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ABSTRACT 

A basic combinatorial optimization issue, p-median problem (PMP) is essential to architecture and functioning 

of distributed service networks. In order to minimize overall distance or cost among demand points & their 

closest allocated facilities, PMP seeks to identify best location for p-facilities from a group of potential sites. 

Transportation, telecommunications, urban planning, public services, as well as supply chain management are 

just a few of fields where this issue is extremely pertinent. The mathematical models and computational 

approaches utilized to solve the p-median problem are thoroughly reviewed in this research paper, with an 

emphasis on advancements made between 2010 and 2018. It starts by formally expressing the conventional p-

median problem mathematically and emphasizing the main limitations and variables that need to be considered. 

From heuristic and metaheuristic approaches that are better suited for large and complicated issue instances to 

more conventional exact algorithms like branch-and-bound and integer programming, the study then examines 

a wide range of solution options. A lot of focus is placed on the development of metaheuristic methods, such as 

ant colony optimization, variable neighborhood search, simulated annealing, and genetic algorithms, which 

have proven to be incredibly successful and efficient in recent research. Additionally, study analyzes several 

extensions of the classical PMP that better reflect real-world problems, such as dynamic or stochastic versions 

and capacitated p-median problem. Finally, paper reviews real-world applications of PMP in optimizing 

distributed networks, including emergency facility placement, health care delivery, school district planning, 

and logistics systems. These examples underscore the practical importance of solving the p-median problem 

effectively and motivate further research in this area.By synthesizing key models, algorithms, and applications, 

this study aims to serve as a valuable resource for researchers and practitioners working on location 

optimization in distributed service systems. 
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1. Introduction- Because of its many real-world applications, the p-median problem (PMP), a traditional 

location-allocation optimization issue, has drawn a lot of interest in applied mathematics and operations 

research. The PMP, which was formally established by Hakimi in the 1960s, aims to reduce the overall distance 

or cost among demand nodes & their closest facilities by identifying best location for p facilities from a group of 

potential sites (Reese, 2006). Over the past decade, the relevance of this problem has grown with the increasing 
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complexity of distributed service networks in urban planning, logistics, emergency response, and 

telecommunications. 

The mathematical formulation of the PMP typically employs binary decision variables and an objective function 

that minimizes the weighted sum of distances among demand points & assigned facilities (Daskin, 2013). Given 

its NP-hard nature, solving the PMP optimally for large instances poses computational challenges, prompting 

researchers to explore heuristic and metaheuristic methods (Resende & Werneck, 2010). Techniques like Ant 

Colony Optimization (Doerner et al., 2012), Genetic Algorithms (Bongiorno et al., 2016), and Variable 

Neighborhood Search (Hansen et al., 2017) have demonstrated efficacy in producing high-quality solutions in a 

reasonable amount of computational time. 

Beyond classical formulation, recent studies have introduced variations like capacitated p-median problem, 

dynamic p-median problem, and stochastic models to better capture real-world constraints (Avella et al., 2012; 

Kochetov et al., 2015). These variants are especially pertinent in applications involving dynamic populations or 

fluctuating service demands, such as in healthcare, disaster response, and transportation (Farahani et al., 2012). 

This paper aims to review and synthesize major advancements from 2010 to 2018 in modeling, solving, and 

applying the PMP in distributed service networks. By analyzing mathematical models, algorithmic frameworks, 

and implementation case studies, the paper contributes to a better understanding of optimization strategies that 

balance cost-efficiency and service accessibility. 

2. Mathematical Formulation of the p-Median Problem- Let I be the set of demand nodes and J the set of 

potential facility locations. Each demand point i I has a demand di, and cost or distance from facilityj to 

demand point i is cij. Define binary variables xij indicating if demand point i is served by facility j, and yj 

indicating if a facility is placed at location j. The integer programming formulation is: 

min
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This formulation assumes that each demand point is assigned to exactly one facility and that exactly p facilities 

are located (Daskin, 2013). 

3. Algorithmic Approaches- The p-median problem (PMP), a well-known NP-hard combinatorial optimization 

problem, has seen extensive algorithmic development to balance computational efficiency and solution quality. 

Choice of algorithm often depends on problem size, instance characteristics, and application-specific constraints. 

3.1 Exact Algorithms- Exact methods aim to find provably optimal solutions and are typically feasible for small 

to medium-sized instances. Two classical approaches include Branch-and-Bound (B&B) and Branch-and-Cut 

(B&C) algorithms. These techniques systematically explore solution space by partitioning it into subproblems 

and applying intelligent pruning strategies to eliminate suboptimal solutions. 
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Kuehn and Hamburger (1963) laid the foundation with early heuristics and exact formulations of the PMP. 

Modern implementations, such as those embedded in IBM ILOG CPLEX, incorporate integer programming (IP) 

models with dual-based cuts, cover inequalities, and preprocessing techniques that accelerate solution times. 

Avella et al. (2012) developed advanced B&C techniques that exploit the polyhedral structure of the PMP, 

demonstrating significant improvements in solving large-scale capacitated location problems. 

3.2 Heuristics- Heuristic methods provide near-optimal solutions with reduced computational time, making 

them ideal for large-scale or real-time applications. Popular heuristic strategies include: 

• Greedy Algorithm: Constructs a solution iteratively by adding the locally optimal facility at each step, 

often yielding good quality solutions quickly. 

• Interchange Heuristic: Begins with an initial solution and iteratively swaps facility locations to improve 

the objective function. 

These methods do not guarantee global optimality but are highly efficient and easy to implement. Arya et al. 

(2004) provided theoretical performance bounds for greedy-like heuristics, supporting their effectiveness in 

practice. 

3.3 Metaheuristics- Between 2010 and 2018, metaheuristic approaches emerged as powerful tools for solving the 

PMP, especially for complex and large-scale instances. These methods combine exploration and exploitation 

mechanisms to escape local optima and search global solution space more effectively. 

• Genetic Algorithms (GA): Inspired by natural evolution, GAs use a population of candidate solutions 

evolved through selection, crossover, and mutation. Resende and Werneck (2010) demonstrated GAs’ 

success in producing high-quality solutions for static and dynamic PMP variants. 

• Simulated Annealing (SA): This stochastic local search technique mimics the physical annealing process. 

It accepts worse solutions with a decreasing probability to avoid premature convergence. Alvim et al. 

(2010) reported robust performance of SA on large solution spaces and irregular cost structures. 

• Variable Neighborhood Search (VNS): Introduced as a systematic approach to change neighborhood 

structures, VNS proved effective in escaping local optima and intensifying the search. Hansen et al. 

(2010) applied VNS to benchmark datasets, achieving competitive results. 

• Ant Colony Optimization (ACO): ACO is based on the foraging behavior of ants & uses pheromone trails 

to guide the search. Doerner et al. (2012) extended ACO to address stochastic and time-dependent 

versions of the PMP, increasing its applicability to real-world logistics and emergency planning. 

4. Variants and Extensions- The classical p-Median Problem (PMP) has been widely extended to reflect practical 

complexities in real-world service network design. These variants adapt the basic model to include additional 

constraints or objectives, thereby enhancing its relevance and applicability. 

4.1 Capacitated p-Median Problem 

In the Capacitated p-Median Problem (CPMP), each facility has a limit on the amount of demand it can serve, 

introducing capacity constraints into the model. This is particularly applicable in logistics, warehousing, and 

distribution systems, where resources such as staff or inventory are finite. The added constraint significantly 

increases the complexity of the problem, often requiring specialized heuristics or metaheuristics for practical 

solution approaches (Mladenović et al., 2012). 
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4.2 Dynamic and Stochastic p-Median Problems 

To better reflect uncertainty and time-varying conditions, dynamic and stochastic versions of the p-Median 

Problem have been developed. These models capture real-time fluctuations in demand or supply, and address 

uncertain future scenarios, such as in disaster response or urban mobility planning. Stochastic programming and 

robust optimization frameworks are often employed to handle these variations effectively (Snyder, 2006; 

Beraldi& Bruni, 2014). 

4.3 Multi-Objective Formulations 

Multi-objective p-Median models aim to balance multiple conflicting goals. For instance, decision-makers may 

seek to minimize total distance while also minimizing operational costs or ensuring equity in service provision. 

Such models are commonly solved using Pareto-based techniques or evolutionary multi-objective algorithms, 

allowing stakeholders to explore trade-offs and make informed choices (Marianov & Serra, 2011). 

5. Real-World Applications 

The p-Median Problem (PMP) has a wide range of applications across various sectors, where strategic location 

decisions are critical for operational efficiency, cost-effectiveness, and service delivery. Below are some 

prominent real-world areas where PMP has been applied: 

5.1 Healthcare Facility Planning 

In the healthcare sector, the strategic placement of emergency response units, clinics, and hospitals is crucial for 

providing timely medical services. The PMP is used to optimize the location of healthcare facilities, ensuring 

they are positioned in a way that minimizes patient travel times and maximizes coverage. This optimization is 

especially important in urban areas with high population densities or in rural regions where access to healthcare 

facilities is limited. Bélanger et al. (2012) highlighted how PMP models have been successfully applied to 

emergency medical services, reducing response times and improving overall system efficiency in healthcare 

planning. 

5.2 Logistics and Supply Chain Networks 

In logistics and supply chain networks, p-median problem plays a critical role in minimizing transportation costs 

by optimizing placement of warehouses, distribution centers, and other facilities. By locating these facilities 

close to key demand points, businesses can minimize delivery distances, which in turn reduces transportation 

costs, delivery time, and environmental impact. Contreras and Fernández (2012) demonstrated the effectiveness 

of the PMP in designing supply chains, particularly for industries like e-commerce and retail, where timely and 

efficient deliveries are essential for customer satisfaction and cost control. 

5.3 Urban Services and Public Transport 

Urban services such as fire stations, school locations, and bus stops can be optimized using the p-median 

problem to improve access and reduce service response times. For example, in fire department planning, PMP 

can help determine the most efficient placement of fire stations to ensure optimal coverage of a city or region. 

Similarly, for public transportation systems, the placement of bus stops and routes can be optimized to minimize 

wait times and improve overall transit efficiency. Huang et al. (2016) applied PMP to optimize the location of 
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bus stops, showing that strategically placed stops significantly reduced commuting times for passengers, 

improving service accessibility. 

5.4 Telecommunication and Data Networks 

In the realm of telecommunications and data networks, p-median problem is crucial for optimizing placement of 

servers and data centers in content delivery networks (CDNs). Minimizing the latency between end-users and 

servers is critical in ensuring fast data retrieval and seamless online experiences. By using PMP models, 

companies can determine the optimal server locations that minimize response times and data transmission costs. 

Nickel et al. (2012) demonstrated the application of PMP in telecommunication networks, where the optimal 

positioning of servers within a network ensures low latency and high-quality data delivery for users, 

particularly in global-scale networks where distances between users and servers vary greatly. 

6. Challenges and Future Research Directions 

While significant progress has been made in solving the p-Median Problem (PMP) and its variants, several 

challenges persist, highlighting areas for future research and development. 

6.1 Scalability 

Scalability is one of the main issues with the p-Median Problem. The problem becomes progressively more 

complex as the network size increases, making it challenging to tackle very large cases effectively. Branch-and-

bound and other traditional precise algorithms become computationally costly, and even metaheuristics have 

trouble maintaining solution quality as the issue size grows. Hybrid metaheuristics have become a viable 

solution to this problem. These algorithms combine the strengths of multiple methods—such as genetic 

algorithms, simulated annealing, or variable neighborhood search—with optimization techniques to improve 

efficiency and solution quality. Further advancements in hybrid models are expected to improve scalability and 

enable the solution of larger, real-world instances of the PMP. 

6.2 Integration with Machine Learning 

The integration of machine learning (ML) techniques with traditional optimization models is a promising 

direction for future research. ML can assist in demand prediction and dynamic input modeling, which are 

critical in real-time decision-making scenarios. For example, predictive analytics could be used to forecast 

demand patterns or fluctuations in service requirements, enabling the p-Median model to be adapted 

dynamically. By incorporating learning-based methods, the optimization process could be more adaptive and 

responsive to changes in demand, leading to more effective solutions in fields like healthcare, transportation, 

and telecommunications. 

6.3 Robustness under Uncertainty 

Many real-world applications of the PMP are characterized by uncertainty, whether in demand, travel times, or 

operational costs. Robust optimization frameworks aim to provide solutions that are not only optimal under 

expected conditions but are also resilient to variations in these parameters. Future research will likely focus on 

integrating robust optimization with the p-Median model, allowing decision-makers to generate solutions that 

can handle variability and ensure stability under uncertain or fluctuating conditions. This is particularly 
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relevant in sectors such as disaster response, energy distribution, and supply chain management, where 

uncertainty is inherent. 

6.4 Sustainability Concerns 

As sustainability becomes a central concern in global development, integrating environmental metrics into the 

p-Median framework is an emerging area of research. Multi-objective optimization models, which traditionally 

focus on minimizing cost and distance, can be extended to include environmental factors such as energy 

consumption, carbon emissions, and resource use. By incorporating these sustainability metrics, the PMP can 

guide decisions that not only optimize service efficiency but also promote environmental responsibility. 

Research into sustainable p-Median models will likely grow, particularly in industries such as transportation, 

urban planning, and logistics. 

7. Conclusion 

The p-Median Problem continues to play a central role in optimization of distributed service networks, serving 

as a critical tool for decision-makers across a wide range of industries. From healthcare and logistics to 

telecommunications and urban services, the ability to optimize service facility locations is fundamental to 

improving efficiency, reducing costs, and enhancing customer satisfaction.The period from 2010 to 2018 saw 

substantial progress in both theoretical advancements and practical applications of the PMP. The development 

of new algorithms, such as hybrid metaheuristics, and the integration of machine learning and robust 

optimization have expanded the problem's applicability to more complex, dynamic, and large-scale networks. 

These innovations set the stage for continued improvements in the field, with future research focusing on 

scalability, robustness, sustainability, and the incorporation of dynamic inputs.As computational capabilities 

improve and the global demand for optimized service networks grows, the PMP will remain integral to 

operations research and strategic planning. It will continue to be a vital area of study for tackling the challenges 

posed by modern service delivery systems, making it an essential focus for both researchers and practitioners 

alike. 
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