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Abstract:  The rapid growth in global air traffic has significantly increased pressure on airport runway systems, 

resulting in congestion and landing delays. Efficient runway utilization is essential for maintaining safety, 

minimizing operational costs, and ensuring timely aircraft movement. This study presents a queuing-theoretic 

analysis of aircraft landing operations using the M/M/1 Queue Model. The model evaluates key performance 

measures such as runway utilization, average queue length, and expected waiting time. A numerical analysis is 

conducted to demonstrate the influence of arrival and service rates on system performance. The results reveal 

that delays increase nonlinearly as runway utilization approaches its maximum capacity. The study highlights 

the importance of managing arrival flow and improving service efficiency to reduce congestion. Although based 

on simplifying assumptions, the M/M/1 framework provides valuable insights for airport capacity planning and 

air traffic management strategies. 

IndexTerms - Aircraft Landing Delay, Queuing Theory, M/M/1 Model, Runway Capacity, Air Traffic 
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I. INTRODUCTION 

 

1.1 Background of the Study 

Air transportation plays a vital role in global economic development by enabling the efficient movement of 

passengers and goods. However, the steady increase in air traffic demand has created significant challenges for 

airport infrastructure, particularly runway systems, which are inherently limited in capacity. 

Runways must handle aircraft arrivals and departures under strict safety constraints, including separation 

standards and operational procedures. As traffic demand increases, congestion becomes inevitable, leading to 

delays and inefficiencies. Analytical tools such as Queuing Theory provide a structured approach to analyze such 

systems, where multiple entities compete for limited-service resources. 

 

1.2 Problem Statement 

Landing delays occur when incoming aircraft cannot immediately access the runway and are required to wait in 

holding patterns. These delays lead to: 

 Increased fuel consumption and operational costs  

 Higher greenhouse gas emissions  

 Greater workload for flight crews and air traffic controllers  

 Reduced passenger satisfaction and scheduling reliability  

The primary challenge lies in understanding how arrival rates, service rates, and runway capacity interact to 

influence congestion. Traditional operational approaches often fail to capture the dynamic and stochastic nature 

of these interactions. Therefore, there is a need for mathematical models, such as the M/M/1 Queue Model, to 

analyze and predict delay behavior. 

 

1.3 Objectives of the Study 

The main objectives of this study are: 

 To model aircraft landing operations using queuing theory  

 To analyze runway performance using the M/M/1 framework  

 To evaluate key performance measures such as waiting time and queue length  

 To study the impact of arrival and service rates on congestion  

 To provide insights for improving airport capacity and operational efficiency  

 

1.4 Scope of the Study 

This study focuses on: 

 A single-runway airport modeled as an M/M/1 queuing system  

 Analysis of aircraft landing processes under stochastic conditions  

 Evaluation of delay behavior and system performance metrics  

The study is limited to analytical modeling and does not include real-time simulation or multi-runway systems. 
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1.5 Motivation 

With increasing air traffic demand, airport congestion has become a major concern for aviation authorities 

worldwide. Understanding the factors that contribute to landing delays is essential for improving operational 

efficiency and reducing environmental impact. 

The motivation for this study is to apply Queuing Theory as a mathematical tool to analyze runway congestion 

and delay patterns. By identifying critical thresholds and system behavior, the study aims to support better 

decision-making in airport planning and air traffic management. 

 

II. LITERATURE SURVEY 

The application of queuing theory in airport operations and congestion analysis has been extensively studied in 

operations research and transportation engineering. 

 Donald Gross et al. (2018) provided a comprehensive foundation in queuing theory, including models 

applicable to service systems such as airport runways.  

 Frederick S Hillier and Gerald J Lieberman (2020) discussed optimization and queuing models in 

operations research, highlighting their relevance in transportation systems.  

 U Narayan Bhat (2015) focused on stochastic modelling and practical applications of queuing theory in 

real-world systems.  

 Richard Horonjeff et al. (2010) analysed airport planning and design, emphasizing runway capacity and 

congestion management.  

 Sheldon M Ross (1996) contributed significantly to stochastic process theory, which forms the basis of 

queuing models.  

 Moshe Zukerman (2013) explored advanced queuing models and tele traffic systems, relevant for 

understanding congestion dynamics.  

Previous studies have shown that delays increase rapidly as system utilization approaches capacity, confirming 

the nonlinear nature of congestion. While advanced models provide greater realism, the M/M/1 model remains 

a fundamental and widely used framework for preliminary analysis and decision support in airport operations. 

 

III. RESEARCH METHODOLOGY 

System Description and Modelling Assumptions Aircraft Landing as a Queuing System 

In the proposed model, the aircraft landing process is represented as a queuing system in which arriving aircraft 

request service from a single runway. Aircraft that cannot be served immediately are placed in a virtual queue, 

represented operationally by airborne holding patterns. 

 

Model Assumptions 

The following assumptions are adopted for the M/M/1 model: 

 Aircraft arrivals follow a Poisson distribution with mean arrival rate λ (aircraft per hour). 

 Landing service times are exponentially distributed with mean service rate μ (aircraft per hour). 

 Only one runway is available for landings. 

 Aircraft are served in a first-come, first-served order. 

 Priority landings and emergency operations are not considered. 

 The system operates under stable conditions, where λ < μ. 

 

Mathematical Formulation 
 

Traffic Intensity 

The traffic intensity or utilization factor of the runway is defined as: ρ=λ\μ System stability requires that the 

utilization remains less than unity: ρ<1 

As utilization approaches one, the runway operates near its maximum capacity, leading to increased 

congestion. 

 

Performance Metrics 

 Key performance measures for the M/M/1 landing system include: 
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These equations show that small increases in arrival rate can cause large increases in delay when the system operates 

near capacity. 

 

IV. RESULTS AND DISCUSSION 
Model Limitations and Extensions 

While the M/M/1 model provides useful insight, it has several limitations:  

• Scheduled arrivals are approximated as random processes. 

• Service times vary with aircraft mix and weather conditions. 

• Priority and emergency operations are excluded. 

The M/M/1 queue model is commonly used to analyze aircraft landing systems, where a single runway is represented 

as a server, arrivals follow a Poisson process, and service times are exponentially distributed. While this model is 

simple and mathematically convenient, it has several limitations. It assumes only one runway, whereas most airports 

operate multiple runways, limiting its ability to model simultaneous landings. The assumption of exponential service 

times does not reflect the relatively deterministic nature of aircraft landing and separation procedures. Similarly, the 

assumption of Poisson arrivals does not capture time tabled flights and peak traffic periods accurately. The M/M/1 

model also does not consider priority landings, finite holding patterns, or external factors such as weather and runway 

closures, making it too simplified for real-world operations. To overcome these limitations and minimize landing 

delays, several modifications and extensions can be applied. These include extending the model to M/M/c for 

multiple runways, using M/G/1 or G/M/1 models to allow general service time distributions, incorporating priority 

queues for emergency or VIP flights, using time-dependent arrival rates to represent for scheduled flight peaks, and 

modelling finite queues to represent limited holding capacities. Additionally, simulation-based approaches can be 

applied to represent stochastic factors and optimize runway assignment dynamically. 

Problem 1: Emergency Aircraft Must Land Immediately 

Problem: A medical evacuation or emergency flight arrives at a small airport with one runway. Other commercial 

flights are waiting in the landing queue, causing potential critical delays. Solution: Implement M/M/1 with priority 

queues, giving higher priority to emergency flights so they can land immediately. 

Outcome: Urgent landings are expedited, minimizing critical delays without significantly affecting other flights. 

Problem 2: Peak Flight Arrivals Overwhelm the Runway 

Problem: During morning or evening peak hours, a large number of scheduled flights arrive, leading to long queues 

and delays. 

Solution: Use time-dependent arrival rates (non-stationary M/M/1) to model arrival peaks accurately. 

Outcome: Air traffic controllers can adjust landing sequences and holding patterns proactively, reducing average 

waiting time. 

Problem 3: Variable Landing Times Due to Weather 

Problem: Bad weather (fog, rain) causes some aircraft to take longer to land, making the exponential service time 

assumption inaccurate. 

Solution: Use a modified M/G/1 queue model to incorporate generalized service times that reflect real landing 

durations. 
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Problem 4: Inefficient Runway Usage for Different Aircraft Types 

Problem: Different aircraft types (small vs. large) have different landing speeds, causing inefficient runway allocation 

and increased delays. 

Solution: Implement dynamic runway assignment within a modified M/M/1 framework, prioritizing aircraft that can 

land faster or fit gaps in the schedule. 

Outcome: Total delay is minimized, and runway utilization is optimized. 

 

V. CONCLUSION 

This study presents a modified and comprehensive application of the M/M/1 queuing model to aircraft landing 

operations at a single-runway airport. The analytical results demonstrate the strong relationship between runway 

utilization and landing delay. The findings emphasize the importance of maintaining adequate operational margins 

through arrival rate control and service efficiency improvements. Although simplified, the model provides a valuable 

foundation for airport capacity planning and air traffic management decision-making. Future work may focus on 

more complex queuing models to capture real-world operational variability. 
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