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Abstract 
 

 

Jiyeon Lee 

Department of Industrial Engineering 

The Graduate School 

Seoul National University 

 

The purpose of this thesis is to reschedule flights from the airline company’s 

perspective to correspond to the airport’s changed capacity in the event of a ground 

delay program (GDP), one of the important means of controlling air traffic. We 

considered delay propagation not only within the same airport but within other 

airports by extending the setup to include several airports rather than a single 

airport. We also included realistic costs from planned schedules of the aircraft and 

crew. When a GDP is issued, airlines are given a short time to reschedule flights in 

time for the changed slot. Each airport has its own capacity, especially the airport 

acceptance rate (AAR), which is a capacity that can accommodate incoming aircraft. 

We formulated a mixed-integer linear programming (MILP) model to reschedule 

flights. To handle the uncertainty of future scheduling, two versions of the MILP 

model may be applied. With scenarios in which the AAR changes again, an optimal 

model that obtains a minimizing total relevant cost in each scenario solution and a 

stochastic model solution that obtains a minimizing expectation of the total relevant 

cost of all scenarios are presented and compared. 

Keywords: Mixed-integer linear programming; Stochastic programming; 

Rescheduling; Ground delay program; Air traffic control;  

Student Number: 2020-21134 
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Chapter 1. Introduction 

 

Air transportation is increasingly an important part of the overall 

transportation. However, due to the characteristic of the aviation industry, it is 

necessary to plan flights carefully and control the flow of air traffic, compared to 

other means of transportation. Each airport has its own capacity, especially the 

airport acceptance rate (AAR), which is a capacity that can accommodate incoming 

aircraft considering runways, gates, and baggage lines. This rate is determined by 

the air route traffic control center, which calculates the time interval between 

aircraft arriving and entering the airport, which is called the timeslot when the 

aircraft can enter. Airlines or other aircraft operators are assigned timeslots they 

want in advance, according to the International Air Transport Association (IATA) 

conference by the South Korea Airport Schedule Office (KASO), so that flights can 

be organized at the corresponding time, as shown in Figure 1.1. Vertical bars 

represent the time slot. 

Figure 1.1: Flights of each airline planned in timeslots 

   Nonetheless, the AAR may decrease when weather conditions deteriorate or 

when there is a need to clear the airway as neighboring countries conduct military 

training. The ground delay program (GDP) is one of the important ways to control 

air traffic in this case. When the AAR decreases because of some reason, reducing 

the number of incoming aircrafts per hour changes the time of slots accordingly, 

and adjusting already departed flights to the changed timeslot causes waiting in 

the air. This has many disadvantages, such as fuel consumption, airway congestion, 

and safety problems. Therefore, having flights wait at the origin airport on the 

ground before departing is desirable, which is called the GDP. When the GDP is 

issued, flights planned to arrive at the GDP airport must be readjusted, and the 

most standard method used is the “first-scheduled, first-served rule” which 

receives slots in the order originally planned. As centralized framework, the GDP 

decision maker can control schedule for the overall efficiency of the airport, 

addressing such issues as minimizing total delay time or promising equity among 
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interested parties. Various rules and heuristics to help make decisions have been 

studied in this centralized framework. Even so, Yan et al. [31] summarized the 

advantages that can be acquired when considering the operational aspects of the 

airline, not the central authority. When the GDP is implemented, airlines are given 

a short time to readjust their flights. An et al. [1] introduced several methods, such 

as compression and timeslot substitution, in which airlines cooperate with one 

another. However, it would be relatively inexpensive and easy to make 

adjustments within a given airline’s own flights before working with other airlines. 

As airlines should consider various factors and costs, such as an aircraft being used 

on multiple flights or crews having to be transferred to another flight, it is 

challenging to decide which flight to delay or cancel and how much to delay them. 

In addition, most existing studies solved the problem within a single airport. This 

leads to infeasibility in reality, because delay from other airports or other flights 

could be ignored. Even though some single airport rescheduling models consider 

delay propagation, they consider only how the delay of arrival at the target airport 

could extend to departures in the same airport.   

In this thesis, a mathematical model is established to reschedule flights 

from multi-airport from the perspective of airline when the GDP is issued. The 

benefit of solving a problem in such a multi-airport setup is that it can consider 

the delay propagation twice. As short-distance flights such as domestic flights have 

increased due to improved accessibility of aviation, one aircraft could be used on 

two flights a day in many airlines. Therefore, considering that only an arrival delay 

is propagated as one departure delay cannot guarantee the feasibility when used 

in reality. Not only the delay in the same airport but the delay from other airports 

should be examined.  

Also, we consider costs and circumstances of airlines to be more practicable. 

Such costs examined in this paper include not only the cost of flight delays and 

cancellations but also the cost of failure to transfer the crews and the cost of not 

guaranteeing a buffer time between connected flights. From the airline's point of 

view, when a schedule has to be adjusted according to the initial GDP issued, it 

might be worth considering the possibility that the GDP is not a permanent 

method. Figure 1.2 shows that the GDP could be withdrawn or issued once or even 

more times later in a given time frame, and shows that the flow rate will change 

accordingly. Rescheduling according to information available only in the present, 

without preparation for possible changes, is costly. Therefore, a scenario-based 
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method is used to minimize the expected cost by creating scenarios with the 

currently updated information about the GDP.  

 

Figure 1.2: Example of possible scenarios at the point when the GDP first occurred 

The remainder of this thesis is organized as follows: In chapter 2, we review 

studies related to the GDP and recovery from disruptions in airports. Then, we 

describe problems in detail, along with mathematical formulations of our model, in 

chapter 3. Chapter 4 details the computations of four experiments showing the 

validation of models in various aspects. Results and analyses of experiments are 

suggested in the same chapter. Last, conclusions are presented in chapter 5. 

 

 

 

Chapter 2. Literature Review 
 

A static and deterministic Ground Holding Program(GHP) problem in a 

single airport was introduced first in Odoni [20]. Terrab [24] and Richetta [21] also 

suggested a deterministic single airport GHP in formulations of capacitated network 

formulation and minimum cost assignment formulation. With uncertainty in the 
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AAR, stochastic versions of the GHP were followed. Then dynamic stochastic 

versions in a single airport were studied by Richetta et al. [20] and Mukherjee et al. 

[17]. Luo et al. [16] studied schedule disruption by the GDP in a single airport. They 

presented an algorithm to minimize the total delay time solved within the 

polynomial time in a specific case. Jarrah et al. [13] dealt with the shortage of flights 

or aircraft, permitting swapping aircraft among flights. Also, Cox et al. [10] reviewed 

six optimization models of a single airport’s GHP and compared strengths and 

weaknesses of each previously studied model. Subsequently, they proposed a model 

to optimize a plan of GHP using Markov decision process [9]. Various studies have 

been conducted to ensure robustness in scheduling problems. Ball et al. [3] offered a 

stochastic GHP that determined the number of timeslots. Terrab et al. [23] 

experimented with the GHP in a deterministic case and a stochastic case, and 

suggested insights comparing a mathematical model with dynamic programming 

and a heuristic. Ng et al. [19] tried to handle uncertainty using the min-max regret 

approach. Liu et al. [15] involved scenarios with possible capacities. To reschedule 

more realistically, [15] used a scenario tree method that dynamically solves the 

problem by updating a probability of scenarios as realizing information. 

Filar et al. [11] summarized papers on the recovery of airlines and airports 

from disruption. They categorized objectives of tactical air traffic management into 

three types —fuel consumption, late arrival and departure, and noise nuisance— 

and stated the GHP is one of important workarounds. Vranas et al. [25] and 

Bertsimas et al. [6] proposed integer programming models to assign ground-holding 

delays optimally in a network of airports, which included transmission of delays 

between successive flights with coupling constraints. Vranas et al. [26] then 

extended the multi-airport problem to dynamic version. A stochastic version was 

briefly introduced as well. They used discrete time horizon where decisions were 

made about how many unit periods to wait. Brunette et al. [7] presented a static and 

deterministic MILP model in a multi-airport setup, but only included single 

connections, not multiple connections. Additionally, they proposed heuristic. 

Because computation time is too long, heuristics were also introduced. 

Navazio et al. [18] suggested a heuristic based on the limited resource critical path 

method, which obtained suboptimal result. Navazio et al. [18] also considered multi-

connections which means there are several preceding flights of passengers who have 

to take a subsequent flight. Several heuristics applied the priority rule using the 

marginal cost in scheduling [2, 18, 23].  
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Most studies focused on a centralized framework. Yan [31] assessed the 

benefits of decentralized framework that reflects airline-driven objectives. Yan et al. 

[32] solved a problem with an objective function to maximize the profit of an airline, 

taking into account delay and cancellation simultaneously, but not crew members or 

passengers. Bard et al. [5] solved a timeslot reallocation problem with dynamic 

programming from the airlines’ point of view. Brunner [8] proposed a mathematical 

model to minimize airline driven costs including passenger and crew connections. 

Woo et al. [28] presented a model to help airlines reschedule when the GDP was 

issued. Considering the transfer of aircraft and crew, they attempted to be more 

realistic, as the longer the delay time, the larger the cost. In addition, in order to 

prepare for uncertain situations from a present perspective, stochastic programming 

was solved and its value was evaluated. Wu et al. [30] introduced and analyzed delay 

propagation that sequential flights can have. However, as with other studies dealing 

with delay propagation, only propagation at the same airport was described. Kafle 

et al. [14] investigated a role of a buffer time in delay propagation. Slack time, 

explained in [18] and [27], is a delay absorption tool. This is slightly different from 

the concept of buffer time in this thesis. To the best of our knowledge, there has been 

no study yet undertaken to reschedule in more than one airport simultaneously 

when the GDP is issued, taking into account not only the delay propagation of one 

airport but also the propagation from another airport. Furthermore, buffer time is 

introduced in this thesis to lend insight to operations, in addition to considering 

airline's limited assets. For robustness, not only the optimal version but also the 

stochastic programming method is adopted. 

 

 

 

Chapter 3. Mathematical model 

 

3.0 Model Description 

We assume that departure capacity for outbound flights is infinite, while 

arrival capacity, the airline acceptance rate (AAR), for inbound flights is finite. This 

assumption will not go too far in reality. Therefore, a specific timeslot is not required 
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for departures. Moreover, one aircraft can be used for dup to two flights for short-

distance flights such as domestic flights. For instance, an aircraft often makes a 

round trip between Gimpo and Jeju in one day. When the GDP is issued, timeslots 

also will be changed, in keeping with the changed flow rate of the airport. Airlines 

have time to readjust their flights relatively autonomously among the timeslots 

assigned to themselves.  

In an airport set, some airports may be unaffected by the GDP, and several 

airports may be under the influence of the GDP. If there are multiple airports with 

the GDP implemented at once, there are eight situations to consider per airport. Let 

there be airport 𝑚1, 𝑚2, 𝑚3 ∈ 𝑀 𝑤ℎ𝑖𝑐ℎ 𝑖𝑠 𝑎𝑛 𝑎𝑖𝑟𝑝𝑜𝑟𝑡 𝑠𝑒𝑡 𝑢𝑛𝑑𝑒𝑟 𝐺𝐷𝑃 and 𝑣 ∉ 𝑀. For 

inbound 𝑓𝑙𝑖𝑔ℎ𝑡 𝑖  in airport 𝑚1 , there are four cases, as follows: (1) aircraft 

departing at 𝑣 arrives and finishes its flight on that day; (2) aircraft departing at 

𝑚2 arrives and finishes its flight on that day; (3) aircraft departing at 𝑣 arrives and 

leaves for another airport on that day; (4) aircraft departing at 𝑚2 arrives and 

leaves for another airport on that day. For outbound 𝑓𝑙𝑖𝑔ℎ𝑡 𝑗 in airport 𝑚1, there 

are four cases, as follows: (5) aircraft leaves for 𝑣;  (6) aircraft arriving from 𝑚2 

leaves for 𝑣; (7) aircraft leaves for 𝑚2; (8) aircraft arriving from 𝑚2 leaves for 𝑚3. 

Each case is depicted in Figure 3.1. Yet, we did not have to include case (5), because 

we assume departure capacity in the airport is infinite. Previous papers related to 

the GDP with delay propagation usually deal with cases (1) and (3).  

 

Figure 3.1: Eight cases for the multi-airport problem 
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When rescheduling flights in the GDP, it is intrinsic that the origin airport 

of each flight is in a normal state; thus, there is no delay except delaying on purpose 

for the GDP to arrive in accordance with the timeslot assigned. However, if multiple 

airports are rescheduled at the same time, departure airports as well as the arrival 

airports of flights can be considered. For example, in case (8), timeslots will be 

assigned for inbound 𝑓𝑙𝑖𝑔ℎ𝑡 𝑖 at airport 𝑚3 which is under the GDP. However, after 

arriving late of the preceding 𝑓𝑙𝑖𝑔ℎ𝑡 𝑖 because of the GDP in airport 𝑚1, it departs 

as 𝑓𝑙𝑖𝑔ℎ𝑡 𝑗 as late as the propagated delay time. Airport 𝑚3 has to allocate timeslot 

for 𝑓𝑙𝑖𝑔ℎ𝑡 𝑗 to reflect this delay in departure. This is illustrated in Figure 3.2.  

If the actual arrival time is later than the pre-allocated timeslot, such as 

timeslot A, the existing plan is infeasible, so it is necessary to readjust or cancel the 

flight at the time when the departure delay occurs. Furthermore, If the actual arrival 

time of the flight is much faster than the conservative pre-allocated timeslot such as 

timeslot B because the exact delay information is not known, airborne delay 

inevitably occurs. Either way, resulting costs are high for an airline. Yet, in the 

multi-airport model, timeslots are assigned in consideration of cases in which 

departing aircrafts already absorb delay from preceding flights and leave late.  

 

Figure 3.2: Timeslot assignment difference at arrival airport between single 

airport model and multi-airport model 
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Aircraft connections are classified in two categories. If the preceding 𝑓𝑙𝑖𝑔ℎ𝑡 𝑖 

arrives and is connected to depart as succeeding 𝑓𝑙𝑖𝑔ℎ𝑡 𝑗 from the same airport, it 

is expressed as L1(i,j). If 𝑓𝑙𝑖𝑔ℎ𝑡 𝑗 departs and arrives as flight n at another airport 

in the airport set, it is expressed as L2(j,n). In this case, since it is one journey, they 

have the same flight name, but different indexes were used in this thesis for the 

convenience of experiments. If a crew is connected to depart for succeeding 𝑓𝑙𝑖𝑔ℎ𝑡 𝑗 

from the same airport after getting off the preceding 𝑓𝑙𝑖𝑔ℎ𝑡 𝑖, express it as R(i,j). For 

L1, if 𝑓𝑙𝑖𝑔ℎ𝑡 𝑖 is cancelled  𝑗 is also cancelled. In the case of L2(j,n), if one of the two 

is cancelled, the other is cancelled as well. Whether 𝑓𝑙𝑖𝑔ℎ𝑡 𝑖 𝑜𝑟 𝑗 is cancelled in R(i,j), 

a crew fails to transfer. Each flight has a maximum allowed delay time.  

From the perspective of central authority, which determines the GDP, the 

airport is viewed as a whole, so it will try to minimize total delay time, balance 

stakeholders, or put passenger convenience first. On the other hand, from the 

perspective of an airline, minimizing total delay time is important, how much it 

affects the crew’s work schedule and whether aircrafts are used for other flights is 

also important. If an aircraft is used again after the arrival, the departure time will 

be planned at appropriate intervals, regarding taxi-in/out times, aircraft 

maintenance and cabin cleaning from the arrival time of the aircraft. The time for 

these essentials is called the minimum turnaround time of the aircraft, and it must 

be observed even if the departure is delayed, because it is necessary for the operation 

of the aircraft no matter what. On the other hand, crews also have minimum 

turnaround time if crews are connected to another flight. However, contrary to the 

minimum turnaround time of aircraft which an arrival delay will unconditionally be 

propagated as a departure delay to ensure as long as it is not cancelled, it may be 

more cost-effective for crews not to transfer rather than for departure delays to result 

to ensure minimum turnaround time of crew. In this thesis, there is one more time 

interval that is different from the minimum turnaround time. Let's say that the 

airline has set a time for safer operations, which is called buffer time. This, 

specifically, is the buffering time for risk-averse operations, because there are many 

kinds of planned time buffers, such as passenger boarding time and assigned gate 

availability time. If this time is not guaranteed, an urgent operation condition will 

need to be addressed, such as ensuring additional staff are on hand or changing the 

order of the assigned gate. Such exigencies will need to be addressed to avoid causing 

departure delays as much as possible. Buffer time violations result in failures to 

ensure specific time within the planned time interval because of an arrival delay of 

preceding flights before the given aircraft leaves for the next flight. As a result, there 
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will be an additional cost for urgent operations caused by original plan breakdowns, 

even if such plan breakdowns are not immediately propagated to departure delays 

of successive flights. Figure 3.3 and Figure 3.4 describe the situation related to the 

minimum crew turnaround, aircraft turnaround time, and buffer time.  

 

Figure 3.3: Example of crew misconnection with minimum turnaround time of crew 

Figure 3.4: Examples of buffer time with minimum turnaround time of aircraft 

Assuming that the GDP has been issued, all inbound flights have to be 

assigned timeslots or cancelled. How much to delay is determined by which timeslot 

the flight will be assigned. It is also important to consider the possibility that the 

AAR will change again at some point in the future. For example, factors that caused 

GDP can disappear, and the AAR may be restored to its original rate, or it may get 

worse with the AAR decreased again. Otherwise, nothing will change from the first 
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GDP. Flights should be readjusted to meet the GDP, but it is not known what will 

happen again later. Therefore, to prepare for this, the model is verified by creating 

scenarios that may occur with base scenario, in which the GDP has been executed 

once. We assumed that the probability of each scenario occurring is uniform. That is, 

1/(the number of scenarios). There are two ways to use scenarios. First, one may 

obtain the optimal value for each scenario in advance, proceed according to the base 

scenario, and when the scenario is actually realized, change the schedule again 

according to the solution obtained before. Second, one may obtain the value that 

optimizes the expected value of all scenarios. No matter what scenario is realized, it 

may be not the optimal for that scenario, but it can proceed without further changes. 

 

 

3.1 Multi-airport Scenario-based Optimal Rescheduling Problem 

The mathematical model is formulated as mixed-integer linear 

programming. Here are notations used in model. First, we showed optimal version. 

We named this Multi-airport Scenario-based Optimal Rescheduling (MSOR) 

Problem. 

 

Sets 

𝑆: set of scenarios 

𝑀: set of airports 

𝐼 ∶ set of flights 

𝐼𝑎: set of inbound flights (𝐼𝑚
𝑎 : subset of 𝐼𝑎whose arrival airport is m) 

𝐼𝑑: set of outbound fligts (𝐼𝑚
𝑏  : subset of 𝐼𝑎whose departure airport is m) 

𝑘 ∈ 𝐾𝑚: set of timeslots of airport 𝑚 ∈ 𝑀 

 

Parameters 

𝑎𝑟𝑟𝑖: scheduled arivial time of flight 𝑖  

𝑑𝑒𝑝𝑗: scheduled departure time of flight 𝑗  

𝛿𝑎𝑖𝑟𝑐𝑟𝑎𝑓𝑡  : minimum turnaround time of aircraft to connecting flight  

𝛿𝑐𝑟𝑒𝑤  : minimum turnaround time of crew to connecting flight 

∆  : buffer time for preventing urgent situation of aircraft  
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𝑓𝑙𝑦𝑖𝑗  : flying time of flight between origin and destination  

𝑅𝑖𝑗  : 1,  if a crew is connecting between flight 𝑖 and 𝑗; otherwise 0 

𝐿1𝑖𝑗 : 1,  if the same aircraft of arriving flight 𝑖 is used for the departing flight 𝑗 ; otherwise 0  

𝐿2𝑗𝑛: 1,  if the same aircraft of departing flight 𝑗 arrives on a flight 𝑛 at another airport; otherwise 0 

𝑡𝑚𝑠
𝑘  : time of timeslot 𝑘 when flights can arrive  at airport 𝑚 in scenario s 

𝜏𝑚𝑠: time when a subsequent GDP will be issued at airport 𝑚 in scenario s 

𝑑𝑖
𝑎  : maximum allowed arrival delay of flight 𝑖 

𝑑𝑗
𝑑: maximum allowed arrival delay of flight 𝑗  

𝑐𝑑𝑒𝑙𝑎𝑦 ∶  flight delay cost   

𝑐𝑐𝑎𝑛𝑐𝑒𝑙  :  flight cancellation cost 

𝑐𝑐𝑟𝑒𝑤: crew misconnection cost 

𝑐𝑢𝑟𝑔𝑒𝑛𝑡: urgent operation cost 

 

Decision Variables 

𝑑𝑖𝑠
𝑎  : arrival delay time of flight 𝑖 in scenario 𝑠 

𝑑𝑗𝑠
𝑑  : departure delay  time of flight 𝑗 in scenario 𝑠 

𝑥𝑖𝑠
𝑘 : 1,  if flight 𝑖 is assigned to timeslot 𝑘 in scenario 𝑠; otherwise 0 

𝑦𝑖𝑗𝑠: 1,  if crews of flight 𝑖 connecting to flight 𝑗 fail to transfer in scenario 𝑠; otherwise 0 

 𝑢𝑖𝑗𝑠:1, if a buffer time between flight i and j is not guaranteed due to delay ; otherwise 0 

𝑧𝑖𝑠
𝑎  : 1,  if inbound flight 𝑖 is  cancelled in scenario 𝑠 

𝑧𝑗𝑠
𝑑  : 1,  if outbound flight 𝑗 is cancelled in scenario s 

𝑤𝑖𝑠
𝑎  : auxiliary continuous variable for arrival delay 

𝑤𝑗𝑠
𝑑  : auxiliary continuous variable for departure delay 

 

The mathematical formulation of MSOR problem is as follows. 

 

𝑚𝑖𝑛.  𝐸𝑠∈𝑆[𝛴𝑚∈𝑀 {𝑐𝑑𝑒𝑙𝑎𝑦 (𝛴𝑖∈𝐼𝑚
𝑎 (𝑑𝑖𝑠

𝑎 − 𝑤𝑖𝑠
𝑎 ) + 𝛴𝑗∈𝐼𝑚

𝑑 (𝑑𝑗𝑠
𝑑 − 𝑤𝑗𝑠

𝑑)) + 𝛴𝑖∈𝐼𝑚
𝑎 ,𝑗∈𝐼𝑚

𝑑 (𝑐𝑐𝑟𝑒𝑤𝑅𝑖𝑗𝑦𝑖𝑗𝑠 +

𝑐𝑢𝑟𝑔𝑒𝑛𝑡𝐿1𝑖𝑗𝑢𝑖𝑗𝑠) + 𝑐𝑐𝑎𝑛𝑐𝑒𝑙(Σ𝑖∈𝐼𝑚
𝑎 𝑧𝑖𝑠

𝑎 + 𝛴𝑗∈𝐼𝑚
𝑑 𝑧𝑗𝑠

𝑑 )}]     (1.1) 

𝑠.t. 

𝑥𝑖𝑠
𝑘 = 0        ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆, 𝑘 ∈ 𝐾𝑚 :  𝑡𝑚𝑠

𝑘 ≤ 𝑎𝑟𝑟𝑖      (1.2) 

∑ 𝑥𝑖𝑠
𝑘 ≤ 1𝑖∈𝐼𝑚

𝑎         ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆, 𝑘 ∈ 𝐾𝑚       (1.3) 

(∑ 𝑥𝑖𝑠
𝑘  𝑘∈𝐾𝑚

) + 𝑧𝑖𝑠
𝑎  = 1        ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆, 𝑖 ∈ 𝐼𝑚

𝑎       (1.4) 



12 

 

𝑑𝑖𝑠
𝑎 =  ∑ (𝑡𝑚𝑠

𝑘 − 𝑎𝑟𝑟𝑖)𝑥𝑖𝑠
𝑘  𝑘∈𝐾𝑚:𝑎𝑟𝑟𝑖≤𝑡𝑚𝑠

𝑘         ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆, 𝑖 ∈ 𝐼𝑚
𝑎     (1.5) 

𝑑𝑗𝑠
𝑑 ≥ 𝑎𝑟𝑟𝑖 + 𝑑𝑖𝑠

𝑎 + 𝛿𝑝𝑙𝑎𝑛𝑒 − 𝑑𝑒𝑝𝑗        ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆, 𝑖 ∈ 𝐼𝑚
𝑎 , 𝑗 ∈ 𝐼𝑚

𝑑  : 𝐿1𝑖𝑗 = 1   (1.6) 

𝑑𝑛𝑠
𝑎 ≥ 𝑑𝑒𝑝𝑗 + 𝑑𝑗𝑠

𝑑 + 𝑓𝑙𝑦𝑖𝑗 − 𝑎𝑟𝑟𝑛        ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆, 𝑛 ∈ 𝐼𝑎\𝐼𝑚
𝑎  , 𝑗 ∈ 𝐼𝑚

𝑑  : 𝐿2𝑗𝑛 = 1  (1.7) 

−𝑑𝑖
𝑎  𝑢𝑖𝑗𝑠 ≤ {(𝑑𝑒𝑝𝑗 − 𝑎𝑟𝑟𝑖) − 𝑑𝑖𝑠

𝑎 } − ∆ ≤ 𝑑𝑖
𝑎  (1 − 𝑢𝑖𝑗𝑠)   ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆, 𝑖 ∈ 𝐼𝑚

𝑎 , 𝑗 ∈ 𝐼𝑚
𝑑  : 

       𝐿1𝑖𝑗 = 1   (1.8) 

𝑎𝑟𝑟𝑖 + 𝑑𝑖𝑠
𝑎 + 𝛿𝑐𝑟𝑒𝑤 ≤ 𝑑𝑒𝑝𝑗 + 𝑑𝑗𝑠

𝑑 + 𝑑𝑖
𝑎𝑦𝑖𝑗𝑠        ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆,  𝑖 ∈ 𝐼𝑚

𝑎 , 𝑗 ∈ 𝐼𝑚
𝑑  : 𝑅𝑖𝑗 = 1 (1.9) 

𝑤𝑖𝑠
𝑎 ≤ 𝑑𝑖

𝑎𝑧𝑖𝑠
𝑎         ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆, 𝑖 ∈ 𝐼𝑚

𝑎             (1.10) 

𝑤𝑖𝑠
𝑎 ≤ 𝑑𝑖𝑠

𝑎         ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆, 𝑖 ∈ 𝐼𝑚
𝑎             (1.11) 

𝑤𝑗𝑠
𝑑 ≤ 𝑑𝑗

𝑑𝑧𝑗𝑠
𝑑         ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆, 𝑗 ∈ 𝐼𝑚

𝑑             (1.12) 

𝑤𝑗𝑠
𝑑 ≤ 𝑑𝑗𝑠

𝑑         ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆, 𝑗 ∈ 𝐼𝑚
𝑑             (1.13) 

𝑧𝑖𝑠
𝑎  ≤ 𝑦𝑖𝑗𝑠  ,   𝑧𝑗𝑠

𝑑 ≤ 𝑦𝑖𝑗𝑠        ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆,  𝑖 ∈ 𝐼𝑚
𝑎 , 𝑗 ∈ 𝐼𝑚

𝑑  : 𝑅𝑖𝑗 = 1         (1.14) 

𝑧𝑖𝑠
𝑎 ≤ 𝑧𝑗𝑠

𝑑          ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆,  𝑖 ∈ 𝐼𝑚
𝑎 , 𝑗 ∈ 𝐼𝑚

𝑑 : 𝐿1𝑖𝑗 = 1          (1.15) 

𝑧𝑗𝑠
𝑑 = 𝑧𝑛𝑠

𝑎          ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆,  𝑗 ∈ 𝐼𝑚
𝑑 , 𝑛 ∈ 𝐼𝑎\𝐼𝑚

𝑎 : 𝐿2𝑗𝑛 = 1          (1.16) 

0 ≤ 𝑑𝑖𝑠
𝑎 ≤ 𝑑𝑖

𝑎 ,   0 ≤ 𝑑𝑗𝑠
𝑑 ≤ 𝑑𝑗

𝑑         ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆 ,  𝑖 ∈ 𝐼𝑚
𝑎 , 𝑗 ∈ 𝐼𝑚

𝑑          (1.17) 

𝑥𝑖𝑠
𝑘 , 𝑦𝑖𝑗𝑠, 𝑢𝑖𝑗𝑠, 𝑧𝑖𝑠

𝑎 ,  𝑧𝑗𝑠
𝑑 ∈ {0,1}         ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆 , 𝑖, 𝑗 ∈ 𝐼          (1.18) 

 

The objective function (1.1) is to minimize total relevant cost (TRC) of an 

airline. It uses the expectation of cost of all scenarios. However, as we use uniform 

distribution in occurrence of each scenario, to minimize expectation cost means to 

minimize cost of each scenario. It includes the total delay cost, the crew 

misconnection cost, the urgent operation cost and cancellation cost. As 𝑐𝑑𝑒𝑙𝑎𝑦 is cost 

per minute, total delay cost is proportional to the delay time. Other costs, on the 

other hand, are incurred at once, depending on the decision. In constraints (1.2), 

flights cannot be allocated to a timeslot at a time earlier than the original planned 

time. Constraints (1.3) allow up to one flight to be assigned to one timeslot. 

Constraints (1.4) state all inbound flights should be assigned to one timeslot or 

cancelled. Constraints (1.5) define arrival delay time as being a difference between 

the allocated timeslot and the original planned time. Constraints (1.6) ensure that 
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subsequent 𝑓𝑙𝑖𝑔ℎ𝑡 𝑗 is delayed in departure so that it departs later than actual 

arrival time of the preceding 𝑓𝑙𝑖𝑔ℎ𝑡 𝑖 plus minimum turnaround time required for 

the same aircraft. In constraints (1.7), if the origin of inbound 𝑓𝑙𝑖𝑔ℎ𝑡 𝑛 is also in 

GDP airport set, 𝑓𝑙𝑖𝑔ℎ𝑡 𝑛 can be delayed so that it arrives later than an actual 

departure time plus flying time of the flight. Constraints (1.8) indicate the cost 

occurs because of the malfunction of the planned operation if the buffer time is not 

guaranteed due to the delay of the preceding flight. Constraints (1.9) imply that in 

case the gap between the actual arrival time and the actual departure time is less 

than the minimum turnaround time of the crew, the crew could fail to transfer. 

Constraints (1.10) – (1.13) make the delay time be zero when a flight is cancelled. 

Constraints (1.14) state crews fail to transfer even if only one of the crew’s planned 

𝑓𝑙𝑖𝑔ℎ𝑡 𝑖 𝑜𝑟 𝑗 is cancelled. Constraints (1.15) force a follow-up 𝑓𝑙𝑖𝑔ℎ𝑡 𝑗 which uses the 

same aircraft to be cancelled if a preceding 𝑓𝑙𝑖𝑔ℎ𝑡 𝑖 is cancelled. Constraints (1.16) 

require that as long as flights are connected as parameter L2, they are the same 

flight not only the same aircraft, so the cancellation must be the same. Constraints 

(1.17) restrict maximum allowed delay of each flight. 

 

 

3.2 Multi-airport Scenario-based Stochastic Rescheduling 

Problem 

We present stochastic version called Multi-airport Scenario-based Stochastic 

Rescheduling (MSSR) problem. The stochastic version is designed to provide robust 

timeslot allocation that can be applied to all the created scenarios, in order to 

prepare for the uncertainty that the GDP will change again later. The strength of 

the MSSR over the MSOR is that if the GDP state changes once more, airlines can 

have no opportunity to change the plan again. The MSSR allows airlines to minimize 

losses in your initial plan in preparation for such a situation. The decision variables 

of the MSOR 𝑥𝑖𝑠
𝑘 , 𝑧𝑖𝑠

𝑎 , 𝑧𝑗𝑠
𝑑  are changed to 𝑥𝑖

𝑘 , 𝑧𝑖
𝑎 , 𝑧𝑗

𝑑  which do not depend on the 

scenario. Everything else is the same as in the MSOR. 

 

𝑚𝑖𝑛.  𝐸𝑠∈𝑆[𝛴𝑚∈𝑀 {𝑐𝑑𝑒𝑙𝑎𝑦 (𝛴𝑖∈𝐼𝑚
𝑎 (𝑑𝑖𝑠

𝑎 − 𝑤𝑖𝑠
𝑎 ) + 𝛴𝑗∈𝐼𝑚

𝑑 (𝑑𝑗𝑠
𝑑 − 𝑤𝑗𝑠

𝑑)) + 𝛴𝑖∈𝐼𝑚
𝑎 ,𝑗∈𝐼𝑚

𝑑 (𝑐𝑐𝑟𝑒𝑤𝑅𝑖𝑗𝑦𝑖𝑗𝑠 +

𝑐𝑢𝑟𝑔𝑒𝑛𝑡𝐿1𝑖𝑗𝑢𝑖𝑗𝑠) + 𝑐𝑐𝑎𝑛𝑐𝑒𝑙(Σ𝑖∈𝐼𝑚
𝑎 𝑧𝑖

𝑎 + 𝛴𝑗∈𝐼𝑚
𝑑 𝑧𝑗

𝑑)}]     (2.1) 

𝑠.t. 
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𝑥𝑖
𝑘 = 0        ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆, 𝑘 ∈ 𝐾𝑚 :  𝑡𝑚𝑠

𝑘 ≤ 𝑎𝑟𝑟𝑖      (2.2) 

∑ 𝑥𝑖
𝑘 ≤ 1𝑖∈𝐼𝑚

𝑎         ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆, 𝑘 ∈ 𝐾𝑚             (2.3) 

(∑ 𝑥𝑖
𝑘  𝑘∈𝐾𝑚

) + 𝑧𝑖
𝑎  = 1        ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆, 𝑖 ∈ 𝐼𝑚

𝑎       (2.4) 

𝑑𝑖𝑠
𝑎 =  ∑ (𝑡𝑚𝑠

𝑘 − 𝑎𝑟𝑟𝑖)𝑥𝑖
𝑘 𝑘∈𝐾𝑚:𝑎𝑟𝑟𝑖≤𝑡𝑚𝑠

𝑘         ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆, 𝑖 ∈ 𝐼𝑚
𝑎     (2.5) 

𝑑𝑗𝑠
𝑑 ≥ 𝑎𝑟𝑟𝑖 + 𝑑𝑖𝑠

𝑎 + 𝛿𝑝𝑙𝑎𝑛𝑒 − 𝑑𝑒𝑝𝑗        ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆, 𝑖 ∈ 𝐼𝑚
𝑎 , 𝑗 ∈ 𝐼𝑚

𝑑  : 𝐿1𝑖𝑗 = 1  (2.6) 

𝑑𝑛𝑠
𝑎 ≥ 𝑑𝑒𝑝𝑗 + 𝑑𝑗𝑠

𝑑 + 𝑓𝑙𝑦𝑖𝑗 − 𝑎𝑟𝑟𝑛        ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆, 𝑛 ∈ 𝐼𝑎\𝐼𝑚
𝑎  , 𝑗 ∈ 𝐼𝑚

𝑑  : 𝐿2𝑗𝑛 = 1  (2.7) 

−𝑑𝑖
𝑎  𝑢𝑖𝑗𝑠 ≤ {(𝑑𝑒𝑝𝑗 − 𝑎𝑟𝑟𝑖) − 𝑑𝑖𝑠

𝑎 } − ∆ ≤ 𝑑𝑖
𝑎  (1 − 𝑢𝑖𝑗𝑠)   ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆, 𝑖 ∈ 𝐼𝑚

𝑎 , 𝑗 ∈ 𝐼𝑚
𝑑  : 

       𝐿1𝑖𝑗 = 1   (2.8) 

𝑎𝑟𝑟𝑖 + 𝑑𝑖𝑠
𝑎 + 𝛿𝑐𝑟𝑒𝑤 ≤ 𝑑𝑒𝑝𝑗 + 𝑑𝑗𝑠

𝑑 + 𝑑𝑖
𝑎𝑦𝑖𝑗𝑠        ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆,  𝑖 ∈ 𝐼𝑚

𝑎 , 𝑗 ∈ 𝐼𝑚
𝑑  : 𝑅𝑖𝑗 = 1  (2.9) 

𝑤𝑖𝑠
𝑎 ≤ 𝑑𝑖

𝑎𝑧𝑖
𝑎        ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆, 𝑖 ∈ 𝐼𝑚

𝑎             (2.10) 

𝑤𝑖𝑠
𝑎 ≤ 𝑑𝑖𝑠

𝑎         ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆, 𝑖 ∈ 𝐼𝑚
𝑎             (2.11) 

𝑤𝑗𝑠
𝑑 ≤ 𝑑𝑗

𝑑𝑧𝑗
𝑑         ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆, 𝑗 ∈ 𝐼𝑚

𝑑             (2.12) 

𝑤𝑗𝑠
𝑑 ≤ 𝑑𝑗𝑠

𝑑         ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆, 𝑗 ∈ 𝐼𝑚
𝑑             (2.13) 

𝑧𝑖
𝑎  ≤ 𝑦𝑖𝑗𝑠  ,   𝑧𝑗

𝑑 ≤ 𝑦𝑖𝑗𝑠         ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆,  𝑖 ∈ 𝐼𝑚
𝑎 , 𝑗 ∈ 𝐼𝑚

𝑑  : 𝑅𝑖𝑗 = 1         (2.14) 

𝑧𝑖
𝑎 ≤ 𝑧𝑗

𝑑          ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆,  𝑖 ∈ 𝐼𝑚
𝑎 , 𝑗 ∈ 𝐼𝑚

𝑑 : 𝐿1𝑖𝑗 = 1          (2.15) 

𝑧𝑗
𝑑 = 𝑧𝑛

𝑎          ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆,  𝑗 ∈ 𝐼𝑚
𝑑 , 𝑛 ∈ 𝐼𝑎\𝐼𝑚

𝑎 : 𝐿2𝑗𝑛 = 1          (2.16) 

0 ≤ 𝑑𝑖𝑠
𝑎 ≤ 𝑑𝑖

𝑎 ,   0 ≤ 𝑑𝑗𝑠
𝑑 ≤ 𝑑𝑗

𝑑         ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆 ,  𝑖 ∈ 𝐼𝑚
𝑎 , 𝑗 ∈ 𝐼𝑚

𝑑          (2.17) 

𝑥𝑖
𝑘 , 𝑦𝑖𝑗𝑠, 𝑢𝑖𝑗𝑠, 𝑧𝑖

𝑎 ,  𝑧𝑗
𝑑 ∈ {0,1}         ∀𝑚 ∈ 𝑀, 𝑠 ∈ 𝑆 , 𝑖, 𝑗 ∈ 𝐼          (2.18) 

 

 

 

Chapter 4. Experiments 

 

4.0 Settings 
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To prove this thesis, various experiments are conducted. The results of the 

experiment and its analysis are also discussed in this chapter. Experiments were 

performed with real data from three airports in South Korea—Gimpo(GMP), 

Gimhae/Busan(PUS) and Jeju(CJU)—which have had the highest traffic volume 

recently. The data were from Korea Airportal (https://www.airportal.go.kr). There 

are 234 flights in a day in this setup. Based on arrival data of each airport and 

departure data of each airport, we set the situation in which the GDP has been 

issued at the start point of the day. Since curfew time exists directly or indirectly at 

domestic airports, the schedule horizon is set from 7:00 (0 min.) to 23:00 (960 min.). 

The timeslot gets invalidated if the time of timeslot exceeds 23:00 due to decreased 

AAR. With the situation mentioned as base scenario, we create scenarios with two 

factors [28] —GDP reissuance time and GDP flow rate—in a situation where the 

GDP occurs first and rescheduling is required. Scenarios include the case in which 

traffic conditions get worse (and therefore AAR decreases more), the case in which 

traffic conditions get better (and AAR recovers to their original capacity), and the 

case in which no change occurs. We had four experiments. First, we compared the 

single airport model considering delay propagation once (arrival delay to departure 

delay) with our thesis. The single airport MILP was proposed by Woo and Moon [28]. 

Second, we checked solutions of the MSOR and the MSSR to see how much the 

stochastic version can replace the optimal version. Next, the MSOR was then 

contrasted with Ration-By-Schedule (RBS) method, which is simple and used by 

many airlines for convenience. The RBS follows ‘first-scheduled, first-served’ rule, 

as illustrated in Figure 4.1.  

 

Figure 4.1: Rescheduling using the RBS method 

Last, we analyzed sensitivity of costs. The decision to delay or cancel is bound to be 

sensitive to each cost. We checked solutions of various delay cost and cancellation 

cost. Also, experiments were conducted on how to set the standard of buffer time. 

The larger the buffer time that should be guaranteed, the smaller the urgent cost 

that occurs when it is violated, and vice versa.  

https://www.airportal.go.kr/
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The parameters used are illustrated in Table 4.1 below. All computations 

were carried out with CPLEX version 20.8 licensed by IBM ILOG [12]. We used 

default setting in CPLEX and problems were coded in Python language.  

𝜹𝒂𝒊𝒓𝒄𝒓𝒂𝒇𝒕 𝜹𝒄𝒓𝒆𝒘 ∆ 𝒄𝒅𝒆𝒍𝒂𝒚 𝒄𝒄𝒂𝒏𝒄𝒆𝒍 𝒄𝒄𝒓𝒆𝒘 𝒄𝒖𝒓𝒈𝒆𝒏𝒕 

40 min. 30 min. 30 min. $6/min. $350 $50 $50 

Table 4.1: Parameters 

 

 

4.1 Experiment 1 

The scenario-based rescheduling of an airline in a single airport model was 

formulated by Woo et al. [28]. [28] considered one delay propagation and assumed 

only one airport under the GDP. The multi-airport model in this experiment means 

only MSOR of two presented models in this thesis. For comparison, the single airport 

model was slightly modified, including the urgent operation cost, and termed Single 

airport Scenario-based Optimal Rescheduling (SSOR). The details were presented in 

Appendix A.  The experiment used 32 scenarios: base scenario and scenario that 

AAR reverting back to original. Other scenarios include severe disruptions of 

airports where AAR changes to 0.9, 0.75, 0.6, 0.45, 0.3, and 0.15 percent of original 

rate at 840 minutes; where AAR changes to 0.9, 0.75, 0.6, 0.45, 0.3, and 0.15 percent 

of original rate at 600 minutes; and where AAR changes to the above rate at 480 

minutes, 360 minutes, and 120 minutes respectively. The timeslots for each scenario 

are attached to Appendix B. SSOR was performed for each of the three airports 

independently. Therefore, to compare with the MSOR, three values were added. 

SSOR does not include delays caused by other airports, so the total delay time and 

cost are lower than they are with the MSOR. However, infeasibility was confirmed 

when solution of a single airport was substituted into MSOR. We checked solutions 

of two models to see the reason why the infeasibility occurred. One of the actual 

assignments of experiment that caused the infeasibility is shown in Figure 4.2. 

Among the cases expressed in Figure 3.1, the SSOR often assigned an infeasible 

timeslot for the case (8). With this point, we charged a penalty fee if a sum of actual 

departure time that was modified due to delay propagation from predecessor and 

flying time exceeded the time of allocated timeslot at the destination when both 

departure and arrival airports were in an airport set. We set this penalty fee $500 
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arbitrarily. Results are expressed in Table 4.2. Table 4.2 shows that then TRC of 

SSOR with penalty fee got bigger than the TRC of MSOR in most of the scenarios. 

However, in severely delayed scenarios, the cost of MSOR was still higher. We could 

state that when comparing two models, we solved SSOR contemplating that if the 

origin airport decided to cancel without a timeslot allocation, the destination airport 

reflected this decision immediately, as with the MSOR. In fact, if disruption were 

serious like scenario 30, a flight could be cancelled instantaneously. In that case, 

there may be additional penalties because the arrival airport does not know to reflect 

this cancellation in planning step. 

Figure 4.2: Example of different timeslot assignments between SSOR and MSOR 
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Table 4.2: TRC($) of MSOR, SSOR, TRC+penalty fee($) of SSOR and its gap with MSOR 

 

 

4.2 Experiment 2 

The solutions of MSOR and MSSR were compared. In comparison, as the 

MSOR obtained total relevant cost of each scenario, we calculated the expected value 

with each value. On the contrary, since the objective function is defined as the 

expected value of all scenarios in MSSR, we calculated the cost for each scenario with 

a solution. First, we experimented by increasing the number of scenarios to check 

the difference between MSOR and MSSR. Since the cost itself depends on generated 

scenarios, gaps of TRC and computation times are calculated between the two 

models. As Table 4.3 displays, TRC always had a smaller value in the MSOR than 

the MSSR. This is natural, because MSOR is a solution of optimization for each 

scenario. The gaps of TRC and computation times do not increase or decrease 
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monotonically because AAR in added scenarios does not consistently decrease or 

increase gradually. In computation times, the MSSR was mostly smaller, but there 

were cases where it was not.  

Table 4.3: TRC($) and computation times(sec.) by the number of scenarios for MSOR and 

MSSR 

 

 

4.3 Experiment 3 

Next, the performance of proposed models was verified by comparing them 

with RBS. The RBS method maintains the same sequence as previously planned 

when the GDP occurs at each airport, so if the time interval between inbound flights 

increases and the overall number of timeslots decreases, the planned flights at the 

end could be cancelled. It is known that the RBS is the optimal method minimizing 

total arrival delay time for all flights, regardless of airlines in an airport [4]. However, 

it may not be the best method in terms of cost. Scenarios used in the experiment is 

the same as in Experiment 1.  

Table 4.4 shows TRC, the number of cancelled flights, the number of buffer 

time violations which evoked urgent operation, and the number of crew 

misconnections for each scenario in the MSOR and the RBS. The TRC expectation 

for all scenarios was calculated as well.  

In the case of scenarios where the timeslot is not much delayed, the cost 

difference did not occur, because the optimization assigned timeslots in the same way 

as the RBS that could minimize total delay time. However, the cost difference got 

larger in scenarios with severe delay as the MSOR tried to ensure the situation of 

connected flights and minimize urgent operations. The RBS did not cancel unless 
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the timeslot was invalidated, but the MSOR arbitrarily cancelled if the cost of delay 

could be greater than the cost of cancellation. 

 

Table 4.4: TRC($), the number of cancelled flights, buffer time violations, and crew 

misconnections for each scenario 

 

 

4.4 Experiment 4 

The decision to delay or cancel flight is cost sensitive. We compared the 

costs when choosing to assign timeslot (pure delay cost, urgent operation cost, and 

crew misconnection cost) and the costs when choosing to cancel (cancellation cost, 

crew misconnection cost) to check how the solution differs. For scenario 30, where 

the GDP occurs once more and the AAR decreases the most, the total delay time of 
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the MSOR and the number of cancelled flights with various 𝑐𝑑𝑒𝑙𝑎𝑦 and 𝑐𝑐𝑎𝑛𝑐𝑒𝑙   are 

shown in Figure 4.3 and Figure 4.4. Cancellation does not occur when 𝑐𝑑𝑒𝑙𝑎𝑦 is 3, but 

when 𝑐𝑑𝑒𝑙𝑎𝑦  becomes 5, delay cost increases rapidly, so cancellation of flights starts 

to occur, and instead the total delay time decreases.  

To examine the cancellation of flights in detail, the solutions of the MSOR 

and the MSSR when scenario 30 occurred in ‘𝑐𝑑𝑒𝑙𝑎𝑦 = 7’ are shown in Table 4.5. The 

first three columns of Table 4.5 refer to the flight name and succeeding flight name 

of L1 connection and crew connection, if they exist. Next, TS means the timeslot 

number assigned for the flight and DT means delay time in minutes for each model. 

1,2,3,4 means when 𝑐𝑐𝑎𝑛𝑐𝑒𝑙    is 120, 160, 200, and 400 in order. The solution of 

MSSR should be used in all scenarios, so it was very defensive about canceling flights. 

This is because in the current scenario, the cancellation cost may be cheaper due to 

the large delay time, but in other scenarios, it may be unnecessarily cancelled. 

Therefore, regardless of how much 𝑐𝑐𝑎𝑛𝑐𝑒𝑙  is, timeslots are allocated in the order 

originally planned, and delays appear continuously for more than 35 minutes. On 

the other hand, in the MSOR, when 𝑐𝑐𝑎𝑛𝑐𝑒𝑙 is the lowest, flights that would have 

had a delay time more than 30 minutes were cancelled if there is no L1 or crew-

connected flight. Especially, it tends to cancel flights that do not have connecting 

flights themselves but that instead following flight has connections. As 𝑐𝑐𝑎𝑛𝑐𝑒𝑙 

increased, flights that had cancelled in low cost were reassigned to timeslots so that 

the delay time among flights was distributed evenly without being biased.  

 Figure 4.3: Total delay time(min.) by delay cost per cancel cost 
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Figure 4.4: The number of cancelled flights by delay cost per cancel cost 

This time, we experimented on how to set the standard of buffer time. The 

fact that the buffer time, which should be guaranteed, is large means that safety 

takes priority, so even if the buffer time is not guaranteed, the additional operation 

may not be huge. Accordingly, 𝑐𝑢𝑟𝑔𝑒𝑛𝑡 is relatively small. On the contrary, if the 

buffer time is small, the 𝑐𝑢𝑟𝑔𝑒𝑛𝑡 to be spent when it is not guaranteed will increase. 

Thus, we created pairs of (buffer time, 𝑐𝑢𝑟𝑔𝑒𝑛𝑡) that have inverse relationships. 

Also, to check if the costs affect the corresponding buffer time, computations were 

performed with a total of 16 pairs: (0,80), (0,160), (20,70), (20,140) (25,60), (25,120), 

(30,50), (30,100), (35,40), (35,80). (35,35), (35,70), (40,20), (40,40), (40,25), (40,55). 

Including Base scenario, in scenario 8, where the GDP changes to 80 percent of 

the AAR after 600 minutes from the start point, scenario 16, where the GDP 

changes to 80 percent of AAR after 360 minutes from the start point, scenario 24, 

where the GDP changes to 45 percent of AAR after 120 minutes from the start 

point, and scenario 26, where AAR is restored to original as the GDP is withdrawn, 

the number of buffer time violations occurring is shown in Figure 4.6. The TRC of 

each scenario is expressed in Figure 4.5.  

The more the AAR decreased, the higher the number of buffer time violations 

and the higher the TRC. However, given that the number of violations remained 

constant even if 𝑐𝑢𝑟𝑔𝑒𝑛𝑡 increased at the same buffer time, it could be explained 

that the decision is made by reflecting other connections more closely rather than 
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by making a decision to change timeslots in order to keep the buffer time. 

Figure 4.5: TRC($) by scenario per (buffer time, urgent cost) 

Figure 4.6:The number of buffer time violations by scenario per(buffer time, urgent cost) 
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Table 4.5 :Solutions and delay time(min.) of MSOR and MSSR for cancel cost=120$, 160$, 

200$, 400$ when delay cost=7$ 
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Chapter 5. Conclusions 

 

So far, we have presented MILP models on how airlines can minimize losses, 

complying with the decreased AAR given when the GDP, one of the airport 

disruption control methods, has already been implemented by central authority. 

The delay propagation that can be considered by changing from a single airport to 

a multi-airport setup was reflected and shown through experiments. It is expected 

that this effect will increase as more airports are included in the airport set 

including international flights as well as domestic flights.  

Moreover, the model was compared with the RBS method that follows the 

“first-scheduled, first-served rules,” not with optimization. The RBS is a simple 

but powerful method for minimizing total delay time. For that reason, it is a good 

to use if someone is trying to increase the efficiency of the entire airport. In spite 

of that, since it is a thesis to help airlines operate, we set the cost considering the 

airline's resources and plan and show how the concept of buffer time can be used. 

The TRC of the presented model was lower than the TRC of the RBS, which was 

aim of experiment. 

In the cost analysis, as mentioned in chapter 4.4, buffer time and the urgent 

cost seem to disaffect decision making. The result may be different if the cost of 

violation is very high, but the buffer time itself was not an essential time but 

rather a means to give stability to the operation. Thereby, we did not proceed 

further with different costs because it was different from the intention of the 

concept of buffer time. 

A mathematical formulation using stochastic programming for robustness 

was also suggested. Considering that computation times of the MSOR is not that 

long, it may be sufficient to have scenario-based optimal MILP model. However, 

when airlines actually use it, they can have only one chance to reschedule, because 

it is difficult to change decisions again as airports are shared by not only one 

airline but many airlines, and are very crowded. Given the specificity of aviation, 

the scenarios that can actually occur will not be endless, so to minimize costs 

within a reasonable computing time, it would be better to use the MSOR and get 

all the solutions in advance to change the plan to those scenarios when the 

situation changes. However, if it is not possible, the cost gap does not exceed 1 
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percent, which makes using the MSSR enough of an alternative. 

In conclusion, there are three expected effects of this thesis. The first is as 

follows. Thesedays, the aviation industry has more short-distance and round-trip 

operations within a day. Although there have been studies showing that delays in 

arriving flights will propagate as delays in departing flights when the same 

aircrafts are used, no studies have considered that when the flight which departed 

late because of delay propagated from predecessor flight arrives at its destination 

again, timeslot should be assigned with reflection of a late departure. If each 

decision is made independently without knowing the delay of other airports, there 

may be situations in which inappropriate timeslots are assigned and therefore 

flights can be inevitably delayed in the air, or rescheduled because of infeasibility. 

The multi-airport model allowed timeslots to be allocated to minimize costs while 

guaranteeing feasibility by solving a problem in several airports at once. Secondly, 

we further considered the realistic costs associated with the resources used by 

airlines for rescheduling. The transfer of aircraft and crews was addressed, and 

other operational losses that may occur in the event of delays were reflected in the 

concept of buffer time and urgent operation. Finally, in a situation in which the 

GDP occurs and rescheduling is required, possible scenarios are created, and 

decisions for each scenario can be derived within a reasonable time. Given that it 

took about 20 minutes for more than 60 scenarios to be calculated, we expect 

airlines to be able to use the model in the tactical stage. What is more, the 

stochastic version will be available in situations where it will be practically 

difficult to change the timeslot order again later in the situation where it is not 

yet known which scenario will be realized.  

Some studies focused on how much and when the GDP should be issued to 

reduce AAR, but they are excluded because they are not within the scope of this 

thesis, and it is assumed that the probability of scenario occurrence follows 

uniform distribution. The probability may change depending on the information 

that is realized over time, so decisions could be made more dynamically. We hope 

that thesis can be expanded further. 
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Appendix. A 

 

𝑚𝑖𝑛.  𝐸𝑠∈𝑆{𝑐𝑑𝑒𝑙𝑎𝑦(𝛴𝑖∈𝐼𝑎(𝑑𝑖𝑠
𝑎 − 𝑤𝑖𝑠

𝑎 ) + 𝛴𝑗∈𝐼𝑑(𝑑𝑗𝑠
𝑑 − 𝑤𝑗𝑠

𝑑 )) + 𝛴𝑖∈𝐼𝑎,𝑗∈𝐼𝑑(𝑐𝑐𝑟𝑒𝑤𝑅𝑖𝑗𝑦𝑖𝑗𝑠 +

𝑐𝑢𝑟𝑔𝑒𝑛𝑡𝐿1𝑖𝑗𝑢𝑖𝑗𝑠) + 𝑐𝑐𝑎𝑛𝑐𝑒𝑙(Σ𝑖∈𝐼𝑎𝑧𝑖𝑠
𝑎 + 𝛴𝑗∈𝐼𝑑𝑧𝑗𝑠

𝑑 )}    (A.1) 

𝑠.t. 

𝑥𝑖𝑠
𝑘 = 0        ∀𝑠 ∈ 𝑆, 𝑘 ∈ 𝐾 :  𝑡𝑠

𝑘 ≤ 𝑎𝑟𝑟𝑖      (A.2) 

∑ 𝑥𝑖𝑠
𝑘 ≤ 1𝑖∈𝐼𝑎         ∀𝑠 ∈ 𝑆, 𝑘 ∈ 𝐾        (A.3) 

(∑ 𝑥𝑖𝑠
𝑘  𝑘∈𝐾 ) + 𝑧𝑖𝑠

𝑎  = 1        ∀𝑠 ∈ 𝑆, 𝑖 ∈ 𝐼𝑎      (A.4) 

𝑑𝑖𝑠
𝑎 =  ∑ (𝑡𝑠

𝑘 − 𝑎𝑟𝑟𝑖)𝑥𝑖𝑠
𝑘  𝑘∈𝐾:𝑎𝑟𝑟𝑖≤𝑡𝑠

𝑘         ∀𝑠 ∈ 𝑆, 𝑖 ∈ 𝐼𝑎    (A.5) 

𝑑𝑗𝑠
𝑑 ≥ 𝑎𝑟𝑟𝑖 + 𝑑𝑖𝑠

𝑎 + 𝛿𝑝𝑙𝑎𝑛𝑒 − 𝑑𝑒𝑝𝑗        ∀𝑠 ∈ 𝑆, 𝑖 ∈ 𝐼𝑎 , 𝑗 ∈ 𝐼𝑑  : 𝐿1𝑖𝑗 = 1   (A.6) 

−𝑑𝑖
𝑎  𝑢𝑖𝑗𝑠 ≤ {(𝑑𝑒𝑝𝑗 − 𝑎𝑟𝑟𝑖) − 𝑑𝑖𝑠

𝑎 } − ∆ ≤ 𝑑𝑖
𝑎  (1 − 𝑢𝑖𝑗𝑠)   ∀𝑠 ∈ 𝑆, 𝑖 ∈ 𝐼𝑎, 𝑗 ∈ 𝐼𝑑  :  

      𝐿1𝑖𝑗 = 1   (A.7) 

𝑎𝑟𝑟𝑖 + 𝑑𝑖𝑠
𝑎 + 𝛿𝑐𝑟𝑒𝑤 ≤ 𝑑𝑒𝑝𝑗 + 𝑑𝑗𝑠

𝑑 + 𝑑𝑖
𝑎𝑦𝑖𝑗𝑠        ∀𝑠 ∈ 𝑆,  𝑖 ∈ 𝐼𝑎 , 𝑗 ∈ 𝐼𝑑  : 𝑅𝑖𝑗 = 1 (A.8) 

𝑤𝑖𝑠
𝑎 ≤ 𝑑𝑖

𝑎𝑧𝑖𝑠
𝑎         ∀𝑠 ∈ 𝑆, 𝑖 ∈ 𝐼𝑎             (A.9) 

𝑤𝑖𝑠
𝑎 ≤ 𝑑𝑖𝑠

𝑎         ∀𝑠 ∈ 𝑆, 𝑖 ∈ 𝐼𝑎            (A.10) 

𝑤𝑗𝑠
𝑑 ≤ 𝑑𝑗

𝑑𝑧𝑗𝑠
𝑑         ∀𝑠 ∈ 𝑆, 𝑗 ∈ 𝐼𝑑            (A.11) 

𝑤𝑗𝑠
𝑑 ≤ 𝑑𝑗𝑠

𝑑         ∀𝑠 ∈ 𝑆, 𝑗 ∈ 𝐼𝑑            (A.12) 

𝑧𝑖𝑠
𝑎  ≤ 𝑦𝑖𝑗𝑠  ,   𝑧𝑗𝑠

𝑑 ≤ 𝑦𝑖𝑗𝑠        ∀𝑠 ∈ 𝑆,  𝑖 ∈ 𝐼𝑎 , 𝑗 ∈ 𝐼𝑑  : 𝑅𝑖𝑗 = 1         (A.13) 

𝑧𝑖𝑠
𝑎 ≤ 𝑧𝑗𝑠

𝑑          ∀𝑠 ∈ 𝑆,  𝑖 ∈ 𝐼𝑎, 𝑗 ∈ 𝐼𝑑: 𝐿1𝑖𝑗 = 1          (A.14) 

𝑧𝑛𝑠
𝑎 = 𝑧𝑗𝑠

𝑑          ∀𝑠 ∈ 𝑆,  𝑛 ∈ 𝐼𝑎, 𝑗 ∈ 𝐼𝑑: 𝐿2𝑗𝑛 = 1          (A.15) 

0 ≤ 𝑑𝑖𝑠
𝑎 ≤ 𝑑𝑖

𝑎 ,   0 ≤ 𝑑𝑗𝑠
𝑑 ≤ 𝑑𝑗

𝑑         ∀, 𝑠 ∈ 𝑆 ,  𝑖 ∈ 𝐼𝑎 , 𝑗 ∈ 𝐼𝑑         (A.16) 

𝑥𝑖𝑠
𝑘 , 𝑦𝑖𝑗𝑠, 𝑢𝑖𝑗𝑠, 𝑧𝑖𝑠

𝑎 ,  𝑧𝑗𝑠
𝑑 ∈ {0,1}         ∀𝑠 ∈ 𝑆 , 𝑖, 𝑗 ∈ 𝐼         (A.17) 
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Appendix. B 
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  The start point (00:00) of the schedule horizon was fixed at 7 a.m. The time 

of the slot was expressed in minutes from the start point. For making scenarios, 

the time of the slot was calculated with two factors (AAR and the AAR change 
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point) from the original time slot. The number -100 in the time slot table means 

that the slot itself disappeared because it exceeded the curfew time.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



31 

 

Bibliography 

 

[1] An, J.H., Gang, J.Y., 2006. The concept of slot exchange mechanism for prevention 

of ground delay. 한국항공운항학회: 학술대회논문집 2006, 167-172. 

 

[2] Andreatta, G., Brunetta, L., 1998. Multiairport ground holding problem: A 

computational evaluation of exact algorithms. Operations Research 46.1, 57-64. 

 

[3] Ball, M.O., Hoffman, R., Odoni, A.R., Rifkin, R., 1999. The static stochastic 

ground holding problem with aggregate demands 

 

[4] Ball, M.O., Hoffman R., and Mukherjee, A., 2010. Ground delay program 

planning under uncertainty based on the ration-by-distance principle. 

Transportation Science 44.1, 1-14. 

 

[5] Bard, J.F., Mohan, D.N., 2008. Reallocating arrival slots during a ground delay 

program. Transportation Research Part B: Methodological 42.2, 113-134. 

 

[6] Bertsimas, D., Patterson, S.S., 1998. The air traffic flow management problem 

with enroute capacities. Operations Research 46.3, 406-422. 

 

[7] Brunetta, L., Guastalla, G., Navazio, L., 1998. Solving the multi-airport ground 

holding problem. Annals of Operations Research 81, 271-288. 

 

[8] Brunner, J.O., 2014. Rescheduling of flights during ground delay programs with 

consideration of passenger and crew connections. Transportation Research Part 

E: Logistics and Transportation Review 72, 236-252 

 

[9] Cox, J., Kochenderfer, M.J., 2016. Ground delay program planning using Markov 

Decision Processes. Journal of Aerospace Information Systems 13.3, 134-142. 

 

[10] Cox, J., Kochenderfer, M.J., 2015. Optimization approaches to the single airport 

ground-holding problem. Journal of Guidance, Control, and Dynamics 38.12, 

2399-2406. 



32 

 

 

[11] Filar, J.A., Manyem, P., White, L., 2001. How airlines and airports recover from 

schedule perturbations: A survey. Annals of Operations Research 108.1, 315-333. 

 

[12] IBM ILOG CPLEX Optimizer 20.8. 

www.ibm.com/software/integration/optimization/cplex-optimizer. (Last accessed 

on September 14, 2021.) 

 

[13] Jarrah, A.I.Z, Yu, G., Krishnamurthy, N., 1993. A decision support framework 

for airline flight cancellations and delays. Transportation Science 27.3, 266-280. 

 

[14] Kafle, N., Zou, B., 2016. Modeling flight delay propagation: A new analytical-

econometric approach. Transportation Research Part B: Methodological 93, 520-

542. 

 

[15] Liu, P.B., Hansen, M., Mukherjee, A., 2008. Scenario-based air traffic flow 

management: From theory to practice. Transportation Research Part B 

Methodological 42.7-8, 685-702. 

 

[16] Luo, S., Yu, G., 1997. On the airline schedule perturbation problem caused by 

the ground delay program. Transportation Science 31.4, 298-311. 

 

[17] Mukherjee, A., Hansen, M., 2007. A dynamic stochastic model for the single 

airport ground holding problem. Transportation Science 41.4, 444-456. 

 

[18] Navazio, L., Romanin-Jacur, G., 1998. The multiple connections multi-airport 

ground holding problem: Models and algorithms. Transportation Science 32.3, 

268-276. 

 

[19] Ng, K. K. H., Lee, C.K.M., Chan, F.T.S., Qin, Y., 2017. Robust aircraft sequencing 

and scheduling problem with arrival/departure delay using the min-max regret 

approach. Transportation Research Part E: Logistics and Transportation Review 

106, 115-136. 

 

[20] Odoni, A.R., 1987. The flow management problem in air traffic control. Flow 

Control of Congested Networks. Springer, Berlin, Heidelberg, 269-288. 



33 

 

 

[21] Richetta, O., Odoni, A.R., 1994. Dynamic solution to the ground-holding problem 

in air traffic control. Transportation Research Part A: Policy and Practice 28.3, 

167-185. 

 

[22] Richetta, O., 1991. Ground holding strategies for air traffic control under 

uncertainty. Diss. Massachusetts Institute of Technology. 

 

[23] Terrab, M., Odoni, A.R., 1993. Strategic flow management for air traffic control. 

Operations Research 41.1, 138-152. 

 

[24] Terrab, M., 1990. Ground holding strategies for air traffic control. Diss. 

Massachusetts Institute of Technology. 

 

[25] Vranas, P.B., Bertsimas, D.J., Odoni, A.R., 1994. The multi-airport ground-

holding problem in air traffic control. Operations Research 42.2, 249-261. 

 

[26] Vranas, P.B., Bertsimas, D.J., Odoni, A.R., 1994. Dynamic ground-holding 

policies for a network of airports. Transportation Science 28.4, 275-291. 

 

[27] Wong, J.T., Tsai, S.C., 2012. A survival model for flight delay 

propagation. Journal of Air Transport Management 23, 5-11. 

 

[28] Woo, Y.B., Moon, I.K., 2021. Scenario-based stochastic programming for an 

airline-driven flight rescheduling problem under ground delay programs. 

Transportation Research Part E: Logistics and Transportation Review 150, 

102360. 

 

[29] Worldwide Slot Guidelines ©  2019 International Air Transport Association. 

 

[30] Wu, W., Wu, C.L., Feng, T., Zhang, H., Qiu, S., 2018. Comparative analysis on 

propagation effects of flight delays: a case study of china airlines. Journal of 

Advanced Transportation 2018 . 

 

[31] Yan, C., Vaze, V., Barnhart, C., 2018. Airline-driven ground delay programs: A 

benefits assessment. Transportation Research Part C: Emerging Technologies 89, 



34 

 

268-288. 

 

[32] Yan, S., Young, H.F., 1996. A decision support framework for multi-fleet routing 

and multi-stop flight scheduling. Transportation Research Part A: Policy and 

Practice 30.5, 379-398. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



35 

 

국문초록 

 

 

본 연구의 목적은 항공 교통을 제어하는 중요한 수단 중 하나인 지상 지연 

프로그램(GDP)이 발생할 경우 공항의 변경된 수용력에 대응하도록 항공사의 

관점에서 항공편을 재조정하는데 도움을 주는 것이다. 단일 공항이 아닌 다중 

공항으로 확장하여 동일한 공항뿐 아니라 다른 공항으로부터의 지연 전파를 

고려했으며, 항공기 및 승무원의 계획된 일정에서 발생하는 현실적인 비용을 

포함했다. 

GDP가 발행되면 항공사들은 변경된 시간대에 맞춰 항공편을 재조정할 수 있는 

짧은 시간이 주어진다. 각 공항에는 수용력이 있으며, 특히 들어오는 항공기를 

수용할 수 있는 용량인 공항 수용률(AAR)이 있다. 이 연구에서 비행 스케줄을 

재조정하기 위해 혼합 정수 선형 프로그래밍 모델을 세웠다. 또한, 미래의 

불확실성을 다루기 위해, MILP의 두 가지 버전을 사용하였다. AAR이 어느 시점에 

다시 바뀌는 시나리오를 만든 후, 각 시나리오 별로 총 관련 비용을 최소화하는 

솔루션을 도출하는 최적 모델과 모든 시나리오 솔루션의 총 관련 비용의 기댓값을 

최소화하는 솔루션을 도출하는 추계 모델을 제시하고 서로 비교하였다. 

 

 

 

 

주요어: 혼합 정수 선형 프로그래밍, 추계 계획법, 일정 변경, 지상 지연 프로그램, 

항공 교통 제어; 
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