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Abstract 

Taxiway Traversal and Safety Optimization using Combinatorics 

Author: Thore Groenlund Rasmussen 

Advisor: Barry Webster, Ph.D.

 The demand for air travel has increased dramatically in the last decade, put-

ting large strain on airports and their limited resources. Expanding the available re-

sources at an airport is not always an option either due to location, budget or time. 

This forces the administrators of an airport system to use the limited resources as 

efficiently as possible. This thesis proposes a tool for air traffic controllers and pi-

lots that can be used when planning taxiway systems. Taking inspiration from 

Dijkstra’s Algorithm, an algorithm is proposed to safely move aircraft from the ter-

minal to the runway. Applying constraints to the algorithm creates a program that 

can dynamically update the taxiway system schedule in near real-time while main-

taining a safe environment. 

 The objective of this thesis is to solve the taxiway-scheduling problem by 

proposing an algorithm for optimizing the path traversed by aircraft on the taxiway. 

The algorithm only handles departing aircraft to simplify the model. The origin and 

destination of each aircraft on the taxiway are static. The algorithm calculates the 

shortest path using nodes and weighted links. As more aircraft are added to the 

model, the algorithm can dynamically recalculate the schedule to ensure no safety 

constraints are violated.  

 The model is created in Python 3 and utilizes the extensive library freely 

available. Inspiration for the taxiway system was taken from O’Hare International 
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Airport in Chicago and the model uses a small part of the taxiway system. The al-

gorithm consists of numerous smaller functions that can be altered and tested sepa-

rately from the entire program, making debugging and testing easier as the model 

does not have to be run for every test. 

 Compared to previous research in the field of taxiway-schedule optimiza-

tion, this model proposes a new approach by using Python instead of commercial 

software packages. The algorithm takes inspiration from Dijkstra’s Algorithm to 

find the shortest path and then relies on several sub-functions with constraints to 

ensure safe aircraft taxiway traversal. The model uses a First-Come, First-Serve 

strategy that relies of delays to optimize the schedule and ensure aircraft safety.  
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Chapter 1 – Introduction 

Challenge 

In 2017, the Bureau of Transportation Statistics (BTS), an independent 

agency within the Department of Transportation (DOT), estimated a total of 965 

million passengers on domestic and international flights to and from the United 

States of America [1]. This is an increase of 3.42% from 2016 and the trend in Fig-

ure 1 seems to be that the number of passengers will steadily increase. The numbers 

in Figure 1 are in millions of passengers annually.  

 

Figure 1 - Annual Passengers on all U.S. Scheduled Airline Flights (Domestic & International) 2003-2017 [1] 

 The only decrease in airplane passengers in the last 15 years occurred dur-

ing the financial crisis of 2008, but with a booming economy ten years later there is 

no reason to believe the number of passengers will decrease. This is great news for 

airliners that have increased business, but for the capacity-constrained airports, the 
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increase in passengers is starting to stretch their resources. Proper tools for allocat-

ing airport resources, such as gates and taxiway-time, is crucial to ensure minimal 

delays, reaching connecting flights on time and that everyone is safe. 

 The BTS record on-time data from US-based airliners such as United, 

Southwest, and Delta to name a few. This data, while far from including all airlin-

ers and all departures and arrivals, can serve as a good start for analyzing the gen-

eral trend in airport traffic and efficiency.  

 There are several ways that airports can increase their capacity. The most 

obvious approach is for airports to build new terminals, runways and other facilities 

to accommodate more passengers. This has certain drawbacks as the airports will 

have to consider availability of land, construction time and costs. Airports in major 

cities such as LaGuardia Airport in New York City, are heavily constrained by their 

location with no land immediately available for expansion. Another potential issue 

is that construction of new runways takes several years, and this option is therefore 

not feasible to solve the short-term problems faced by many airports.  

 Another approach is for airports to improve the efficiency of the airport 

ground operations. Runways are typically one of the major sources of delay and a 

difficult bottleneck to solve. Airport efficiency therefore depend on using runways 

as efficiently as possible [2]. During peak hours, even a slight delay on the runways 

can cause a snowball effect leading to long queues for take-off and landing, which 

in turn will waste fuel and increase the environmental impact. The runways are 

connected to the terminals using a taxiway system. To improve the runway effi-

ciency, the taxiways must be scheduled efficiently to ensure all airplanes are 

queued to leave and enter the gates as quickly as possible with minimal annoyance 

to other flights.  

 The people in charge of assigning all the aircraft a time window for depar-

ture and arrival are in the Air Traffic Control (ATC) tower. They use their experi-

ence and knowledge of the different aircraft to create a schedule for the day. This 
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job used to be heavily manual labor where experience was invaluable. The down-

side to this approach is that new people have a steep learning curve before they can 

effectively plan the schedule and you are not ensured that the most optimal solution 

is found. This is especially problematic during peak hours where delay can create 

problems for all the other flights that are waiting for their time window. When de-

lays occur, the ATC need to create an updated schedule that reassigns the delayed 

aircraft another time window while other aircraft can leave on time and are not 

forced to wait. 

 This puts a lot of pressure on the people working in ATC. At the point of 

writing this thesis, there has been over twenty recorded incidents within the last 

week by the Federal Aviation Administration (FAA). All this information is availa-

ble online in the Preliminary Accident and Incident Report [3]. The system reports 

all incidents within the last 10 business days. No human is perfect, and accidents 

happen but with so many lives at risk every day, the system should be as near to 

failure-free as possible. As an example, the case of how a disaster was narrowly 

avoided at the San Francisco International Airport (SFO) in 2017 can be studied. 

Air Canada Flight 759 was cleared to land on runway 28R during nighttime opera-

tion. Due to a mistake, the pilots lined up with the taxiway right next to the runway 

instead. Realizing the mistake, Flight 759 was ordered to do a go-around and at 

only 100 feet above the ground, Flight 759 was able to avoid disaster on the ground 

where 4 aircraft were lined up to take off. While this incident does not address the 

dangers of the busy taxiway where people, trucks, cars, busses and aircraft are al-

ways in motion, it serves as an example of how quickly a little miscommunication 

can lead to disaster. A potential solution for ATC is to use computers to aid them. 

This can help avert mistakes like the abovementioned example.  

 There are several options already available to aid ATC when creating the 

schedule and ensuring the safety on the taxiway, such as Surface Movement Advi-
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sor (SMA), SIMMOD, or Total Airspace and Airport Modeler (TAAM). For mod-

els like these to be usable by ATC, they need low computational requirements and 

must quickly give new scheduling solutions. However, these models are still being 

tested and slowly implemented. They are also purely used in the ATC tower and 

having a backup system in airplanes that can be used locally might be an option. It 

can work as a simple backup system that tests the current solution found by the 

other systems. This system would need to give the same solution to all airplanes 

when the same input is received, and it could avoid the incidents previously men-

tioned.   

 There has been extensive research on the topic of airport ground movement 

optimization. Optimizing the ground movement will also ensure a higher degree of 

safety if every aircraft follow the same software and algorithms. The studies have 

different focuses, where some of them focus on runway capacity [4], others on taxi-

way-scheduling [5], and others try to incorporate both the runway and the taxiway 

into a complete system [6]. J. A. D. Atkin, E. K. Burke, and S. Ravizza [7] propose 

that the entire airport ground system should be studied as a single, integrated sys-

tem. This is the ideal case where everything is considered, but in practice this has 

proven very complex and this thesis will therefore focus on the taxiway movement 

from the gate to the runway. Future work could include how to integrate this thesis 

into other systems that incorporate the gate assignment problem and the runway-

scheduling problem. 

 The simplest and most commonly used scheduling system for the ATC 

would be the First Come, First Serve (FCFS) rule. This imposes a sense of fairness 

to the aircraft and the airliners as no aircraft is seen as more important than the 

other aircraft. However, S. Ravizza and J. A. D. Atkin [8] prove that the FCFS ap-

proach is slower compared to other heuristic methods such as the Swap-heuristic 

and Best-shift heuristic. The downside to the heuristic methods is that they often in-
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corporate a higher level of complexity to the model, which can lead to miscommu-

nications and possible confusion. Another issue with heuristic methods is that they 

do not always reach the same conclusion, as they do not search the entire search 

space. A non-heuristic approach, while taking longer and being more computation-

ally intensive, will always reach the same optimum solution. Whether to use a heu-

ristic or non-heuristic approach depends on the problem statement and objective. 

 The policies in place at the airports can have a huge effect on the delay as 

well. In the US, the Ground Delay Program [9] ensures that there is always a gate 

available at the arrival airport. During periods with higher airport acceptance de-

mand than acceptance capability, airplanes will be delayed at their departure airport 

to ensure that airplanes are not sitting on taxiways waiting for a gate. This program 

is mainly used during periods of poor weather where delays are very likely to oc-

cur. 

 The Chinese air transportation system is a good example of how these poli-

cies can have a profound effect on efficiency and utilization of airports when com-

pared to the American ATC. China has seen a huge increase in air travel, but they 

still use outdated methods when scheduling their flights. In the USA, as well as 

other parts of the world, it is policy to have an airplane that is taking off staged on 

the runway while another airplane is landing. This allows the departing airplane to 

take off as soon as the landing airplane has cleared the runway. This increases the 

efficient use of the runway. China has not adopted this policy yet and the airplane 

taking off must wait on the side of the runway until the arriving airplane has 

landed. This leads to 3-4 minutes of idle waiting time between every flight [10]. 

Daily, with hundreds of flights, this can add up to several hours of lost time. The 

national policies for airports can therefore play a very important role in delays. 

 With the knowledge of how important efficient taxiway-scheduling is and 

the impact it has on millions of people annually, this paper focuses on how to im-

prove the overall taxiway safety and how a simple algorithm can aid in scheduling 
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the departures. There are certain assumptions made to ensure the algorithm does 

not get overly complicated and unreadable while ensuring all aircraft are safe while 

traversing the taxiway. 

 

 

 

Assumptions 

1. All aircraft move at equal speed on the taxiway disregarding differences 

in actual size, power output, etc. Using this approach simplifies the al-

gorithm and the computational time needed to dynamically create new 

schedules. In the USA, the maximum speed is 20 mph and all aircraft 

generally move at this speed.  

2. When traversing the taxiway, any acceleration is negligible. The model 

assumes that the change in velocity is instantaneous with no accelera-

tion anywhere. This is a fair assumption as acceleration and deceleration 

on the taxiway is generally unwanted as it is destabilizing.  

3. Changes to aircraft schedule on the taxiway is dynamic for a more real-

istic scenario. This assumes that all aircraft can instantly change their 

heading. This means there is no delay in the pilot understanding and fol-

lowing ATC instructions.   

4. The runway is always available once an aircraft reaches it. This is made 

easier as only departing aircraft are considered where in real-world sce-

narios this might not be the case. Especially if a runway accepts both 

departing and arriving aircraft traffic. 

 

The research in this paper aims to make scheduling taxiways easier with 

fewer conflicts, and to make the schedule more flexible to ensure the safety for all 
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passengers and personnel. This is meaningful in both the short- and long-term per-

spectives, as this can lead to decreased noise-levels and lower fuel consumption as 

aircraft can push back from the gates later and not have to stop on the taxiway wait-

ing for other aircraft. Lower fuel consumption will decrease the environmental im-

pact from the aircraft due to lower emissions. This research adds to the growing 

knowledge of how to make air travel more efficient and profitable for both passen-

gers, airports, and the airliners.   

 

Objective 

 The objective of this thesis is to solve the taxiway-scheduling problem by 

proposing an algorithm for optimizing the path traversed by aircraft on the taxiway. 

Aircraft in this model are all departing, meaning no arriving aircraft are modelled 

for simplicity. The model could be expanded to include arriving aircraft in future 

models. The aircraft departing the airport will exit their gate at the terminal and en-

ter the taxiway system. The Dijkstra algorithm will assign each plane a solution of 

nodes and links to navigate the taxiway to the runway without conflicting with 

other aircraft. Once the airplane reaches the runway it will be cleared for take-off. 

See Figure 2 - Aircraft Departure Procedure for a simplified diagram of the take-off 

procedure. 
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Figure 2 - Aircraft Departure Procedure 

 

Every time-event will see the random probability of another aircraft being 

generated. If another aircraft is generated, the entire model must accommodate this 

change dynamically by updating the schedule for all the aircraft in the taxiway sys-

tem. The aircraft should traverse the taxiway as quickly as possible while ensuring 

none of the security constraints are compromised while doing so. The constraints 

are discussed later in the thesis. 
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Layout of Paper 

 In Chapter 2, available literature in the field of combinatorics and airport 

optimization is analyzed and compared to see the current direction of the industry. 

Improving the taxiing time has a multitude of benefits such as increased safety, 

lower environmental emissions, fewer delays, better customer service, etc. 

 In Chapter 3, a proposed optimization model for taxiway traversal is pro-

posed. The model utilizes Dijkstra’s Algorithm to find the shortest path between a 

gate and the runway. The code randomly generates new flights from a gate and the 

program dynamically creates a schedule based on various airport policies. 

 In Chapter 4, the results from the algorithm are discussed. Different results 

are compared to see which policy is the most efficient and has the lowest cost in 

terms of time and overall cost in the taxiway system. Statistical analysis is used to 

prove the optimum utilization of the taxiway system modelled. 

 In Chapter 5, the conclusion summarizes the results of the paper and in 

Chapter 6 the paper investigates paths for future research in the field of airport and 

taxiway optimization.    
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Chapter 2 – Literature Review 

Aircraft Routing and Scheduling 

Scheduling is the process of allocating limited resources to a component in 

a system. When building a multistory building, a concise schedule must be created 

to ensure all the components needed to build each story are available at the correct 

time in relation to all the other components. It is a waste of time and money if all 

the electricians, plumbers, carpenters, and so on are standing around waiting for the 

next floor to be made. Everyone should be continuously working to ensure optimal 

utilization of resources.  

In an airport, there are multitudes of different resources that need to work in 

unison. To name a few, there are the passenger and baggage management, the park-

ing management, the runway aircraft assignment and the taxi planning [11]. In this 

paper, the focus is on the taxiway and how to optimize the sequence of aircraft as 

they move from the terminals to the runway. 

Planning the sequence of aircraft on a taxiway is like the vehicle routing 

problem (VRP). The classical VRP deals with combinatorial optimization where an 

optimal route is found for one or more vehicles through network of nodes. Each 

node and link have a certain cost associated with travelling that path. The vehicle(s) 

must stop at each node at least once and the objective of the problem is to minimize 

the overall cost. The VRP has been studied extensively for over 60 years, with the 

significant discovery in 1975 by Golden, Magnanti, and Nguyen that the VRP can-

not be solved in polynomial time and is therefore classified as a NP-Hard problem 

[12]. Various solutions to the problem have been proposed [13]–[15] and remains a 
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topic of research. The VRP has been expanded upon by incorporating the time win-

dow of the vehicles, increasing the complexity of the problem known as the Vehi-

cle Routing and Scheduling Problem (VRSP) [14].  

 

Taxiway Planning 

 Scheduling for aircraft on a taxiway is slightly different from the VRP, as 

the aircraft does not have to visit every node. Instead, the schedule is interested in 

having the largest output of aircraft without any delays due to congestion on the 

taxiway and the runway. Models, which incorporate everything in the airport, will 

give an optimal solution every time but in larger airports, this becomes infeasible 

due to the computation required to test every possible option. In such cases, a heu-

ristic method can be utilized to give a sub-optimal solution with near optimal char-

acteristics. Which model is used depends on the size of the optimization problem 

and the demands of the airport systems. 

 

Safety Constraints 

 A concern almost all papers address on the topic of taxiway path optimiza-

tion is safety. When creating a taxiway schedule certain safety constraint must be 

imposed on the solution. In some papers, the minimum distance between aircraft is 

taken into account to ensure that no two aircraft will ever be on a path to collide 

[6], [16], [17]. This can be done by determining the maximum and minimum speed 

an aircraft is allowed depending on what type of runway the aircraft is currently 

traversing. Turns, corners, and the runway entrance and exit will have varying 

speeds due to physical limitations of the taxiway layout. Another approach is to use 

an average speed without including any acceleration. 
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 The minimum separation distance can be replaced with a minimum time in-

terval between the aircraft, which means speed does not have to be used. This ap-

proach is used in this thesis as it simplifies the layout of the taxiway and using time 

is easier to visualize to some. Instead of having a specific speed associated with 

each link in the graph, each link has a certain time interval that determines how 

long the link takes to traverse on average. The algorithm can be altered to incorpo-

rate speed instead of time if desired by other users. 

 

Link Directions 

On most taxiways in the US, the size of the taxiway does not allow an air-

craft to turn around or overtake other aircraft. This results in certain limitations re-

garding an aircraft’s ability to maneuver in the taxiway system. Zhou and Jiang 

[18] have formulated constraints to ensure the safety constraints mentioned above 

are not violated. This involves situations such as intersection point conflict, head 

conflict and tailgating conflict. Intersection conflict occurs when there is more than 

one aircraft at the same intersection at the same time, violating the safe distance 

constraints. This will often force one of the aircraft to stop at a safe distance to the 

intersection to ensure there are no collisions. Head conflicts occur when two air-

craft have predetermined taxiway routes that move in opposite directions of each 

other leading to a head-on collision. This is seen as the most dangerous of the three 

types of safety-violating situations. The last situation occurs when two aircraft have 

either partial or completely the same predetermined taxiway routes and the later air-

craft moves at a higher velocity than the first aircraft. Using the approach of mini-

mum time interval overcomes the last constraint, as the aircraft are all assumed 

moving at the same velocity in certain areas of the taxiway. This assumption is not 

valid in a true airport where large and heavy aircraft, such as the Airbus A380, have 
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different taxiing capabilities compared to smaller, more nimble aircraft such as the 

Airbus A320.   

 

Objective Function 

 Some objective functions (OF) look at the total time it takes an aircraft to 

traverse the taxiway from the gates to the runway. This makes minimizing the total 

time T the OF for some papers [19], [20]. The time taken should be as low as possi-

ble for all the aircraft in the taxiway system. When aircraft need to stop or are de-

layed, a large penalty can be placed on them to ensure the aircraft are always mov-

ing and not creating blockage on the taxiway.  

 A more common OF in papers is to minimize the total delay (δ) of the air-

craft [2], [20]–[23]. Delays are caused for a variety of reasons. The BTS categorize 

all domestic aircraft delays according to the cause of their delay as seen in Figure 3 

- Flight Delay by Cause 2018 [24].  

 

Figure 3 - Flight Delay by Cause 2018 [24] 
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The biggest sources of delay are that the aircraft arrive late from its depar-

ture airport, delays caused by the aircraft carrier and delays caused by the National 

Aviation System (NAS). NAS delays refers to a broad set of conditions, such as 

“non-extreme weather conditions, airport operations, heavy traffic volume, and air 

traffic control” [25]. This is the category that this paper attempts to analyze and im-

prove upon. At 6.1% of all domestic flights, this means that over 50 million domes-

tic passengers are annually affected by delays due to the NAS as well as even more 

flights globally.  

 

Routing Strategy 

 The strategy used by some papers for the taxiway routing is to have the 

route pre-assigned instead of dynamic [6], [14], [26], [27]. Each aircraft and their 

potential time-window is known, and they are given a time slot and a fixed route 

with sequential nodes and arcs before they depart the gate. The problem is then a 

pure scheduling problem with constraints where the OF is to find the best timing 

such that each aircraft reaches the nodes along its route without interfering with 

other aircraft with a minimized delay. 

 This is a good strategy in theory but in the real world, nothing ever goes as 

planned. Sudden delays due to weather or miscommunication or unforeseen obsta-

cles will suddenly make the plan useless and a new plan must be made. ATC will 

normally use their instincts and training and assign aircraft to open taxiways wher-

ever possible. This requires a lot of training and can possible lead to unforeseen de-

lays as the ATC makes mistakes too. Other papers instead look at using dynamic 

scheduling, where the routes are completely unknown and only the source and des-

tination nodes are known [15], [28].  This is more flexible compared to the fixed 

route problem, but the computational demand can be very large as the number of 

variables on the taxiway increase.  
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 Another approach which can be seen as a combination of the static and dy-

namic routing problem is to use a set of pre-assigned routes that aircraft can choose 

from [29]. This is more flexible than the static case but with a smaller search space 

of solutions. The source and destination of the aircraft are the only known parame-

ters and the aircraft can then choose from these solutions.  

 

Gate Assignment 

 While this paper focuses on the taxiway-scheduling problem, other papers 

focus on the allocation of gates [30]–[32]. Gate utilization is the ratio of gates that 

are currently being used compared to all gates in the airport. This is an important 

parameter as aircraft need an open gate when arriving at the airport to ensure no 

cluttering or delays on the taxiway. Airports want to utilize their gates as often as 

possible to optimize their profit margin but if the parameters are too tight, sudden 

delays can cause a cascade of delayed flights. Often the greatest cause of gate delay 

is due to variations in planned departure and arrival times. If airplanes arrive earlier 

than planned, airport management will often not reassign a new gate due for logisti-

cal reasons and the aircraft will be told to wait. All the passengers, crew and other 

personnel for the next flight would have to be re-assigned to another gate if the gate 

was re-assigned. It is therefore important to assign the gates optimally to ensure a 

time interval large enough to accommodate aircraft that arrive early or late to the 

destination airport. The gate assignment problem is not considered in this paper.  

 

Runway 

 The runway separation is usually a significant bottleneck in most airports 

due to the limited number of runways, runway crossing and the criteria for the 

wake-turbulence for arriving and departing aircraft. Larger airports, such as O’Hare 

in Chicago, have numerous runways that can be used at the same time. Aircraft that 
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depart parallel to each other have different separation criteria compared to aircraft 

that depart at an angle. For aircraft on the same or parallel runway, any aircraft fol-

lowing a heavy aircraft, such as the Boeing 777, must wait 3 minutes if moving in 

the opposite direction [33]. However, for intersecting runways, the separation is 2 

minutes for any aircraft following a heavy aircraft. This lowers the time needed to 

wait for clearance to use the runway. Optimizing the sequence of different size air-

craft on the runway and which runways that should be utilized is therefore of im-

portance, especially in airports with space constraints as no additional runways can 

be built to increase the runway resources. 

 Runway crossing occurs in larger airports with multiple runways if an air-

craft must cross an active runway to reach one of the other runways. As the runway 

can only be used by a single aircraft at any time, the taxiing aircraft will have to 

wait until the runway is clear to cross it. J. Montoya, Z. Wood, S. Cruz, and M. 

Field [19] use the minimum separation distance and minimum speed to solve a 

linear set of equations to solve this problem. It is the opinion of the aurthors that it 

is best to have the aircraft queue in front of the crossing point to save space for 

queuing. The aircraft taxiing are not affected to the same degree by the wake 

vortices as departing aircraft, allowing them to move across the runway while other 

aircraft wait for the vortices to dissipate.  The aircraft can also cross in batch while 

taxiing, lowering the overall travelling time. Time is another important parameter 

for optimizing the overall airport performance. 

 

Previous Methodologies 

A variety of different models has been proposed by to improve the effi-

ciency of taxiway traversal. The most used method is Linear Programming (LP), 

which uses a set of linear constraints to find a solution space wherein the optimized 
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solution is found. The benefit of this approach is that an optimal solution is guaran-

teed to be found if it exists, but the computational time can become extensive as the 

problem complexity increases. Several papers therefore use a hybrid of LP and a 

heuristic method [17], [19], [27], [34]–[37]. The heuristic method include the roll-

ing horizon method [16], Genetic Algorithms (GA) [21], [28], [38], Simulated An-

nealing (SA) [18] and Tabu Search (TS) [2], [13], [14], [39], [40]. 

Using heuristic methods can be an advantage for large, computationally 

heavy problems as they give the program a way to limit the search space, reaching 

a solution faster. However, heuristics do not cover the entire search space and their 

solutions are therefore not guaranteed optimal. All heuristic solutions have issues 

when reaching a local optimum that is not necessarily the global optima. The heu-

ristic approaches can be stuck in local optima unless an escape mechanism is cre-

ated. In the Simulated Annealing approach, a temperature variable is used to simu-

late a heating process. The temperature is initially set high and allowed to slowly 

cool. While the temperature variable is high, the algorithm can more frequently ac-

cept solutions that are worse than the current solution. This allows the algorithm to 

escape a local optimum. As the temperature is lowered, the frequency is lowered as 

well until a global optimum is hopefully found in the end.  

Tabu Search is known as a memory search method. Tabu Search is an itera-

tive technique that explores a set of problem solutions by repeatedly making moves 

from the current solution to another solution in the neighborhood. The moves are 

performed with the goal of reaching a solution that qualifies as “good” by the ob-

jective function. This solution can be either optimal or near-optimal. This search is 

continued until a termination criterion is reached.  
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The solution these heuristic methods reaches are not the same every time as 

different results might be reached depending on where in the search space the algo-

rithm ends. Heuristic methods are worth more research, but they cannot be relied 

upon for similar results across all units. 

This thesis differs from previous papers by presenting an algorithm in Py-

thon that locates the optimal solution dynamically for taxiway traversal in an air-

port with one runway. Most papers use commercially available software, such as 

CPLEX. This thesis proves that Python can be used to solve the problem and create 

results that can be updated dynamically. 

If the algorithm proposed in this thesis was implemented in aircraft at the 

gates and on the taxiway, the solution reached by each unit would be identical if 

they receive the same inputs. The solution could be followed by pilots without fear 

that other aircraft reaching a different solution. The algorithm currently considers 

departing aircraft only, but the algorithm can incorporate other functions easily to 

increase the number of variables in the program.  
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Chapter 3 – Methodology 

 This thesis proposes a program written in Python to increase the efficiency 

of traversing the taxiway system while keeping aircraft safe. While a lot of previous 

and current papers use linear programming to solve the scheduling problem, this 

thesis looks at the feasibility of using Python-functions instead. Python is a general-

purpose, high-level programming language developed by Guido van Rossum in 

1991. Python has gained a lot of interest in the past years due to its open-source, 

community-based model that allows users to develop their own libraries that can be 

shared to other users. This has promoted Python to become one of the leading pro-

gramming languages in fields such as data analytics with powerful libraries such as 

“pandas” and “numpy”. It has to the knowledge of the author not been used for this 

purpose of dynamically assigning taxiway traversal before and serves as a proof 

that Python can be used. 

 Despite the libraries being readily available to users, the algorithms must be 

written from scratch unlike commercial software packets like CPLEX. In CPLEX, 

well-constructed constraints are entered, and the program will solve the problem. 

This is not the case with Python as no libraries are available to solve the taxiway-

scheduling problem. This gives an extra dimension of complexity but also im-

proves the level of flexibility available when solving the problem.  

 

Optimization Model 

 The taxiway-scheduling problem in large airports with more than one run-

way can become computationally strenuous but it can be divided into three main 

steps for departing aircraft: 

1. Assign a runway to every aircraft. 
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2. Calculate a sequence of steps that bring aircraft safely to the allocated run-

way. 

3. Determine the start time for every aircraft to depart the gate.  

 

This thesis is focused on the second step, as the problem has been simpli-

fied to only include one runway. No time slot allocation is necessary as the algo-

rithm uses a uniform distribution to randomly generate aircraft in the model. Nor-

mally, an aircraft would have to request a gate and time slot to depart the airport, 

but this algorithm focuses on the actual traversal of the taxiway and not the optimi-

zation of the gate scheduling problem or using time windows.  The assumptions of 

this algorithm were mentioned earlier and summarized state that: 

1. All aircraft move at equal speed. 

2. The acceleration is negligible. 

3. Any changes in the schedule is instantly understood and followed by the 

aircraft giving no delays on the taxiway.  

4. The runway is always available when an aircraft enters the runway system. 

 

As aircraft are only departing the airport in this simulation, there is no focus 

on incoming traffic on the runways. This is not an unrealistic scenario as airports 

can dedicate certain runways for only arriving and departing traffic depending on 

the number of runways available. 

 

Model Description 

The airport modeled in the algorithm consists of a set of nodes and links. 

The nodes represent the terminal and gates, the taxiway intersections as well as the 

runway entrance and exit. The nodes therefore represent the locations aircraft can 

travel and the nodes are connected by a set of directional links. The directional 

links represent the paths and direction the aircraft can travel between nodes and the 
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aircraft are not able to deviate from the links. The model utilizes a symmetric link-

system, where both directions on the link take equal time. This is easily changed in 

the dictionary if desired and will be explained later. 

 Each aircraft is assigned an origin and destination. The origin for the air-

craft is a random gate by the terminal and the destination for the aircraft is the run-

way. The aircraft must cross the taxiway to reach the runway without violating any 

security constraints. The aircraft is therefore not allowed to leave its gate until a 

clear path has been found for it.  

 The algorithm runs dynamically and can quickly incorporate new aircraft 

into the model. The model does not work with time slots but rather as aircraft be-

come available. When a new aircraft is generated in the model, it is placed against 

all the other aircraft currently traversing the taxiway. If an open path is found that 

does not conflict with other aircraft, the aircraft can leave the gate. Otherwise, a de-

lay is placed on the aircraft and it will have to stay in its current position at the gate. 

It is preferable to have aircraft waiting by their gate compared to on the taxiway 

system to avoid clutter or accidents. If a conflict is detected on the taxiway where 

two aircraft wish to utilize the same node simultaneously, the aircraft that is not 

currently at its gate will be allowed to go first, which represents a First-Come, 

First-Serve (FCFS) scenario. In larger airports with multiple runways, two different 

methods could be used. It could either use a FCFS approach or use a method that 

depends on relative cost to traverse the taxiway. If a hypothetical aircraft A is trav-

ersing to runway A and has a relative cost of 15 while aircraft B is traversing to 

runway B and has a relative cost of 20, the algorithm lets the airplane with the 

lower cost take priority. This scenario will not happen in the program proposed in 

this thesis as the taxiway system is simple and aircraft will always either be travers-

ing the runway or at the gate. Any aircraft at a gate will always take lower priority. 

This could be altered in later versions of the algorithm, such that a sitting at the 
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gate becomes increasingly expensive until Method 2 kicks in and forces the aircraft 

in front of the aircraft traversing the taxiway.  

  

Ground Network at O’Hare International Airport 

 O’Hare International Airport (ORD) in Chicago is one of the busiest air-

ports in the United States and has suffered a lot of bad press due to high levels of 

delay. O’Hare had 560 arrivals and departures on January 1, 2017 [1] with 101 

flight categorized as delayed. BTS categorizes any flight with a departure over 15 

minutes from the allotted slot as delayed. O’Hare was the inspiration for this thesis, 

as it needs to be optimized to decrease the amount of delays. O’Hare has seven run-

ways as seen in Figure 4 - Schematic of O'Hare International Airport but for simpli-

fication purposes, only a minor part of the airport is used in the model, which has 

been circled in red. In actual airports, the departing aircraft are generally assigned 

to use the inbound runways, such as the runway circled in red which gives a higher 

degree of legitimacy to the model.   

In Figure 4 - Schematic of O'Hare International Airport there is a web of 

different taxiways that go from the gates to the runways. The taxiway system has 

been simplified and loosely used to make a model that is easier to work with. The 

taxiway in the model can easily be expanded upon if a more extensive network is 

desired with more details. The letters A – G represent seven possible gates where 

an aircraft can be created. From their terminal, the aircraft will travel in the taxiway 

system to the runway at letter X. The use of letters to represent the taxiway system 

is not of great importance, but the Python-based algorithm has certain restrictions 

on what it can accept as a dictionary is used to store all the nodes and links. Node Z 

represents a possible arrival node if the model was expanded upon to include arriv-

ing aircraft. 
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Figure 4 - Schematic of O'Hare International Airport 
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Figure 5 - Simplified Model of O'Hare Used for Modeling the Algorithm 

The constraints for this model are not mathematically modeled like they are 

in many papers using linear programming (see [17], [27], [35], [41]). This is mainly 

due to the constraints being coded into the algorithm using Python instead of using 

mathematical formulas. The result is the same. As an example, in [34] Chunyu Tian 

uses binary constraint to ensure no two airplanes can overtake each other on the 

same taxiway. Overtaking is not possible as the taxiways are not large enough to 

accommodate two aircraft next to each other. In the algorithm proposed in this the-

sis, the code has been written such that no two aircraft can be at the same node sim-

ultaneously and since they are all assumed to traverse the taxiway at the same 

speed, no aircraft can overtake another aircraft at any point. 
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Proposed Algorithm 

 The proposed algorithm in this thesis consists of 16 functions written in Py-

thon. At the time of this thesis, Python 3.6.5 is used in Spyder 3.3.2 for Windows 

10. The Integrated Development Environment (IDE) Spyder is an acronym for Sci-

entific Python Development Environment which is part of the Anaconda package. 

The algorithm has been heavily commented to make it easy to follow but a general 

description of the algorithm is written in this section. The program was designed 

from scratch to improve the flexibility, responsiveness and logic of the solution to 

the taxiway-scheduling problem as compared to most other published solutions that 

focus on mathematical solutions. Using mathematical models can make it hard for 

people who are not mathematically inclined to read the model and understand what 

is going on. These solutions often use commercial packages and mathematical 

modeling to solve the problem which are not often intuitive. Designing the code 

gave a greater amount of freedom to tweak the solution, such as making delays at 

the terminal priority over delaying aircraft on the taxiway. The code has a natural 

flow that might seem more logical to users who are used to reading lists of instruc-

tions instead of formulas.  
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Figure 6 - Summary of Proposed Algorithm 
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Main 

 The main function of the algorithm is the function that runs when the pro-

gram is compiled. It contains the dictionary of neighbors for the simulated taxiway, 

a set containing all the gates, the map of the taxiway for graphing as well as con-

trolling which sub-functions are used.  

 The dictionary of neighbors is used to store the entire taxiway and the rela-

tionship between the nodes and links as well as the weight placed on each link. The 

taxiway representation is explained in the next section containing Dijkstra’s Algo-

rithm. The weight in this algorithm has been equated with traversal time in minutes, 

so a weight of one equates to a one-minute travel time. 

 The main function also includes the graphical representation of the taxiway 

system to graph the location of the aircraft. This is convenient when trying to have 

a quick overview of the taxiway system and what it will look like in the future. If 

something happens, the graphs will give the user a graphical representation of 

where the aircraft are currently located. The graphs also show which path the air-

craft must complete to reach the runway.  

 Finally, the main function contains the terminal condition, the counter, a 

random number generator based on the uniform distribution and the time of script 

execution. At the start of every loop, a random integer is generated between 0 and 

100 inclusive based on the uniform distribution. This value determines whether a 

new aircraft is generated or if the entire model is forwarded one time-event without 

generating an aircraft. This was included to give the model a random part to ensure 

it is not biased. It also enables the user to test when the cost per aircraft traversing 

the taxiway system increases. 

If an aircraft is generated, the program checks if there are any aircraft at the 

randomly selected terminal. At this point, there are three possibilities: 

1. The randomly selected terminal is open, and the aircraft is placed in the ter-

minal.  
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2. The randomly selected terminal is not open but other terminals might be 

open. The program does not generate a new aircraft but instead advances by 

one time-events and outputs two graphs. One graph shows the current air-

craft on the taxiway while the other graph shows all the aircraft and their 

paths. More information on the graphs in the section Plot_Airport_Map. 

3. All the terminals are currently occupied. This is like the second possibility, 

but a counter will keep track of how many times this happens. This is a 

clear indication that the airport taxiway and gate system is being used above 

its capacity. 

 

 When the main function is compiled, the user is prompted to input the prob-

ability limit for generating another aircraft as well as the termination criteria. If the 

user enters a value of 40 for the probability limit, there is a 40% chance that an-

other aircraft will be generated during the next loop. A high probability limit will 

place higher stress on the taxiway system. 

The terminal condition is used to determine how many iterations of the loop 

is performed, with each loop being a single time-event. The counter keeps track of 

the current iteration number. When testing this program, every test was run for with 

a variable probability limit and a termination criterion of 100. 

If an aircraft is generated, the sequences prepared by the Dijkstra Algorithm 

is tested for conflicts with other aircraft. If a conflict is found, the aircraft sitting in 

a terminal is delayed, minimizing clutter on the taxiway.  

 Several documents are outputted to the working directory when compiling 

the algorithm. The working directory is the file location where the Python code is 

saved. They are reviewed after explaining how the algorithm works to ensure a 

basic understanding of the algorithm before viewing the results of running the pro-

gram.  
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Dijkstra’s Algorithm 

Dijkstra’s Algorithm is named after the Dutch computer scientist Edsger W. 

Dijkstra and solves the Shortest Path Problem (SPP). This problem deals with find-

ing the shortest path between two nodes on a graph so the sum of the weights on 

the links is minimized. Other path finding algorithms, such as A* Search and 

Breadth First Search, were proposed but due to its popularity and the simple taxi-

way system, Dijkstra’s Algorithm is best suited for this program. Breadth First 

Search finds the shortest path between two nodes, but it does not take the weight of 

the links into account. Since the movements on the taxiway are not of similar cost, 

this algorithm falls short of what is required. The A* Search algorithm is an expan-

sion of Dijkstra’s Algorithm, where heuristics are used to increase the speed at 

which the solution is found. A* Search requires an estimated distance from the 

source to the destination to explore locations closest to the estimate first. This in-

creases the speed of the algorithm compared to Dijkstra’s Algorithm but increases 

the complexity of the algorithm as it needs additional parameters. Using the A* 

Search also makes the search heuristic which means the solution found cannot be 

guaranteed identical every time the algorithm is compiled. 

The time complexity of Dijkstra’s Algorithm varies depending on the graph 

representation. The most common graph representations are adjacency matrix and 

adjacency list. In the algorithm proposed in this paper, a dictionary is used to store 

the nodes and links. This can be seen as an adjacency list as it only contains the 

nodes that are actually adjacent to the current node. An adjacency matrix would 

contain the relationship between all the nodes. If an adjacency matrix was used for 

the algorithm proposed in this thesis, most of the numbers would be zero, creating a 

sparse matrix using a lot of space and computation unnecessarily. Not showing the 

analysis, the time complexity of Dijkstra’s Algorithm is O((V+E)logV), where V is 

the number of vertices (nodes) and E is the total number of edges (links) [42]. In a 

scenario where there are significantly more links than nodes in a system, the time 
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complexity can be simplified to O(ElogV). Linearithmic time complexity is much 

faster than quadratic algorithms, which is the case for the adjacent matrix graph 

representation. As a comparison, the time complexity for Dijkstra’s Algorithm us-

ing an adjacent matrix is O(V2) which is a quadratic time complexity [42].  

The dictionary representation of the taxiway can be seen in Figure 7 - Dic-

tionary of Neighbors. When cross-reference with Figure 5 - Simplified Model of 

O'Hare Used for Modeling the Algorithm, it can be seen that every in the taxiway 

system is represented in the dictionary. Every node has a variable cost with itself so 

cost can be changed to increase the cost of delays. The nodes A through G have the 

variable ‘gate_cost’, while the other nodes on the taxiway have the variable ‘de-

lay_cost”. This is done, as the cost of staying at the gate might be lower than being 

delayed on an active taxiway where an aircraft might be blocking other aircraft. In 

this simplified map, it is not possible to be delayed on the taxiway due to a con-

straint that states, that only aircraft that are in a gate can be delayed. This constraint 

would be changed for bigger airports if a higher degree of flexibility were desired. 

Looking at Figure 5 - Simplified Model of O'Hare Used for Modeling the 

Algorithm, Node A is only linked to Node H with a cost of one. However, Node I 

is connected to both Node H, Node J and Node P, which have varying costs. Dijks-

tra’s Algorithm uses these weights to decide which route it should assign to the air-

craft. In larger airports with a larger taxiway system, these weights could be dy-

namically changed during peak periods or in case of delays to divert aircraft to use 

other taxiways. The integers would be changed to include variables that depend on 

the time of day or the delays on the taxiways. 

There are certain conditions when using Dijkstra’s Algorithm: 

1. The weight of the link must be positive. In this model it is not a problem 

as time is always positive. However, if negative values were errone-

ously inputted it would break the algorithm. 
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2. The links can be unidirectional or bidirectional, but they cannot be un-

connected. They must have a direction. In the model proposed in this 

thesis, the links are all unidirectional due to one of the constraints. The 

constraint states, that an aircraft cannot make a 180° turn on a taxiway 

and return to where it came from. However, in theory the dictionary 

could have more links added without any problems with different 

weights. If arriving aircraft were considered another dictionary could be 

made for the purpose of ensuring the constraints are not violated. 

 

 

Figure 7 - Dictionary of Neighbors 

 

Figure 8 - Set with all the Gates 

Dijkstra’s Algorithm has two phases to its routing operations: 
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1. Initialization of the predecessor structure that keeps the previous node 

of a movement as well as the cost of the shortest path from the origin to 

the destination. 

2. Keeping track of which nodes have been visited which is used to update 

the predecessor structure. 

When starting at the origin, there is no predecessor as the gate is the root of 

the shortest path tree. For all the other nodes the predecessors are unknown. The al-

gorithm is initiated with an infinite cost for every node. This is the first phase of 

Dijkstra’s Algorithm. 

 For the second part of Dijkstra’s Algorithm, the nodes that have not been 

visited yet are considered. Dijkstra’s Algorithm always pick the non-visited node 

with the lowest cost in the predecessor structure. As an example, using Figure 5 - 

Simplified Model of O'Hare Used for Modeling the Algorithm, an aircraft is start-

ing at Gate C and wishes to end at the runway. There are several options to choose 

to reach the runway. 

Firstly, there is only one neighbor of Gate C, which is Node J at a cost of 

one. The cost of being at Gate C is one, so the algorithm does the following: 

𝐺𝑎𝑡𝑒 𝐶 → 𝑁𝑜𝑑𝑒 𝐽 = 0 + 1 = 1 <  ∞ 

Since 1 <  ∞, the predecessor structure is updated to reflect that moving from Gate 

C to Node J has a cost of one. We then mark C as visited. 

The algorithm then recurse the Dijkstra operations for the non-visited node 

with the lowest cost in the predecessor structure. There was only one option at this 

step and that is moving to Node J.  

From J, the aircraft has three options: Move to Node I with a cost of one, 

move to Node Q with cost of two or move to Node K with cost of one. The prede-

cessor structure is once again updated to reflect which path has the lowest cost. The 

options from Gate C will therefore look like: 

𝐺𝑎𝑡𝑒 𝐶 → 𝑁𝑜𝑑𝑒 𝐽 → 𝑁𝑜𝑑𝑒 𝐼 = 0 + 1 + 1 = 2 <  ∞ 
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𝐺𝑎𝑡𝑒 𝐶 → 𝑁𝑜𝑑𝑒 𝐽 → 𝑁𝑜𝑑𝑒 𝑄 = 0 + 1 + 2 = 3 <  ∞ 

𝐺𝑎𝑡𝑒 𝐶 → 𝑁𝑜𝑑𝑒 𝐽 → 𝑁𝑜𝑑𝑒 𝐾 = 0 + 1 + 1 = 2 <  ∞ 

 

The predecessor structure is therefore updated to reflect these new numbers. 

In the paths above, the program would either choose Gate C to Node I or Gate C to 

Node K as they have the lowest values. The path from Gate C to Node Q would no 

longer be considered unless something was to happen further along the path mak-

ing this path shorter. If the algorithm encountered two paths with the same value, it 

will pick the path depending on the node’s location in the dictionary. In this case it 

would choose Gate C to Node I, as node I appears before node K in the dictionary. 

This is due to way Dijkstra’s Algorithm was implemented. It takes a path and looks 

for paths that are shorter. If a shorter path is found, it will update the predecessor 

structure. If two paths have the same value, it will not update the predecessor struc-

ture when the second path is encountered as the path is the same but not less-than 

the answer that is already in the predecessor structure. 

Similarly, if the path was to move in a loop on the taxiway such that the 

cost of the loop is higher than the predecessor, the predecessor is not updated. The 

predecessor is only updated if the value is lower than the already existing value at 

the node. As an example, if a sequence from Gate C to Node O had a total cost of 

five, the predecessor of Node O would be five. If another path, which includes a 

loop, reaches Node O with a cost of 10, the predecessor structure would not be up-

dated, and it would keep the previous path stored as the predecessor.   

 Continuing this process over all possible combinations in the airport gives 

the shortest path possible between two locations based on the weights placed on the 

links. In an extensive model, the weights could be dynamically assigned to reflect 

the current amount of traffic on the taxiway.  

 The final sequence is then printed to both the terminal and a comma-sepa-

rated file (.csv) file named “Search_Data.csv” containing all the current aircraft and 
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their sequences as seen in Figure 9 - New Aircraft Taxiway Sequence. The cost of 

traversing the taxiway in the proposed sequence is also printed. 

 

 

Figure 9 - New Aircraft Taxiway Sequence 

As time is iterated and the aircraft moves towards the runway, 

“Search_Data.csv” is continuously updated until the sequence only contains “NaN” 

in all the cells and the sequence is deleted. “Search_Data.csv” only contains the 

current position and the future path sequence of an aircraft and does not store se-

quences from previous aircraft that are no longer on the runway. The txt-file “Solu-

tion.txt” store all the solutions and not just the current ones. “Solution.txt” is good 

when analyzing the simulations afterwards as it keeps all the paths traversed. 

  

conflictCheck_FCFS 

 The function conflictCheck_FCFS utilizes several sub-functions within the 

conflictCheck_FCFS function. In summary, conflictCheck_FCFS takes the path se-

quence from the Dijkstra Algorithm and compares it to the other path sequences 

that have been planned and are possibly in motion. To ensure that there are no con-

flicts on the taxiway, the new aircraft sequence created by the Dijkstra Algorithm is 

compared to the other taxiway sequences in the csv-file. If a conflict is detected, the 

new aircraft (still at the gate) is delayed by one time-event. The updated dataframe 

is inspected for conflicts again and this will continue until a safe and conflict-free 

solution has been found. Through testing, the average time to calculate a conflict-

free solution for each new aircraft is approximately 0.4 seconds, making the algo-

rithm work in near-real time. 
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 A detailed explanation of the conflictCheck_FCFS function is presented be-

low, including the most important sub-functions within conflictCheck_FCFS. 

 Initially, the generated aircraft sequence from Dijkstra’s Algorithm is read 

and stored in a pandas dataframe. Pandas is an extremely powerful and stable li-

brary within Python that effectively handles data and performs data manipulation. 

Pandas needs a predefined dataframe column size, so the dataframe is arbitrarily 

large to ensure it can handle any sequence length. For the airport used in testing, no 

more than 16 columns are needed. For larger airports with more taxiways, this can 

be expanded upon and there is no true limit to how many columns can be pre-allo-

cated. Pre-allocating the size makes the algorithm more efficient as it does not need 

to dynamically allocate space. 

 Any rows that are empty, making all the values “NaN”, are dropped as this 

row represents an aircraft that has just taken off from the runway. By dropping the 

row, it will not be part of the calculations, saving space and computational power. 

The current map is then displayed in the terminal as a graph using the Python li-

brary “Matplotlib.pyplot” as well as being saved in “Solution.txt” as a sequence of 

steps. 

 The function scan_forward_x_time_events is then called to check for any 

safety conflicts. For debugging and testing, it can scan as many time-events as de-

sired by the user to test that it works as intended. However, in a real-world sce-

nario, the user would want it to scan every time-event which the algorithm does by 

default. 

 

scan_forward_x_time_events 

 This function looks at the dataframe containing the aircraft taxiway se-

quences and flags any conflicts. This ensures that at any time, one and only one air-

craft is at any location on the taxiway. If a future conflict is discovered, the func-

tion will add an additional delay to the aircraft at the gate. 
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 First, scan_forward_x_time_events checks if there are any duplicates in the 

dataframe by calling the function get_dups. A number of columns is dropped de-

pending on the number of time-events to look forward. If the program is looking 

forward by one time-event, a single column is removed. If the program is looking 

forward by two time-events, two columns are removed. The function “pandas.Data-

Frame.duplicated” is then used to test if there are any duplicates within the first col-

umn in the updated dataframe. It will always test the first column in the dataframe, 

which is the reason for removing a certain number of columns first. The “dupli-

cated” function in pandas will test the first column for duplicates and return a Bool-

ean string containing true or false. If a duplicate is found, the first value is denoted 

as “False” and the second duplicate value is denoted as True. If a value has no du-

plicate, it will be denoted with “False”.  

This method uses the FCFS rule. The aircraft that enter the system first are 

always served first. If aircraft are at a terminal, it is better to keep them there to en-

sure the taxiway system is always moving smoothly.  

 The Boolean-list is then passed back to the scan_forward_x_time_events 

function. Here the row with a value of “True” will be delayed by one time-event. 

This is done by simply copying the first value of the row and then inserting the 

value before the current event, effectively shifting the entire row by one to the 

right.  

 

Figure 10 - Example of Delay due to Safety Conflict 
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 Figure 10 - Example of Delay due to Safety Conflict is a snippet of the “So-

lution.txt” file. A safety conflict was observed when a new aircraft was added to 

row three in the taxiway system schedule as underlined in red. The program recog-

nized that there would be duplicates at Node K in column 2. This means two air-

craft would potentially collide at that point. The program therefore looked at which 

of the aircraft is in a terminal and can be delayed. The aircraft in row 3 is still at 

Terminal D and can therefore be delayed without affecting other aircraft on the tax-

iway. The aircraft in row 0 is therefore allowed to pass Node K first and the aircraft 

in row 3 can then follow. The updated schedule is outputted to the terminal and the 

“Solution.txt”-file.  

 The total cost of the schedule and the number of aircraft in the schedule is 

displayed. Lastly, the total number of duplicates in the entire schedule is displayed. 

This is useful when debugging and testing the program but cannot be used when 

running for a real-world scenario, as possible conflicts can occur in the schedule.  

An extract of Solution.txt from the program can be seen below. 
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Figure 11 - Extract from Solution.txt 

 Once a conflict-free solution has been calculated, the solution is returned to 

the conflictCheck_FCFS. It is saved to “Search_Data.csv” which stores the current 

aircraft locations and future path sequences. The solution is then printed to the ter-

minal and to “Solution.txt” as seen above. The total cost of all the path sequences is 

calculated by the sub-function calculate_cost, which works somewhat similar to 

part of Dijkstra’s Algorithm. The cost of each row is calculated individually by 

Safety check to ensure no 

duplicates 

Time 24 is identical to Time 

23, except the first column 

in Time 23 has been deleted 

in Time 24. This is due to 

the uniform probability of 

no aircraft generation. 

Current location of all aircraft 
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comparing them to the dictionary “dict_of_neighbors”. The value of the first and 

second column in row one is stored as two variables. The cost of moving between 

the two variables is then read from the dictionary and stored in a list named “Cost”. 

This is then looped until the cost of all the entire path has been calculated and 

added as a value in the list “Cost”. This is then looped until all the cost of each in-

dividual path in the schedule has been calculated.  

 The cost is then printed in the terminal as well as to “Solution.txt”. This is a 

useful parameter to have when calculating what the optimum amount of aircraft in 

the taxiway system is. In this thesis, a uniform distribution is used but in real-world 

scenarios it can be used to calculate how many aircraft should be in the taxiway 

system at any time and what the time-interval should be between consecutive air-

craft leaving their terminals. 

Since the list “Cost” contains the cost of each aircraft, it can also be used to 

calculate how many aircraft are currently scheduled. The length of list “Cost” is 

therefore calculated and outputted to the terminal and “Solution.txt”. This repre-

sents the total number of aircraft in the taxiway system or in a terminal at any time. 

The last thing conflictCheck_FCFS will do before being done is a final 

check to make sure there are indeed no conflicts in the solution. This is purely a 

safety precaution and if a conflict is detected, it will output a warning to the termi-

nal for the user. While it is possible to terminate the program or check for conflicts 

again using the conflictCheck_FCFS function, as of now the only action is to dis-

play the warning to the user. 

The program then returns to the main function. 

 

Common functions 

 This group of functions is known as the common functions as they are al-

ways executed, regardless of whether an aircraft is generated or not. This happens 
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sometimes due to the uniform probability of not creating another aircraft and some-

times it happens due to the terminals being too busy and unable to accommodate 

new aircraft.  

 

Advance_by_one_time_event 

Once the program has run the algorithm and an aircraft has possibly been 

created, the model must move forward by one time-event to show a progression of 

time. This is done by reading the “Search_Data.csv”-file into a dataframe and delet-

ing column zero. The updated dataframe is then outputted to the “Search_Data.csv” 

file, updating the file by one time-event. Each column holds a time-event, so col-

umn one is the current location of aircraft, column two is the location of the aircraft 

in the next time-event, and so on. 

 

Plot_full_airport_map & Plot_current_airport_map 

 To give the user some visual information on where the aircraft are located, a 

couple graphs are created using the library “matplotlib.pyplot”. This is a versatile 

2D-plotting library in Python that seamlessly handles plotting and graphing.  

 Both functions are very similar in their data handling. They both import the 

data from “Search_Data.csv” that contain the updated taxiway schedule for all the 

aircraft. A dictionary named “map” contains all the coordinates of the nodes in a 2-

dimensional Cartesian coordinates system as seen in Figure 12 - Cartesian Coordi-

nates of Taxiway System for Graphing. The function Plot_full_airport_map will 

then plot all the coordinates using matplotlib.pyplot as seen in Graph 1 - Taxiway 

Schedule with Aircraft Path Overlay at Time 40. This graph displays all the paths 

of the aircraft. They have all been slightly offset from the actual coordinate-values 

to improve readability. The readability could be improved in future versions of the 

program, as the current locations of the aircraft is hard to read. It could also be used 
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for each aircraft individually to show their future path. With just a slight alteration 

to the program this could be done. 

 

Figure 12 - Cartesian Coordinates of Taxiway System for Graphing 

 

Graph 1 - Taxiway Schedule with Aircraft Path Overlay at Time 40 

 In Graph 2 – Taxiway with Aircraft Locations at Time 40 all the current lo-

cations of the aircraft can be seen. The graph has no offset, so the locations are true 
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to the actual locations of the aircraft unlike Graph 3 – Taxiway with Aircraft Loca-

tions at Time 41. The same dataset and the same time is used for both graphs, mak-

ing it easier to compare.  

 Just below Graph 2 – Taxiway with Aircraft Locations at Time 40 the graph 

for Time 41 has been placed to show how the aircraft moves. 

 

Graph 2 – Taxiway with Aircraft Locations at Time 40 

 

Figure 13 - Solution at Time 40 
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Graph 3 – Taxiway with Aircraft Locations at Time 41 

 

Figure 14 - Solution at Time 41 

 It might not be immediately obvious, but from Figure 13 - Solution at Time 

40 to Figure 14 - Solution at Time 41, the entire schedule is dynamically reor-

ganized to accept the new aircraft that enters the system. The entire schedule is up-

dated and checked for any conflicts before outputting the final solution as seen 

above. Column one for Time 40 is deleted and replaced by column two for Time 

40. This column then becomes the first column at Time 41, which now includes the 

new aircraft route that has been added at the bottom of the schedule. As it can be 
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seen, the aircraft at the top of the schedule are not the aircraft that are closest to the 

runway. At time 41, the aircraft in row 2 is at the runway while row 0 is at Node H. 

The schedule is therefore a FCFS-system.   
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Chapter 4 – Results and Analysis 

 The program is run on a Lenovo Y50-70 Touch laptop with an Intel Core 

i7-4720HQ CPU @ 2.60GHz with 16 GB of RAM. The laptop has four Cores and 

eight Logical Processors. Despite the program running on a laptop, the program has 

no problem running hundreds of iterations within a reasonable time. Initial testing 

on the program was done with 100 iterations, which took the laptop on average 

50.96 seconds at 90% aircraft generation probability. That is approximately 0.51 

seconds for each full taxiway schedule that must be dynamically updated. The time 

decreases slightly for lower aircraft generation probabilities with an average time of 

46.91 seconds at 20% aircraft generation probability. This is an average time per 

aircraft of 0.47 seconds. This difference is too small to be noticeable by humans if 

the program is only running a couple of iterations. If the program was to run an en-

tire day with hundreds of airplanes, this time difference could become significant.   

 Later testing showed a significant slowdown of the program as the com-

puter became strained due to running the program approximately 50 times during 

testing. The time to run the program and create a schedule increased to 0.86 sec-

onds for a 100% aircraft generation probability. There was no trend when looking 

at the computational time required for different aircraft generation probabilities, 

which was surprising as more aircraft on the taxiway give a higher number of rows 

to calculate. The most computationally heavy part of this program is creating a 

graph for every iteration. The program created 2 graphs for every time-event which 

equates to 200 graphs every time the program was run during testing. The graphing 

feature can be turned off for an approximately 50% improvement in time. This was 

discovered during later testing of the program and is a useful during testing or if the 

graphs are not needed.  
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 Interestingly, the second row in the taxiway system containing nodes P 

through U as seen in Figure 5 - Simplified Model of O'Hare Used for Modeling the 

Algorithm was not used in any of the schedules. This is most likely due to a couple 

of factors. Most importantly, the program will not schedule any aircraft to use the 

second row of the taxiway system unless the dictionary is altered dynamically. As 

mentioned in the section on Dijkstra’s Algorithm, if two paths have the same cost, 

the algorithm chooses whichever path is first in the dictionary. Since the taxiway 

system in this thesis is simplified, there will never be a case where aircraft will be 

assigned to the second row due to another reason – the runway. This is the second 

factor that stops aircraft from being scheduled to the second row of nodes. The run-

way is a major bottleneck in airports and without solving the runway-scheduling 

problem it will eventually limit how many aircraft can go through.  

 It is believed that a possible solution to this problem is to update the 

weights of the links dynamically. This would especially be beneficial if more than 

one runway is used. More research is needed to establish exactly how this could be 

done but it would allow aircraft to use the entire taxiway system instead of just the 

closest.   
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Cost 

 The cost of traversing the taxiway is calculated for various probabilities of 

aircraft generation. The tests were all conducted with 100 iterations. The program 

was run four times for each aircraft generation probability to ensure a fair result. 

The probabilities were started at 10% and went up to 100% in 10% increments for a 

total of 40 tests. Using increments of 10% gives a set of data large enough to ensure 

any conclusions are not invalidated by few datasets while keeping the testing 

within a practical timeframe.  

The cost for delays at the terminal was for the first test set at one. To see the 

effect of increasing the cost of delay, another set of tests were performed with a 

cost of delay of three. This gives over 8000 taxiway schedules created during all 

the testing.  

The results for the cost for traversing the taxiway are seen in Figure 15 - 

Average Cost of Taxiway Traversal against Probability of Aircraft Generation with 

Delay Cost of 1. 

 

Figure 15 - Average Cost of Taxiway Traversal against Probability of Aircraft Generation with Delay Cost of 1 

 The cost of traversing the taxiway seems to increase linearly with an in-

crease in the probability of aircraft generation up until 80% where the trend seems 
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to be exponential. A trend line has been inserted in the graph to make this easier to 

visualize. This makes sense, as the average number of aircraft on the taxiway will 

increase with an increase in the probability of aircraft generation. It is believed that 

this could be due to the cost of the delay, which is set by the user. Another trial was 

made where the cost of delays was set at three.  

 

 

Figure 16 - Average Cost of Taxiway Traversal against Probability of Aircraft Generation with Delay Cost of 3 

Both Figure 13 and Figure 14 are very similar in trend and shape. The main 

difference seems to be the value of the gradient that increases faster with a higher 

delay cost.  

To further test for any correlations, the cost per aircraft was calculated. This 

is an interesting parameter, as airliners always try to lower their costs while airports 

try to optimize the use of their resources as efficiently as possible. Figure 17 - Av-

erage Cost pr. Aircraft of Taxiway Traversal against Probability of Aircraft Genera-

tion with Delay Cost of 1 shows the cost of each aircraft as the probability of gen-

erating an aircraft increase. A higher probability means more aircraft on the taxi-

way, increasing the chance for delays. 
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Interestingly, the average cost per aircraft of traversing the taxiway did not 

increase, which initially seems illogical more aircraft delays should equate to 

higher stress on the taxiway system. The cost per aircraft was therefore initially 

thought to increase as the number of delays increase.  

 

 

Figure 17 - Average Cost pr. Aircraft of Taxiway Traversal against Probability of Aircraft Generation with Delay 

Cost of 1 

 When conducting the experiment again using a delay cost of three, the same 

trend seemed to happen as when the delay cost was one. However, when comparing 

the graphs for the average cost per aircraft, a trend started to appear that was more 

visible in Figure 18 - Average Cost pr. Aircraft of Taxiway Traversal against Prob-

ability of Aircraft Generation with Delay Cost of 3. The average cost per aircraft 

remains constant from 10% to approximately 70%. At this point, it seems that the 

average cost per aircraft increases nonlinearly. That means, that the taxiway system 

does not experience any significant amount of delays until the probability reaches 

approximately 80%. At this point, the number of delays affects the cost of the air-

craft as they must wait longer and longer in the terminals before entering the taxi-
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way system. Upon further analysis of Figure 17 - Average Cost pr. Aircraft of Tax-

iway Traversal against Probability of Aircraft Generation with Delay Cost of 1, this 

trend also appears. However, it is harder to see as the cost of delays was lower. It is 

speculated, that a much higher cost of delay, such as ten, would further increase 

this trend and make it more visible.  

 

 

Figure 18 - Average Cost pr. Aircraft of Taxiway Traversal against Probability of Aircraft Generation with Delay 

Cost of 3 

 This is an important finding at it shows the capacity of the taxiway system. 

To utilize the taxiway system optimally, the aircraft generation probability should 

be around 75%. At this utilization, airliners pay the least amount per aircraft while 

the airport has the largest output of aircraft before the delays become significant 

and possibly hard to control. This means the resources are being used most effi-

ciently at around 75%. Apart from finding the fastest path for an aircraft to the run-

way and updating the taxiway system dynamically, the program can also give a 

good estimate of the optimum capacity for the taxiway system.   
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Chapter 5 – Conclusion 

 This thesis proposes an algorithm capable of dynamically updating a taxi-

way system schedule. Unlike previous studies that utilize linear programming and 

commercially available software such as CPLEX, this algorithm is written in the 

open-source software language Python 3. The algorithm proposed has proven suc-

cessful when using the First-Come, First-Serve (FCFS) policy with no conflicts en-

countered during testing. The algorithm utilizes the Dijkstra Algorithm to find the 

shortest path from a gate to the runway using weights. Any conflicts are resolved 

by using a delay-policy. The results of the program are outputted as a combination 

of nodes in a text-file that stores all the path sequences that the aircraft must trav-

erse to ensure no conflicts. The algorithm also creates graphs that visually display 

the aircraft locations. The graphs can show both the current locations and the future 

paths of the aircraft.  

 The algorithm proved successful in dynamically scheduling the aircraft of a 

taxiway system consisting of one runway. There were no conflicts in the schedule 

during testing which had the program run over 100 times using various probabili-

ties of aircraft generation. The average time when running the program with 100 

time-events was just under 50 seconds. There was significant slowdown in the pro-

gram as the computer used for testing started to get warm and the system slowed 

the processing speed to ensure no system damage. The average computational time 

is therefore assumed around 0.5 seconds per time-event.  This give results in near 

real-time when running the program.  

 The cost of traversing the taxiway at different aircraft generation probabili-

ties was observed. Two sets of experiments were conducted – the first set had a de-

lay cost of one and the other set had a delay cost of three. Each probability was run 

four times to ensure a valid set of data. It could be seen that the cost of traversing 



 

52 

 

the taxiway increases linearly with increased probability for aircraft generation in 

both experiments. The most noticeable difference was the gradient increase with a 

delay cost of three over a delay cost of one. 

However, with higher aircraft generation probability, the number of aircraft 

in the taxiway system increases. The average cost per aircraft was therefore calcu-

lated. A trend was observed, where the average cost per aircraft was very nearly the 

same for an aircraft generation probability between 10% to 70%. From 80% to 

100% the cost per aircraft increased nonlinearly. This means, that to minimize the 

cost of delays, airliners and the airport should strive to have a new aircraft added to 

the taxiway system 75% of the time-events. This trend was the same for both a cost 

of delay of one and a cost of delay of three. 

In conclusion, this thesis was successful in creating a working algorithm 

that can be utilized by airports in near real-time to dynamically schedule the taxi-

way system. The system could be installed in aircraft to alleviate the ACT from 

controlling all the aircraft from the tower. The system uses no heuristics and all the 

systems therefore reach the same solutions if they all receive the same inputs.  
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Chapter 6 - Future Work 

 This thesis covers the fundamentals for taxiway system optimization and 

there is still lots of room for improvements and further research. A big improve-

ment to the algorithm would be to add a function that can dynamically update the 

weights in the Dijkstra Algorithm. The function could look at the paths that are al-

ready being used by aircraft and change their weight to a higher value to avoid air-

craft using the same path. This should ensure, that the entire taxiway is utilized. 

The presented algorithm will always find the shortest path but since the weights are 

static, the path will always be the same from a specific terminal. Adding a dynamic 

weight function would increase the flexibility of the program. 

 Another topic for future research would be to make the model more realis-

tic. This thesis utilized a section of the O’Hare International Airport (ORD) but the 

numbers in the program are all based on estimates by the author. No actual data on 

travel time on the taxiway was obtained from ORD. In future, research could also 

look at how long delays usually are in relation to the total travel time and what an 

appropriate value for the delay cost should be. The future airport could also include 

more than one runway to increase the complexity of the system. More constraints 

would have to be added as aircraft could be moving in different directions but due 

to the flexible nature of the Python-language, it should be able to incorporate such 

changes without major difficulties.  

 Lastly, future research should investigate making the algorithm more effi-

cient. Dijkstra’s Algorithm does not use any heuristic and on a small taxiway sys-

tem this is not a big deal. However, if a large international airport was completely 

mapped, it could require a massive amount of power. Using a heuristic approach 

could possibly help with this. However, part of the reason for using a non-heuristic 

approach was to ensure that every airplane would receive the same information if a 
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system was installed in each aircraft. This would no longer be possible, and the 

ACT would have to control everything. The pros and cons would have to be con-

sidered when deciding on which system to use.  
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Appendix A 

Python Script 

The script along with any data is available by contacting the author at: 

trasmussen2014@my.fit.edu  
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