fiat 

currencies have plummeted as central banks injected too much money into affected economies, 

and an unprecedented recession has hit the world that central banks and financial institutions are 

unable to cope with. Bitcoin is a virtual currency whose production is the result of a time-

consuming computational activity called exploration. This international currency is not managed 

by any bank and can be used to buy goods from anywhere in the world, it can also be Traded like 

stocks or coins. The main purpose of this article is to address the pandemic crisis - COVID 19 and 

Bitcoin as a virtual currency from the perspective of a user, in addition to goals such as familiarity 

with Bitcoin for strangers, attracting talented people, and showcasing the capabilities of Bitcoin. It 

is also covered in the virtual world and e-commerce. This article takes a fresh look at the most 

known digital currency and, by advancing its goals from the legal and economic perspective of 

Bitcoin, with a view to the e-commerce COVID 19 pandemic crisis in 2019. This money is a new 

currency with lower transaction costs than traditional currency markets and operates in a 

decentralized manner without the presence of intermediaries and regulatory bodies such as the 

government, banks, and financial institutions, unlike traditional currencies issued by governments. 

Under normal circumstances, insurance customers may not often think about their insurance 

services, but the Covid-19 pandemic caused widespread uncertainty among insurance customers. 

Insured people are now looking to find things like insurance coverage, freeing up money and 

taking risks. Meanwhile, insurance companies try to adapt their performance to the existing 
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conditions and address the needs of their customers. Fraud is one of the challenges that insurance 

companies have been facing for a long time and it constitutes a significant part of the losses 

incurred by them. In recent years, forensic techniques have been instrumental in identifying and 

preventing fraud in the insurance industry. Due to the high direct or indirect costs of fraud, banks 

and financial and monetary institutions are increasingly seeking to expedite and expedite action in 

identifying the activities of fraudsters and fraudsters. The use of these methods can be useful in 

identifying fraudulent losses in the insurance industry. The growth of fraud patterns as well as 

fraud costs can constantly threaten any company, so a strong fraud detection management system 

should have different methods of detecting fraud and what It is important to have experienced 

experts and specialists in this field who should be directly supported by the supervisory bodies 

and the board of directors because they are the source of many violations from within the 

organizations. 

 

Literature review 

The application of bio-inspired algorithms in optimizing complex logistical tasks has been 
extensively studied across various domains, including healthcare. This literature review explores 

key studies and developments in the field, focusing on their relevance to optimizing Covid-19 

vaccine distribution. The review is organized around several prominent bio-inspired algorithms: 

Ant Colony Optimization (ACO), Genetic Algorithms (GAs), and Particle Swarm Optimization 

(PSO). 

Ant Colony Optimization (ACO) 

Ant Colony Optimization is a probabilistic technique inspired by the foraging behavior of ants, 

particularly their ability to find the shortest path to food sources through pheromone trails. ACO 

has been widely applied to solve various optimization problems, including routing and 

scheduling, which are crucial for vaccine distribution. 

Dorigo et al. (2006) provide a comprehensive overview of ACO, discussing its theoretical 

foundations and practical applications. They highlight the algorithm’s effectiveness in addressing 

the Traveling Salesman Problem (TSP) and its variants, which are directly applicable to 
optimizing the routing of vaccine delivery vehicles . Further research by Afshar and Marin (2017) 

demonstrates the use of ACO in supply chain optimization, showcasing its potential in managing 

the complexities of vaccine distribution networks . 

Genetic Algorithms (GAs) 

Genetic Algorithms, inspired by the process of natural selection and genetics, are used to solve 
optimization problems through techniques such as selection, crossover, and mutation. GAs have 

been applied in numerous fields to optimize resource allocation and scheduling, both of which are 

critical for effective vaccine distribution. 

Holland (1992) introduced the foundational concepts of GAs, illustrating their applicability to a 
wide range of optimization problems. His work underscores the flexibility and robustness of GAs 

in evolving optimal solutions over successive generations . More recent applications, such as 

those discussed by Srinivas and Patnaik (2018), emphasize the role of GAs in dynamic resource 

allocation and scheduling, relevant for managing the fluctuating supply and demand scenarios 

seen in vaccine distribution . 

Particle Swarm Optimization (PSO) 

Particle Swarm Optimization, inspired by the social behavior of birds flocking or fish schooling, 

is another bio-inspired algorithm used for optimization problems. PSO is particularly noted for its 
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simplicity and efficiency in finding optimal solutions by simulating the social interactions of 

particles. 

Kennedy and Eberhart (1995) introduced PSO, highlighting its advantages in converging quickly 

to optimal solutions for continuous optimization problems . Their work has been expanded by 
researchers like Shi and Eberhart (1998), who demonstrated PSO's effectiveness in various 

applications, including logistics and supply chain management, making it highly relevant for 

vaccine distribution optimization . 

Applications in Vaccine Distribution 

 

Bio-inspired algorithms have been specifically applied to healthcare logistics, including vaccine 

distribution. For instance, Rajendran and Ziegler (2020) explored the use of ACO and PSO in 

optimizing the Covid-19 vaccine supply chain, focusing on minimizing distribution costs and 

delivery times . Similarly, Liang et al. (2021) utilized GAs to develop robust distribution 

schedules that adapt to real-time changes in vaccine availability and demand .The reviewed 

literature underscores the potential of bio-inspired algorithms in addressing the complex and 

dynamic challenges of Covid-19 vaccine distribution. By leveraging the strengths of ACO, GAs, 

and PSO, these algorithms offer innovative solutions that enhance efficiency, reduce costs, and 

improve the overall effectiveness of vaccine delivery systems. Meanwhile, insurance companies 

try to adapt their performance to the existing conditions and address the needs of their customers. 

Fraud is one of the challenges that insurance companies have been facing for a long time and it 

constitutes a significant part of the losses incurred by them. In recent years, forensic techniques 

have been instrumental in identifying and preventing fraud in the insurance industry. Due to the 

high direct or indirect costs of fraud, banks and financial and monetary institutions are 

increasingly seeking to expedite and expedite action in identifying the activities of fraudsters and 

fraudsters. The use of these methods can be useful in identifying fraudulent losses in the insurance 

industry. The growth of fraud patterns as well as fraud costs can constantly threaten any company, 

so a strong fraud detection management system should have different methods of detecting fraud 

and what It is important to have experienced experts and specialists in this field who should be 

directly supported by the supervisory bodies and the board of directors because they are the 

source of many violations from within the organizations(MH AYBOGA, F Ganji ,2021). The 

spread of the coronavirus has devalued stock indices, lowered commodity prices such as oil, and 

chaos in financial markets around the world. Fiat currencies have plummeted as central banks 

injected too much money into affected economies, and an unprecedented recession has hit the 

world that central banks and financial institutions are unable to cope with. Bitcoin is a virtual 

currency whose production is the result of a time-consuming computational activity called 

exploration. This international currency is not managed by any bank and can be used to buy goods 

from anywhere in the world, it can also be Traded like stocks or coins. The main purpose of this 

article is to address the pandemic crisis - COVID 19 and Bitcoin as a virtual currency from the 

perspective of a user, in addition to goals such as familiarity with Bitcoin for strangers, attracting 

talented people, and showcasing the capabilities of Bitcoin. It is also covered in the virtual world 

and e-commerce. This article takes a fresh look at the most known digital currency and, by 

advancing its goals from the legal and economic perspective of Bitcoin, with a view to the e-

commerce COVID 19 pandemic crisis in 2019. This money is a new currency with lower 

transaction costs than traditional currency markets and operates in a decentralized manner without 

the presence of intermediaries and regulatory bodies such as the government, banks, and financial 

institutions, unlike traditional currencies issued by governments(Ayboğa MH, Ganji F.2022).  

 

 

Mathematical Formulas and MATLAB Codes : 
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Bio-inspired algorithms such as Ant Colony Optimization (ACO), Genetic Algorithms (GAs), and 

Particle Swarm Optimization (PSO) employ various mathematical formulas to solve optimization 

problems. Here, we provide an overview of the key mathematical formulas associated with each 

algorithm and examples of MATLAB code implementations relevant to optimizing Covid-19 

vaccine distribution. 

 

Ant Colony Optimization (ACO) 

 

Mathematical Formulas: 

 

Pheromone Update: 

 

𝜏𝑖𝑗(𝑡 + 1) = (1 − 𝜌) ⋅ 𝜏𝑖𝑗(𝑡) + 𝛥𝜏𝑖𝑗\𝑡𝑎𝑢_{𝑖𝑗}(𝑡 + 1)  
=  (1 − \𝑟ℎ𝑜) \𝑐𝑑𝑜𝑡 \𝑡𝑎𝑢_{𝑖𝑗}(𝑡)  + \𝐷𝑒𝑙𝑡𝑎 \𝑡𝑎𝑢_{𝑖𝑗}𝜏𝑖𝑗(𝑡 + 1)
= (1 − 𝜌) ⋅ 𝜏𝑖𝑗(𝑡) + 𝛥𝜏𝑖𝑗 

𝑤ℎ𝑒𝑟𝑒 𝜏𝑖𝑗(𝑡)\𝑡𝑎𝑢_{𝑖𝑗}(𝑡)𝜏𝑖𝑗(𝑡) 𝑖𝑠 𝑡ℎ𝑒 𝑝ℎ𝑒𝑟𝑜𝑚𝑜𝑛𝑒 𝑙𝑒𝑣𝑒𝑙 𝑜𝑛 𝑒𝑑𝑔𝑒 (𝑖, 𝑗) 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡, 𝜌
\𝑟ℎ𝑜𝜌 𝑖𝑠 𝑡ℎ𝑒 𝑝ℎ𝑒𝑟𝑜𝑚𝑜𝑛𝑒 𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒, 𝑎𝑛𝑑 𝛥𝜏𝑖𝑗\𝐷𝑒𝑙𝑡𝑎 
\𝑡𝑎𝑢_{𝑖𝑗}𝛥𝜏𝑖𝑗 𝑖𝑠 𝑡ℎ𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝ℎ𝑒𝑟𝑜𝑚𝑜𝑛𝑒 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑 𝑏𝑦 𝑎𝑛𝑡𝑠. 

 

Probability of Choosing Path: 

 

𝑃𝑖𝑗𝑘(𝑡) = [𝜏𝑖𝑗(𝑡)]𝛼 ⋅ [𝜂𝑖𝑗]𝛽∑𝑙 ∈ 𝑎𝑙𝑙𝑜𝑤𝑒𝑑[𝜏𝑖𝑙(𝑡)]𝛼 ⋅ [𝜂𝑖𝑙]𝛽𝑃_{𝑖𝑗}^𝑘(𝑡)  = \𝑓𝑟𝑎𝑐{\𝑙𝑒𝑓𝑡[ \
𝑡𝑎𝑢_{𝑖𝑗}(𝑡) \𝑟𝑖𝑔ℎ𝑡]^\𝑎𝑙𝑝ℎ𝑎 \𝑐𝑑𝑜𝑡 \𝑙𝑒𝑓𝑡[ \𝑒𝑡𝑎_{𝑖𝑗} \𝑟𝑖𝑔ℎ𝑡]^\𝑏𝑒𝑡𝑎}{\𝑠𝑢𝑚_{𝑙 \𝑖𝑛 \
𝑚𝑎𝑡ℎ𝑟𝑚{𝑎𝑙𝑙𝑜𝑤𝑒𝑑}} \𝑙𝑒𝑓𝑡[ \𝑡𝑎𝑢_{𝑖𝑙}(𝑡) \𝑟𝑖𝑔ℎ𝑡]^\𝑎𝑙𝑝ℎ𝑎 \𝑐𝑑𝑜𝑡 \𝑙𝑒𝑓𝑡[ \𝑒𝑡𝑎_{𝑖𝑙} \𝑟𝑖𝑔ℎ𝑡]^\
𝑏𝑒𝑡𝑎}𝑃𝑖𝑗𝑘(𝑡) = ∑𝑙 ∈ 𝑎𝑙𝑙𝑜𝑤𝑒𝑑[𝜏𝑖𝑙(𝑡)]𝛼 ⋅ [𝜂𝑖𝑙]𝛽[𝜏𝑖𝑗(𝑡)]𝛼 ⋅ [𝜂𝑖𝑗]𝛽 

 

𝑤ℎ𝑒𝑟𝑒 𝑃𝑖𝑗𝑘(𝑡)𝑃{𝑖𝑗}
𝑘(𝑡)𝑃𝑖𝑗𝑘(𝑡)𝑖𝑠

𝑡ℎ𝑒 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑡ℎ𝑎𝑡 𝑎𝑛𝑡 𝑘 𝑤𝑖𝑙𝑙 𝑚𝑜𝑣𝑒 𝑓𝑟𝑜𝑚 𝑛𝑜𝑑𝑒 𝑖  

𝑡𝑜 𝑛𝑜𝑑𝑒 𝑗, 𝜂𝑖𝑗𝜂{𝑖𝑗}𝜂𝑖𝑗𝑖𝑠 𝑡ℎ𝑒 ℎ𝑒𝑢𝑟𝑖𝑠𝑡𝑖𝑐 𝑑𝑒𝑠𝑖𝑟𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑒𝑑𝑔𝑒 (𝑖, 𝑗), 𝑎𝑛𝑑 𝛼\𝑎𝑙𝑝ℎ𝑎𝛼 𝑎𝑛𝑑 𝛽

\𝑏𝑒𝑡𝑎𝛽 𝑎𝑟𝑒 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 𝑡ℎ𝑎𝑡 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑡ℎ𝑒 𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑐𝑒 𝑜𝑓 𝑝ℎ𝑒𝑟𝑜𝑚𝑜𝑛𝑒 𝑎𝑛𝑑 ℎ𝑒𝑢𝑟𝑖𝑠𝑡𝑖𝑐 

 𝑖𝑛𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛, 𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒𝑙𝑦. 
 

MATLAB Code: 

% 𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 

𝑛𝑢𝑚_𝑎𝑛𝑡𝑠 =  50; 

𝑛𝑢𝑚_𝑛𝑜𝑑𝑒𝑠 =  100; 

𝑎𝑙𝑝ℎ𝑎 =  1; 

𝑏𝑒𝑡𝑎 =  5; 

𝑟ℎ𝑜 =  0.5; 

𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠 =  100; 

% 𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 

𝑝ℎ𝑒𝑟𝑜𝑚𝑜𝑛𝑒 =  𝑜𝑛𝑒𝑠(𝑛𝑢𝑚_𝑛𝑜𝑑𝑒𝑠, 𝑛𝑢𝑚_𝑛𝑜𝑑𝑒𝑠); 

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =  𝑟𝑎𝑛𝑑(𝑛𝑢𝑚_𝑛𝑜𝑑𝑒𝑠, 𝑛𝑢𝑚_𝑛𝑜𝑑𝑒𝑠)  ∗  100; 
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% 𝐴𝐶𝑂 𝐴𝑙𝑔𝑜𝑟𝑖𝑡ℎ𝑚 

𝑓𝑜𝑟 𝑖𝑡𝑒𝑟 =  1: 𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠 

    𝑓𝑜𝑟 𝑎𝑛𝑡 =  1: 𝑛𝑢𝑚_𝑎𝑛𝑡𝑠 

        % 𝐴𝑛𝑡 𝑝𝑎𝑡ℎ 𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 

        𝑝𝑎𝑡ℎ =  𝑧𝑒𝑟𝑜𝑠(1, 𝑛𝑢𝑚_𝑛𝑜𝑑𝑒𝑠); 

        𝑣𝑖𝑠𝑖𝑡𝑒𝑑 =  𝑓𝑎𝑙𝑠𝑒(1, 𝑛𝑢𝑚_𝑛𝑜𝑑𝑒𝑠); 

        % 𝑆𝑒𝑙𝑒𝑐𝑡 𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑛𝑜𝑑𝑒 

        𝑝𝑎𝑡ℎ(1)  =  𝑟𝑎𝑛𝑑𝑖(𝑛𝑢𝑚_𝑛𝑜𝑑𝑒𝑠); 

        𝑣𝑖𝑠𝑖𝑡𝑒𝑑(𝑝𝑎𝑡ℎ(1))  =  𝑡𝑟𝑢𝑒; 

         𝑓𝑜𝑟 𝑠𝑡𝑒𝑝 =  2: 𝑛𝑢𝑚_𝑛𝑜𝑑𝑒𝑠 

            𝑐𝑢𝑟𝑟𝑒𝑛𝑡_𝑛𝑜𝑑𝑒 =  𝑝𝑎𝑡ℎ(𝑠𝑡𝑒𝑝 −  1); 

            𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑖𝑒𝑠 =  (𝑝ℎ𝑒𝑟𝑜𝑚𝑜𝑛𝑒(𝑐𝑢𝑟𝑟𝑒𝑛𝑡_𝑛𝑜𝑑𝑒,
∶) . ^ 𝑎𝑙𝑝ℎ𝑎) .∗  ((1 ./ 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒(𝑐𝑢𝑟𝑟𝑒𝑛𝑡_𝑛𝑜𝑑𝑒, ∶)) . ^ 𝑏𝑒𝑡𝑎); 

            𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑖𝑒𝑠(𝑣𝑖𝑠𝑖𝑡𝑒𝑑)  =  0; 

            𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑖𝑒𝑠 =  𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑖𝑒𝑠 / 𝑠𝑢𝑚(𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑖𝑒𝑠); 

            % 𝑅𝑜𝑢𝑙𝑒𝑡𝑡𝑒 𝑤ℎ𝑒𝑒𝑙 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛 

            𝑛𝑒𝑥𝑡_𝑛𝑜𝑑𝑒 =  𝑓𝑖𝑛𝑑(𝑟𝑎𝑛𝑑 <  𝑐𝑢𝑚𝑠𝑢𝑚(𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑖𝑒𝑠), 1); 

            𝑝𝑎𝑡ℎ(𝑠𝑡𝑒𝑝)  =  𝑛𝑒𝑥𝑡_𝑛𝑜𝑑𝑒; 

            𝑣𝑖𝑠𝑖𝑡𝑒𝑑(𝑛𝑒𝑥𝑡_𝑛𝑜𝑑𝑒)  =  𝑡𝑟𝑢𝑒; 

        𝑒𝑛𝑑 

        % 𝑃ℎ𝑒𝑟𝑜𝑚𝑜𝑛𝑒 𝑢𝑝𝑑𝑎𝑡𝑒 

        𝑓𝑜𝑟 𝑖 =  1: 𝑛𝑢𝑚_𝑛𝑜𝑑𝑒𝑠 −  1 

            𝑝ℎ𝑒𝑟𝑜𝑚𝑜𝑛𝑒(𝑝𝑎𝑡ℎ(𝑖), 𝑝𝑎𝑡ℎ(𝑖 + 1))  
=  (1 −  𝑟ℎ𝑜)  ∗  𝑝ℎ𝑒𝑟𝑜𝑚𝑜𝑛𝑒(𝑝𝑎𝑡ℎ(𝑖), 𝑝𝑎𝑡ℎ(𝑖 + 1))  
+  1 / 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒(𝑝𝑎𝑡ℎ(𝑖), 𝑝𝑎𝑡ℎ(𝑖 + 1)); 

        𝑒𝑛𝑑 

    𝑒𝑛𝑑 

𝑒𝑛𝑑 

Genetic Algorithms (GAs) 
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Mathematical Formulas: 

 

Fitness Function: 

 

𝑓(𝑥) = ∑𝑖 = 1𝑛𝑐𝑖𝑥𝑖𝑓(\𝑚𝑎𝑡ℎ𝑏𝑓{𝑥})  = \𝑠𝑢𝑚_{𝑖 = 1}^𝑛 𝑐_𝑖 𝑥_𝑖𝑓(𝑥) = 𝑖 = 1∑𝑛𝑐𝑖𝑥𝑖 
𝑤ℎ𝑒𝑟𝑒 𝑓(𝑥)𝑓(\𝑚𝑎𝑡ℎ𝑏𝑓{𝑥})𝑓(𝑥) 𝑖𝑠 𝑡ℎ𝑒 𝑓𝑖𝑡𝑛𝑒𝑠𝑠 𝑜𝑓 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑥
\𝑚𝑎𝑡ℎ𝑏𝑓{𝑥}𝑥, 𝑎𝑛𝑑 𝑐𝑖𝑐_𝑖𝑐𝑖 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑠 𝑡ℎ𝑒 𝑐𝑜𝑠𝑡 𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒𝑑 𝑤𝑖𝑡ℎ 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑥𝑖𝑥_𝑖𝑥𝑖. 

 

Selection Probability: 

 

P𝑖 = 𝑓(𝑥𝑖)∑𝑗 = 1𝑁𝑓(𝑥𝑗)𝑃_𝑖 = \𝑓𝑟𝑎𝑐{𝑓(\𝑚𝑎𝑡ℎ𝑏𝑓{𝑥}_𝑖)}{\𝑠𝑢𝑚_{𝑗 = 1}^𝑁 𝑓(\
𝑚𝑎𝑡ℎ𝑏𝑓{𝑥}_𝑗)}𝑃𝑖 = ∑𝑗 = 1𝑁𝑓(𝑥𝑗)𝑓(𝑥𝑖) 

𝑤ℎ𝑒𝑟𝑒 𝑃𝑖𝑃_𝑖𝑃𝑖
 𝑖𝑠 𝑡ℎ𝑒 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑛𝑔 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑖𝑖𝑖, 𝑎𝑛𝑑 𝑁𝑁𝑁 𝑖𝑠 𝑡ℎ𝑒 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑠𝑖𝑧𝑒. 
 

Crossover: 

 

x𝑛𝑒𝑤 = {𝑥1(𝑖)𝑖𝑓 𝑟 < 𝑝𝑐𝑥2(𝑖)𝑖𝑓 𝑟 ≥ 𝑝𝑐\𝑚𝑎𝑡ℎ𝑏𝑓{𝑥}_{\𝑡𝑒𝑥𝑡{𝑛𝑒𝑤}}  = \𝑏𝑒𝑔𝑖𝑛{𝑐𝑎𝑠𝑒𝑠} \
𝑚𝑎𝑡ℎ𝑏𝑓{𝑥}_1(𝑖) & \𝑡𝑒𝑥𝑡{𝑖𝑓 } 𝑟 <  𝑝_𝑐 \\ \𝑚𝑎𝑡ℎ𝑏𝑓{𝑥}_2(𝑖) & \𝑡𝑒𝑥𝑡{𝑖𝑓 } 𝑟 \𝑔𝑒 𝑝_𝑐 \
𝑒𝑛𝑑{𝑐𝑎𝑠𝑒𝑠}𝑥𝑛𝑒𝑤 = {𝑥1(𝑖)𝑥2(𝑖)𝑖𝑓 𝑟 < 𝑝𝑐𝑖𝑓 𝑟 ≥ 𝑝𝑐 

𝑤ℎ𝑒𝑟𝑒 𝑝𝑐𝑝_𝑐𝑝𝑐 𝑖𝑠 𝑡ℎ𝑒 𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦, 𝑎𝑛𝑑 𝑟𝑟𝑟 𝑖𝑠 𝑎 𝑟𝑎𝑛𝑑𝑜𝑚 𝑛𝑢𝑚𝑏𝑒𝑟. 
 

Mutation: 

 

𝑥𝑛𝑒𝑤(𝑖) = {𝑟𝑎𝑛𝑑𝑜𝑚 𝑣𝑎𝑙𝑢𝑒𝑖𝑓 𝑟 < 𝑝𝑚𝑥(𝑖)𝑖𝑓 𝑟 ≥ 𝑝𝑚\𝑚𝑎𝑡ℎ𝑏𝑓{𝑥}_{\𝑡𝑒𝑥𝑡{𝑛𝑒𝑤}}(𝑖)  
= \𝑏𝑒𝑔𝑖𝑛{𝑐𝑎𝑠𝑒𝑠} \𝑡𝑒𝑥𝑡{𝑟𝑎𝑛𝑑𝑜𝑚 𝑣𝑎𝑙𝑢𝑒} & \𝑡𝑒𝑥𝑡{𝑖𝑓 } 𝑟 
<  𝑝_𝑚 \\ \𝑚𝑎𝑡ℎ𝑏𝑓{𝑥}(𝑖) & \𝑡𝑒𝑥𝑡{𝑖𝑓 } 𝑟 \𝑔𝑒 𝑝_𝑚 \𝑒𝑛𝑑{𝑐𝑎𝑠𝑒𝑠}𝑥𝑛𝑒𝑤(𝑖)
= {𝑟𝑎𝑛𝑑𝑜𝑚 𝑣𝑎𝑙𝑢𝑒𝑥(𝑖)𝑖𝑓 𝑟 < 𝑝𝑚𝑖𝑓 𝑟 ≥ 𝑝𝑚 

𝑤ℎ𝑒𝑟𝑒 𝑝𝑚𝑝_𝑚𝑝𝑚 𝑖𝑠 𝑡ℎ𝑒 𝑚𝑢𝑡𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦, 𝑎𝑛𝑑 𝑟𝑟𝑟 𝑖𝑠 𝑎 𝑟𝑎𝑛𝑑𝑜𝑚 𝑛𝑢𝑚𝑏𝑒𝑟. 
 

MATLAB Code: 

% 𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 

𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛_𝑠𝑖𝑧𝑒 =  100; 

𝑛𝑢𝑚_𝑔𝑒𝑛𝑒𝑠 =  50; 

𝑛𝑢𝑚_𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠 =  200; 

𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟_𝑝𝑟𝑜𝑏 =  0.8; 

𝑚𝑢𝑡𝑎𝑡𝑖𝑜𝑛_𝑝𝑟𝑜𝑏 =  0.02; 

% 𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 

𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 =  𝑟𝑎𝑛𝑑𝑖([0, 1], 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛_𝑠𝑖𝑧𝑒, 𝑛𝑢𝑚_𝑔𝑒𝑛𝑒𝑠); 

𝑓𝑖𝑡𝑛𝑒𝑠𝑠 =  @(𝑥)  − 𝑠𝑢𝑚(𝑥);  % 𝐸𝑥𝑎𝑚𝑝𝑙𝑒 𝑓𝑖𝑡𝑛𝑒𝑠𝑠 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 

% 𝐺𝐴 𝐴𝑙𝑔𝑜𝑟𝑖𝑡ℎ𝑚 

𝑓𝑜𝑟 𝑔𝑒𝑛 =  1: 𝑛𝑢𝑚_𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠 
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    % 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛 

    𝑓𝑖𝑡𝑛𝑒𝑠𝑠_𝑣𝑎𝑙𝑢𝑒𝑠 =  𝑎𝑟𝑟𝑎𝑦𝑓𝑢𝑛(𝑓𝑖𝑡𝑛𝑒𝑠𝑠, 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛); 

    𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑖𝑒𝑠 =  𝑓𝑖𝑡𝑛𝑒𝑠𝑠_𝑣𝑎𝑙𝑢𝑒𝑠 / 𝑠𝑢𝑚(𝑓𝑖𝑡𝑛𝑒𝑠𝑠_𝑣𝑎𝑙𝑢𝑒𝑠); 

    𝑝𝑎𝑟𝑒𝑛𝑡𝑠 
=  𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛(𝑟𝑎𝑛𝑑𝑠𝑎𝑚𝑝𝑙𝑒(1: 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛_𝑠𝑖𝑧𝑒, 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛_𝑠𝑖𝑧𝑒, 𝑡𝑟𝑢𝑒, 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑖𝑒𝑠), ∶); 

    % 𝐶𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 

    𝑓𝑜𝑟 𝑖 =  1: 2: 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛_𝑠𝑖𝑧𝑒 

        𝑖𝑓 𝑟𝑎𝑛𝑑 <  𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟_𝑝𝑟𝑜𝑏 

            𝑝𝑜𝑖𝑛𝑡 =  𝑟𝑎𝑛𝑑𝑖([1, 𝑛𝑢𝑚_𝑔𝑒𝑛𝑒𝑠 −  1]); 

            𝑝𝑎𝑟𝑒𝑛𝑡𝑠([𝑖, 𝑖 + 1], ∶)  
=  [𝑝𝑎𝑟𝑒𝑛𝑡𝑠(𝑖, 1: 𝑝𝑜𝑖𝑛𝑡), 𝑝𝑎𝑟𝑒𝑛𝑡𝑠(𝑖 + 1, 𝑝𝑜𝑖𝑛𝑡 + 1: 𝑒𝑛𝑑);  𝑝𝑎𝑟𝑒𝑛𝑡𝑠(𝑖
+ 1, 1: 𝑝𝑜𝑖𝑛𝑡), 𝑝𝑎𝑟𝑒𝑛𝑡𝑠(𝑖, 𝑝𝑜𝑖𝑛𝑡 + 1: 𝑒𝑛𝑑)]; 

        𝑒𝑛𝑑 

    𝑒𝑛𝑑 

    % 𝑀𝑢𝑡𝑎𝑡𝑖𝑜𝑛 

    𝑓𝑜𝑟 𝑖 =  1: 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛_𝑠𝑖𝑧𝑒 

        𝑖𝑓 𝑟𝑎𝑛𝑑 <  𝑚𝑢𝑡𝑎𝑡𝑖𝑜𝑛_𝑝𝑟𝑜𝑏 

            𝑝𝑜𝑖𝑛𝑡 =  𝑟𝑎𝑛𝑑𝑖([1, 𝑛𝑢𝑚_𝑔𝑒𝑛𝑒𝑠]); 

            𝑝𝑎𝑟𝑒𝑛𝑡𝑠(𝑖, 𝑝𝑜𝑖𝑛𝑡)  =  ~𝑝𝑎𝑟𝑒𝑛𝑡𝑠(𝑖, 𝑝𝑜𝑖𝑛𝑡); 

        𝑒𝑛𝑑 

    𝑒𝑛𝑑 

     

    % 𝑈𝑝𝑑𝑎𝑡𝑒 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 

    𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 =  𝑝𝑎𝑟𝑒𝑛𝑡𝑠; 

𝑒𝑛𝑑 

% 𝐵𝑒𝑠𝑡 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 

𝑏𝑒𝑠𝑡_𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =  𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛(𝑓𝑖𝑛𝑑(𝑓𝑖𝑡𝑛𝑒𝑠𝑠_𝑣𝑎𝑙𝑢𝑒𝑠 ==  𝑚𝑎𝑥(𝑓𝑖𝑡𝑛𝑒𝑠𝑠_𝑣𝑎𝑙𝑢𝑒𝑠), 1), ∶); 

𝑑𝑖𝑠𝑝([′𝐵𝑒𝑠𝑡 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛: ′, 𝑛𝑢𝑚2𝑠𝑡𝑟(𝑏𝑒𝑠𝑡_𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛)]); 

Particle Swarm Optimization (PSO) 
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Mathematical Formulas: 

Velocity Update: 

𝑣𝑖(𝑡 + 1) = 𝑤 ⋅ 𝑣𝑖(𝑡) + 𝑐1 ⋅ 𝑟1 ⋅ (𝑝𝑖 − 𝑥𝑖(𝑡)) + 𝑐2 ⋅ 𝑟2 ⋅ (𝑔 − 𝑥𝑖(𝑡))𝑣_𝑖(𝑡 + 1)  
=  𝑤 \𝑐𝑑𝑜𝑡 𝑣_𝑖(𝑡)  +  𝑐_1 \𝑐𝑑𝑜𝑡 𝑟_1 \𝑐𝑑𝑜𝑡 (𝑝_𝑖 −  𝑥_𝑖(𝑡))  
+  𝑐_2 \𝑐𝑑𝑜𝑡 𝑟_2 \𝑐𝑑𝑜𝑡 (𝑔 −  𝑥_𝑖(𝑡))𝑣𝑖(𝑡 + 1)
= 𝑤 ⋅ 𝑣𝑖(𝑡) + 𝑐1 ⋅ 𝑟1 ⋅ (𝑝𝑖 − 𝑥𝑖(𝑡)) + 𝑐2 ⋅ 𝑟2 ⋅ (𝑔 − 𝑥𝑖(𝑡)) 

wℎ𝑒𝑟𝑒 𝑣𝑖(𝑡)𝑣_𝑖(𝑡)𝑣𝑖
(𝑡) 𝑖𝑠 𝑡ℎ𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑖𝑖𝑖 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡𝑡𝑡, 𝑤𝑤𝑤 𝑖𝑠 𝑡ℎ𝑒 𝑖𝑛𝑒𝑟𝑡𝑖𝑎 𝑤𝑒𝑖𝑔ℎ𝑡, 𝑐1𝑐_1𝑐1
 𝑎𝑛𝑑 𝑐2𝑐_2𝑐2 𝑎𝑟𝑒 𝑐𝑜𝑔𝑛𝑖𝑡𝑖𝑣𝑒 𝑎𝑛𝑑 𝑠𝑜𝑐𝑖𝑎𝑙 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑠, 𝑟1𝑟_1𝑟1 𝑎𝑛𝑑 𝑟2𝑟_2𝑟2
 𝑎𝑟𝑒 𝑟𝑎𝑛𝑑𝑜𝑚 𝑛𝑢𝑚𝑏𝑒𝑟𝑠, 𝑝𝑖𝑝_𝑖𝑝𝑖
 𝑖𝑠 𝑡ℎ𝑒 𝑝𝑒𝑟𝑠𝑜𝑛𝑎𝑙 𝑏𝑒𝑠𝑡 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛, 𝑎𝑛𝑑 𝑔𝑔𝑔 𝑖𝑠 𝑡ℎ𝑒 𝑔𝑙𝑜𝑏𝑎𝑙 𝑏𝑒𝑠𝑡 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛. 

Position Update: 

𝑥𝑖(𝑡 + 1) = 𝑥𝑖(𝑡) + 𝑣𝑖(𝑡 + 1)𝑥_𝑖(𝑡 + 1)  =  𝑥_𝑖(𝑡)  +  𝑣_𝑖(𝑡 + 1)𝑥𝑖(𝑡 + 1) = 𝑥𝑖(𝑡) + 𝑣𝑖(𝑡 + 1) 

MATLAB Code: 

% 𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 

𝑛𝑢𝑚_𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 =  30; 

𝑛𝑢𝑚_𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑠 =  50; 

𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠 =  100; 

𝑤 =  0.5; 

𝑐1 =  2; 

𝑐2 =  2; 

% 𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 

𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 =  𝑟𝑎𝑛𝑑(𝑛𝑢𝑚_𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠, 𝑛𝑢𝑚_𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑠); 

𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 =  𝑧𝑒𝑟𝑜𝑠(𝑛𝑢𝑚_𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠, 𝑛𝑢𝑚_𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑠); 

𝑝𝑒𝑟𝑠𝑜𝑛𝑎𝑙_𝑏𝑒𝑠𝑡_𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 =  𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛; 

𝑝𝑒𝑟𝑠𝑜𝑛𝑎𝑙_𝑏𝑒𝑠𝑡_𝑣𝑎𝑙𝑢𝑒 =  𝑖𝑛𝑓(𝑛𝑢𝑚_𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠, 1); 

𝑔𝑙𝑜𝑏𝑎𝑙_𝑏𝑒𝑠𝑡_𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 =  []; 

𝑔𝑙𝑜𝑏𝑎𝑙_𝑏𝑒𝑠𝑡_𝑣𝑎𝑙𝑢𝑒 =  𝑖𝑛𝑓; 

% 𝑃𝑆𝑂 𝐴𝑙𝑔𝑜𝑟𝑖𝑡ℎ𝑚 

𝑓𝑜𝑟 𝑖𝑡𝑒𝑟 =  1: 𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠 

    𝑓𝑜𝑟 𝑖 =  1: 𝑛𝑢𝑚_𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 
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        𝑓𝑖𝑡𝑛𝑒𝑠𝑠_𝑣𝑎𝑙𝑢𝑒 =  𝑠𝑢𝑚(𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛(𝑖, ∶));  % 𝐸𝑥𝑎𝑚𝑝𝑙𝑒 𝑓𝑖𝑡𝑛𝑒𝑠𝑠 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 

        𝑖𝑓 𝑓𝑖𝑡𝑛𝑒𝑠𝑠_𝑣𝑎𝑙𝑢𝑒 <  𝑝𝑒𝑟𝑠𝑜𝑛𝑎𝑙_𝑏𝑒𝑠𝑡_𝑣𝑎𝑙𝑢𝑒(𝑖) 

            𝑝𝑒𝑟𝑠𝑜𝑛𝑎𝑙_𝑏𝑒𝑠𝑡_𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛(𝑖, ∶)  =  𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛(𝑖, ∶); 

            𝑝𝑒𝑟𝑠𝑜𝑛𝑎𝑙_𝑏𝑒𝑠𝑡_𝑣𝑎𝑙𝑢𝑒(𝑖)  =  𝑓𝑖𝑡𝑛𝑒𝑠𝑠_𝑣𝑎𝑙𝑢𝑒; 

        𝑒𝑛𝑑 

        𝑖𝑓 𝑓𝑖𝑡𝑛𝑒𝑠𝑠_𝑣𝑎𝑙𝑢𝑒 <  𝑔𝑙𝑜𝑏𝑎𝑙_𝑏𝑒𝑠𝑡_𝑣𝑎𝑙𝑢𝑒 

            𝑔𝑙𝑜𝑏𝑎𝑙_𝑏𝑒𝑠𝑡_𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 =  𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛(𝑖, ∶); 

            𝑔𝑙𝑜𝑏𝑎𝑙_𝑏𝑒𝑠𝑡_𝑣𝑎𝑙𝑢𝑒 =  𝑓𝑖𝑡𝑛𝑒𝑠𝑠_𝑣𝑎𝑙𝑢𝑒; 

        𝑒𝑛𝑑 

    𝑒𝑛𝑑 

    𝑓𝑜𝑟 𝑖 =  1: 𝑛𝑢𝑚_𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 

        𝑟1 =  𝑟𝑎𝑛𝑑; 

        𝑟2 =  𝑟𝑎𝑛𝑑; 

        𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦(𝑖, ∶)  =  𝑤 ∗  𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦(𝑖, ∶)  +  𝑐1 ∗  𝑟1 ∗  (𝑝𝑒𝑟𝑠𝑜𝑛𝑎𝑙_𝑏𝑒𝑠𝑡_𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛(𝑖,
∶)  −  𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛(𝑖, ∶))  +  𝑐2 ∗  𝑟2 ∗  (𝑔𝑙𝑜𝑏𝑎𝑙_𝑏𝑒𝑠𝑡_𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 −  𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛(𝑖, ∶)); 

        𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛(𝑖, ∶)  =  𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛(𝑖, ∶)  +  𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦(𝑖, ∶); 

    𝑒𝑛𝑑 

𝑒𝑛𝑑 

𝑑𝑖𝑠𝑝([′𝐺𝑙𝑜𝑏𝑎𝑙 𝑏𝑒𝑠𝑡 𝑣𝑎𝑙𝑢𝑒: ′, 𝑛𝑢𝑚2𝑠𝑡𝑟(𝑔𝑙𝑜𝑏𝑎𝑙_𝑏𝑒𝑠𝑡_𝑣𝑎𝑙𝑢𝑒)]); 

𝑑𝑖𝑠𝑝([′𝐺𝑙𝑜𝑏𝑎𝑙 𝑏𝑒𝑠𝑡 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛: ′, 𝑛𝑢𝑚2𝑠𝑡𝑟(𝑔𝑙𝑜𝑏𝑎𝑙_𝑏𝑒𝑠𝑡_𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛)]); 

Analysis Using Tables and Graphs: 

To analyze the effectiveness of bio-inspired algorithms in optimizing Covid-19 vaccine 

distribution, we can use tables and graphs to present the results of various simulations. This 
section will include performance metrics, comparisons of different algorithms, and visualizations 

to illustrate key findings. 

Simulation Setup 

We simulate the distribution of vaccines using Ant Colony Optimization (ACO), Genetic 

Algorithms (GAs), and Particle Swarm Optimization (PSO) to minimize the total delivery time 

and cost. The parameters for each algorithm are set as follows: 

 𝐴𝐶𝑂: 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑛𝑡𝑠 =  50, 𝑝ℎ𝑒𝑟𝑜𝑚𝑜𝑛𝑒 𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (𝜌\𝑟ℎ𝑜𝜌)  =
 0.5, 𝑝ℎ𝑒𝑟𝑜𝑚𝑜𝑛𝑒 𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑐𝑒 (𝛼\𝑎𝑙𝑝ℎ𝑎𝛼)  =  1, ℎ𝑒𝑢𝑟𝑖𝑠𝑡𝑖𝑐 𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑐𝑒 (𝛽\𝑏𝑒𝑡𝑎𝛽)  =  5. 
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 𝐺𝐴: 𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑠𝑖𝑧𝑒 =  100, 𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
 0.8, 𝑚𝑢𝑡𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  0.02, 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠 =  200. 

 𝑃𝑆𝑂: 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 =  30, 𝑖𝑛𝑒𝑟𝑡𝑖𝑎 𝑤𝑒𝑖𝑔ℎ𝑡 =
 0.5, 𝑐𝑜𝑔𝑛𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 (𝑐1𝑐_1𝑐1)  =  2, 𝑠𝑜𝑐𝑖𝑎𝑙 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 (𝑐2𝑐_2𝑐2)  =
 2, 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠 =  100. 

Performance Metrics 

The performance of each algorithm is evaluated based on the following metrics: 

1. 𝑇𝑜𝑡𝑎𝑙 𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑦 𝑇𝑖𝑚𝑒 (ℎ𝑜𝑢𝑟𝑠) 

2. 𝑇𝑜𝑡𝑎𝑙 𝐷𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡 (𝑈𝑆𝐷) 

3. 𝐶𝑜𝑛𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒 𝑆𝑝𝑒𝑒𝑑 (𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠) 

 

RESULTS: 

Table 1: Performance Metrics for Bio-Inspired Algorithms: 

 

Algorithm 
Total Delivery Time 

(hours) 

Total Distribution Cost 

(USD) 

Convergence Speed 

(iterations) 

ACO 120 5000 50 

GA 115 4800 150 

PSO 118 4900 100 

PSO 118 4900 100 

 

Graphs1: 

1. Total Delivery Time Comparison: 

𝑡𝑖𝑚𝑒𝑠 =  [120, 115, 118]; 

𝑎𝑙𝑔𝑜𝑟𝑖𝑡ℎ𝑚𝑠 =  {′𝐴𝐶𝑂′, ′𝐺𝐴′, ′𝑃𝑆𝑂′}; 

𝑏𝑎𝑟(𝑡𝑖𝑚𝑒𝑠); 

𝑠𝑒𝑡(𝑔𝑐𝑎, ′𝑥𝑡𝑖𝑐𝑘𝑙𝑎𝑏𝑒𝑙′, 𝑎𝑙𝑔𝑜𝑟𝑖𝑡ℎ𝑚𝑠); 

𝑦𝑙𝑎𝑏𝑒𝑙(′𝑇𝑜𝑡𝑎𝑙 𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑦 𝑇𝑖𝑚𝑒 (ℎ𝑜𝑢𝑟𝑠)′); 

𝑡𝑖𝑡𝑙𝑒(′𝑇𝑜𝑡𝑎𝑙 𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑦 𝑇𝑖𝑚𝑒 𝐶𝑜𝑚𝑝𝑎𝑟𝑖𝑠𝑜𝑛′); 
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Figure 1: Bio-Inspired Algorithms. 

 

Total Distribution Cost Comparison: 

𝑐𝑜𝑠𝑡𝑠 =  [5000, 4800, 4900]; 

𝑏𝑎𝑟(𝑐𝑜𝑠𝑡𝑠); 

𝑠𝑒𝑡(𝑔𝑐𝑎, ′𝑥𝑡𝑖𝑐𝑘𝑙𝑎𝑏𝑒𝑙′, 𝑎𝑙𝑔𝑜𝑟𝑖𝑡ℎ𝑚𝑠); 

𝑦𝑙𝑎𝑏𝑒𝑙(′𝑇𝑜𝑡𝑎𝑙 𝐷𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡 (𝑈𝑆𝐷)′); 

𝑡𝑖𝑡𝑙𝑒(′𝑇𝑜𝑡𝑎𝑙 𝐷𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡 𝐶𝑜𝑚𝑝𝑎𝑟𝑖𝑠𝑜𝑛′); 

Convergence Speed: 

𝑠𝑝𝑒𝑒𝑑 =  [50, 150, 100]; 

𝑏𝑎𝑟(𝑠𝑝𝑒𝑒𝑑); 

𝑠𝑒𝑡(𝑔𝑐𝑎, ′𝑥𝑡𝑖𝑐𝑘𝑙𝑎𝑏𝑒𝑙′, 𝑎𝑙𝑔𝑜𝑟𝑖𝑡ℎ𝑚𝑠); 

𝑦𝑙𝑎𝑏𝑒𝑙(′𝐶𝑜𝑛𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒 𝑆𝑝𝑒𝑒𝑑 (𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠)′); 

𝑡𝑖𝑡𝑙𝑒(′𝐶𝑜𝑛𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑒 𝑆𝑝𝑒𝑒𝑑′); 

 

 

Figure 2: Bio-Inspired s Algorithms review and  deep analysis 
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Interpretation of Results 

 

 Total Delivery Time: GA achieved the shortest total delivery time, indicating its 

effectiveness in finding optimal solutions quickly for this specific problem. 

 Total Distribution Cost: GA also had the lowest distribution cost, making it the most cost-

effective algorithm among the three. 

 Convergence Speed: ACO showed the fastest convergence, requiring fewer iterations to 

reach a stable solution compared to GA and PSO. 

 

The analysis demonstrates that while GA is the most efficient in terms of both delivery time and 

cost, ACO converges more quickly, which can be advantageous in scenarios where time to 

solution is critical. PSO performs moderately well across all metrics, offering a balanced 

approach. 

 

 

CONCLUSION 
 

The application of bio-inspired algorithms—Ant Colony Optimization (ACO), Genetic Algorithms 

(GAs), and Particle Swarm Optimization (PSO)—has proven to be effective in optimizing the 

distribution of Covid-19 vaccines. These algorithms draw on principles from natural systems to tackle 

complex logistical challenges, demonstrating varying strengths in terms of delivery time, cost 

efficiency, and convergence speed. 

 Ant Colony Optimization (ACO): ACO showed the fastest convergence, making it suitable 

for scenarios where quick decision-making is crucial. Its ability to find efficient paths for 

vaccine delivery vehicles can significantly reduce the overall distribution time. 

 Genetic Algorithms (GAs): GAs achieved the best performance in minimizing total delivery 

time and cost. This makes GAs particularly effective for optimizing resource allocation and 

scheduling in dynamic environments, where rapid adjustments to distribution plans are 

necessary due to fluctuating supply and demand. 

 Particle Swarm Optimization (PSO): PSO provided a balanced performance across all 

metrics, making it a reliable choice for consistent optimization without extreme parameter 

tuning. 

The comparative analysis illustrates that while each algorithm has its unique advantages, Genetic 

Algorithms offer the most comprehensive solution for optimizing Covid-19 vaccine distribution, 

striking a balance between efficiency and cost-effectiveness. 

Future Suggestions 

To further enhance the effectiveness of bio-inspired algorithms in vaccine distribution and other 

similar logistics problems, the following suggestions are proposed: 

1. Hybrid Approaches: Combining the strengths of different bio-inspired algorithms could yield 

more robust solutions. For instance, integrating ACO's rapid convergence with GA's 

optimization capabilities might lead to faster and more efficient vaccine distribution strategies. 

2. Adaptive Algorithms: Developing adaptive algorithms that can dynamically adjust their 

parameters based on real-time feedback from the distribution process could improve 
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performance. This adaptability is crucial in responding to unexpected changes in vaccine 

supply, demand, and distribution constraints. 

3. Multi-Objective Optimization: Expanding the optimization criteria to include multiple 

objectives, such as minimizing environmental impact, maximizing coverage in underserved 

areas, and ensuring equity in vaccine access, could provide a more holistic approach to 

vaccine distribution. 

4. Scalability and Real-Time Implementation: Ensuring that the algorithms can scale to handle 

large datasets and be implemented in real-time systems is vital for practical application. This 

involves improving computational efficiency and developing algorithms that can be 

seamlessly integrated into existing healthcare logistics systems. 

5. Integration with Machine Learning: Leveraging machine learning techniques to predict 

demand patterns and optimize inventory management can complement the bio-inspired 

algorithms, leading to more accurate and efficient vaccine distribution plans. 

6. Robustness and Resilience: Enhancing the robustness and resilience of the algorithms to 

handle disruptions, such as supply chain interruptions or sudden changes in vaccine 

availability, will be crucial in maintaining effective distribution during crises. 
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