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Abstract: Motivated by a critical issue of airline planning process, this paper addresses a new two-stage scenario-based robust optimization in operational airline planning to cope with uncertainty and possible flight disruptions. Following the route network scheme and generated flight timetables, aircraft maintenance routing and crew scheduling are critical factors in airline planning and operations cost management. This study considers the simultaneous assignment of aircraft fleet and crew to the scheduled flight while satisfying a set of operational constraints, rules, and regulations. Considering multiple locations for airline maintenance and crew bases, we solve the problem of integrated Aircraft Maintenance Routing and Crew Rostering (AMRCR) to achieve the minimum airline cost. One real challenge to the efficiency of the planning results is the possible disruptions in the initial scheduled flights. Due to the fact that disruption scenarios are expressed discretely with a specified probability, and we provide adjustable decisions under disruption to deal with this disruption risk, we provide a Two-Stage Scenario-Based Robust Optimization (TSRO) model. In this model, here-and-now or first-stage variables are the initial resource assignment. Furthermore, to adapt itself to different disruption scenarios, the model considers some adjustable variables, such as the decision to cancel the flight in case of disruption, as wait-and-see or second-stage variables. Considering the complexity of integrated models, and the scenario-based decomposable structure of the TRSO model to solve it with better computational performance, we apply the column and row generation (CRG) method that iteratively considers the disruption scenarios. The numerical results confirm the applicability of the proposed TSRO model in providing the AMRCR problem with an integrated and robust solution with an acceptable level of computational tractability. To evaluate the proposed TSRO model, which solves the AMRCR problem in an integrated and robust manner, five Key Performance Indicators (KPIs) like Number of delayed/canceled flights, Average delay time, and Average profit are taken into account. As key results driven by conducting a case study, we show the proposed TSRO model has substantially improved the solutions at all indicators compared with those of the sequential/non-integrated and nominal/non-robust models. The simulated instances used to assess the performance of the proposed model and CRG method reveal that both CPLEX and the CRG method exhibit comparable and nearly optimal performance for small-scale problems. However, for large-scale instances the proposed TSRO model falls short in terms of computational efficiency. Conversely, the proposed CRG method is capable of significantly reducing computational time and the optimality gap to an acceptable level.
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1  Introduction

Operational resources management plays a critical role in various industries, especially in the air transport and aviation industry, with its challenging characteristics such as high operating costs, variable demand, heavy traffic, and strict regulations. Since the early 1980s, with the passage of the Airline Liberation Act, a heavily competitive environment has become an integral part of this industry [1]. In this environment and under the practical regulations imposed by the International Air Transportation Association (IATA), airlines must manage the efficiency of their resources. They should provide a design and schedule planning that complies with real world scale constraints as well as crew and aircraft-related restrictions and regulations.

Entrance to the air transportation business and aviation industries requires a route network and a sufficient aircraft fleet. Based on the strategic decisions related to route network design and fleet planning, the airline schedule planning process starts. It is mainly classified into four influencing sub-problems, illustrated in Fig. 1. The first two sub-problems are schedule design (flight scheduling) and fleet assignment decision, which generally occur at the tactical level. The next is Aircraft Maintenance Routing (AMR). The final sub-problem is crew scheduling, which itself comprises smaller sub-problems such as crew pairing and crew rostering [2,3].
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Figure 1: Airline schedule planning process

Flight scheduling provides the daily or weekly repetitive pattern of flights by determining the origin-destination cities of each flight and flight departure-arrival time. It depends largely on market demand forecast, current aircraft performance characteristics, available workforce, regulations, and the behavior of the competing airlines. Following flight scheduling, fleet assignment is performed. Regarding the fleet type, the number of aircraft in each fleet, and the scheduled flight legs, fleet assignment seeks an assignment of the available fleet to the scheduled flights such that maximum revenue or some other objective is obtained [4,5].

After fleet assignment, aircraft routing is accomplished under the restrictions, related rules, and aircraft maintenance regulations. Considering the operating costs of each aircraft, scheduled flight, maintenance base locations, and protocols governing aircraft maintenance, AMR assigns an aircraft to the scheduled flight, known as tail assignment, such that the aircraft operating cost is minimized.

Crew scheduling terminates the airline planning process. It must consider many airline workforce regulations, which contribute significantly to operating costs. Because of its complexity, it is usually divided into two phases: (I) crew pairing and (II) crew rostering (or assignment). Firstly, anonymous pairing/rotations are constructed based on scheduled flight legs such that the crew requirement for each flight is satisfied. A pairing is a sequence of legs with a specific number of crew members. Next, crew rostering assigns the available individual crewmembers to the flight legs of each pairing, having other considerations such as ground duties, night rest, crew bases, reserve-duty, off-duty blocks, and crew preferences [6].

In optimizing airline operations and flight schedule planning, operations research techniques, especially mathematical programming, have been widely used. This contribution has been to the extent that operations research departments have been established in many airlines [7]. These departments have been involved in the formation of an important professional body in the international federation of operations research society, called the airlines group (AGIFORS; see www.agifors.org, accessed on 01 June 2023, for more details).

For the sake of global optimality, although optimizing each of the four sub-problems in airline planning reduces cost and increases airline productivity, new researches usually solve two or more sub-problems in an integrated manner. In addition to avoiding the infeasibility of the solutions obtained in the hierarchical structure, the integration can provide the best solution for the airline.

Based on the optimal decisions of aircraft routing and crew scheduling and by fixing the forecasted revenue of the scheduled flight tickets, maximum profitability is achieved by the minimized total cost. After fuel costs, flight crew costs have the largest share of the total cost [2]. In other words, aircraft and crew scheduling have the most significant potential to reduce avoidable costs in flight plans. This fact has motivated various researchers to address an integrated planning of the fleet, aircraft, and crew.

Delays and disruptions in airline operations cause additional costs for airlines, air-travel passengers, and the economy. Airlines strive to reduce these costs by constructing schedules that are easier to rearrange when a disruption occurs [8]. Along with the integration of the airline planning process, airline disruption management is of great importance. Airline disruption is when a scheduled flight is either delayed or must be canceled because of a 48-h delay from its initial departure time. Referring to the Regulations of air passenger protection, flight disruption is the collective term for the airlines’ disruption that prevents passengers from completing their itineraries on time [9]. To mitigate the effect of flight disruptions and have a robust plan for aircraft and crew operations, it is so beneficial that airlines simulate and consider possible flight disruptions in the AMR and crew scheduling phases of airline planning. This approach enables airlines to optimally react when disruption occurs.

Our research is motivated by the limitations of sequential approaches to airline operational challenges, particularly regarding aircraft maintenance routing and crew scheduling. These approaches often lead to suboptimal outcomes. Additionally, disruptions significantly impact initial schedules and incur substantial costs due to a lack of robustness. This research proposes an integrated and robust model for airline operational decisions. Our primary aims are twofold: firstly, to achieve global optimality through integrated decision-making, and secondly, to ensure robustness against potential disruptions by providing resilience strategies. Furthermore, the proposed solution framework incorporates a decomposition-based column and row generation method, ensuring computational efficiency.

To address the above-mentioned considerations, we develop an integrated model to jointly specify aircraft maintenance routing and assign crewmembers to the scheduled flights in the generated pairing. The model considers multiple locations for airline maintenance and crew bases. To deal with the flight disruptions, a scenario-based robust optimization approach is applied, whose here-and-now variables are the initial resource assignment and its wait-and-see or scenario-dependent variables are the options of rescheduling or canceling the flight when a disruption occurs. Furthermore, to tackle the model complexity and make it more tractable, we apply the column and row generation method to solve the model with an acceptable run-time and computational performance.

In summary, the main innovations of this research are as follows:

a)    Integration of decision-making in airline operational planning, including crew scheduling, routing, and aircraft scheduling. This integration enhances five significant key performance indicators (KPI): I. Number of delayed flights per week, II. Number of canceled flights per week, III. Average delay time, IV. Average profit under disruption, V. Minimum profit under disruption.

b)    Incorporation of additional daily, weekly, and monthly operational constraints for resources, enhancing real-world applicability.

c)    Addressing possible disruption scenarios in the initial schedule (with varying intensities) and establishing robustness in the model against uncertainty arising from these disruptions.

d)    Development of a tractable two-stage robust optimization model, and finally, employing the decomposition-based column and row generation method to enhance computational efficiency in solving the model.

The rest of this paper is structured as follows. Section 2 reviews the recent literature and clarifies the research gaps and our contributions. Section 3 describes the problem in detail. Section 4 formulates the problem using the minimax robust optimization model. The column and row generation method is explained in Section 5. Section 6 validates the proposed solution using a numerical study and evaluates its performance and robustness in tackling disruption. Section 7 provides some concluding remarks and also suggestions for future research.

2  Literature Review

In this section, we review the literature on aircraft scheduling (the AMR problem) and crew scheduling (pairing and rostering decisions) to identify the research gap and clarify the contribution of our study. For a complete review of airline planning, the readers can refer to [10–13]. In one of the first studies in airline operational resource management, Cordeau et al. [14] considered the aircraft routing and crew scheduling problems simultaneously to minimize the time required for the crewmembers and the aircraft to be ready for the next flight after landing so that it can perform both flights. They used the Benders decomposition approach to solve the model.

Sandhu et al. [15] proposed an integrated model for fleet and crew planning and scheduling. They ignored the constraints of aircraft maintenance and solved the model using two approaches, one uses Lagrange relaxation with a column generation algorithm and the other uses benders decomposition.

Papadakos [16] developed an integrated model for the joint decisions of fleet assignment, aircraft maintenance routing, and crew scheduling problems. Because of the problem’s complexity, he applied a new algorithm based on Benders decomposition and column generation to solve the model, where the restriction on the number of available aircraft was also removed from the constraints. Souai et al. [17] examined crew pairing and crew rostering in an integrated model. They considered constraints such as the return of the crew to the home base after three days of flight, the maximum flight time in one day (duty), and the rest period between two consecutive flights. Weide et al. [18] developed a similar model with some new constraints, including the minimum time required for crew pairing.

Salazar-González [19] presented a new model integrating crew pairing, aircraft routing, and fleet assignment. Their model was based on the set assumptions and they solved it using the column generation algorithm. Sanchez et al. [4] developed a solution method for the same problem in which all of the above constraints were checked for just one day of flying. The novelty of their approach was the inclusion of maintenance constraints during the day without considering the diversity of fleet type and crew and maintenance bases.

Integration of decisions in the planning process, dealing with uncertainty/disruption, and focusing on robust integrated solutions constitute a common research scope in many applications and industries [20–22]. For example, in the field of multi-factory production networks, Razavi Al-e-hashem et al. [23] developed a novel robust and integrated model for integrated maintenance planning and scheduling that addresses disruption cost. Shao et al. [24] developed a mathematical model for the joint decisions of fleet assignment, aircraft routing, and crew scheduling. They used the Benders decomposition approach along with several strategies that accelerate run-time to reach the solution. An interactive optimization mechanism was proposed by [25] to model aircraft routing with generalized maintenance constraints. They presented a mixed-integer program that considers the full range of aircraft maintenance requirements. Yadegari et al. [26] presented a fuzzy mathematical model solved using an interactive approach to integrate allocation and routing decisions in a two-echelon transportation system.

For the coordination of aircraft maintenance routing and maintenance employees, a bi-level programming model, known as the leader-follower or Stackelberg game, was presented by [27]. It was solved using an Ant colony optimization algorithm. Ben et al. [28] developed a nonlinear model using the reformulation-linearization technique (RLL) for the formulation of a robust and integrated airline aircraft routing and crew pairing problem. They used the Monte Carlo simulation method to evaluate the solution’s robustness.

For the operational aircraft maintenance routing problem with all the operational requirements, Cui et al. [29] presented a mixed-integer linear programming (MILP) formulation and heuristic solution algorithm. Also, Haouari et al. [30] developed a set-partitioning formulation that generates a set of optimal pairings that covers all the daily scheduled flights under various crew regulations, safety rules, and airline policies. They introduced a novel compact polynomial-sized model formulation, which could be linearized by set-partitioning formulation.

To make the crew pairing part of crew scheduling robust against delays and disruptions in airline operations, Antunes et al. [8] proposed a robust optimization model that does not require detailed information about delay distributions. Their proposed model can make an acceptable trade-off between the particular cost of the scheduled flight legs and the expected delay and cancelation costs. Chen et al. [31] developed an evolutionary multi-objective optimization model based on a genetic algorithm and a non-dominated sorting mechanism to deal with the scheduling and rescheduling of joint aircraft routing and crew pairing. Recently, to optimize aviation maintenance planning, Korba et al. [32] presented an algorithmic approach that can be easily adopted by airlines and the same industries. Also, Teymouri et al. [33] developed an adaptive large neighborhood searching (ALNS) method to reduce the complexity of the AMR problem so that large-scale instances can be solved with more computational efficiency. Our research exhibits some thematic overlap with the work. However, several key distinctions exist in our research focus and methodological approaches:

a)    Focus: while Teymouri et al. [33] prioritized crew scheduling decisions, our research emphasizes Aircraft Maintenance Routing (AMR) while concurrently considering crew rostering.

b)    Disruption Management: the paper above focuses on revenue management during disruptions. In contrast, our study prioritizes rescheduling and building resilience to disruptions.

c)    Operational Constraints: our work incorporates additional daily, weekly, and monthly operational constraints for crew and aircraft resources, enhancing the model’s real-world applicability.

d)    Methodology: the problem formulation (optimization model) and solution approaches employed in our work differ significantly. We propose an efficiently formulated model that leverages the Compact Relaxation Generation (CRG) method for improved effectiveness. Conversely, the referenced paper utilizes an approximation method based on metaheuristics (ALNS).

We should note that the last method is inexact while we apply a decomposition-based exact method utilizing column-row cut generation.

Finally, Table 1 summarizes the recent literature on aircraft and crew schedule planning subproblems, integrated or individually. We compare our study with some of the newest research of the literature in five dimensions: (I) decisions in aircraft scheduling, (II) decisions in crew scheduling, (III) inclusion of possible disruptions and uncertainty modeling, (IV) solution robustness, and (V) methodology.
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To magnify the main research gaps, after reviewing the literature on aircraft maintenance-routing, crew pairing, and crew rostering, we observed that despite the importance of integrated optimization for managing airline operational resources, such as aircraft scheduling and crew scheduling, few researchers have addressed them together. Furthermore, none of the existing studies has considered the integration of aircraft maintenance-routing and crew rostering. Disruption scenarios in initial schedule planning have rarely been addressed. To the best of our knowledge, the incorporation of possible disruptions in integrated aircraft maintenance routing and crew rostering has not been studied. To address these gaps, this paper presents a new scenario-based robust optimization model for integrated airline operational resource management that incorporates possible disruption scenarios in the scheduled flights. Additionally, we extend the available solution methods for airline planning by solving the proposed model using the column and row generation method.

Our research directly addresses three key challenges that have received less emphasis in past studies but are increasingly crucial for modern airline decision support systems:

Integration: we propose a model that integrates crew planning decisions alongside aircraft scheduling and routing. This approach aims to overcome the limitations of sequential methods and achieve a more holistic and optimal outcome.

Disruption and robustness: we recognize the significant impact of disruptions on airline operations. Our model incorporates strategies such as rescheduling and flight cancellations to enhance resilience against potential disruption scenarios.

Balancing efficiency and optimality: while achieving an optimal solution is critical, computational efficiency remains essential for real-world application. We employ an advanced solution method based on column and row generation that balances these competing priorities.

3  Problem Description

Given a set of scheduled flights, the number of available aircraft, crew groups in the airline, and a set of pre-generated possible daily pairing, we address an integrated airline planning problem considering both aircraft maintenance routing and crew rostering (AMRCR). Before we describe the problem, let us review some terminologies required to proceed further. As illustrated in Fig. 2, the crewmembers are assigned to their crew home/base, where their service starts/ends. A consecutive series of flights a crew group performs on a single day is called a crew duty. A paring is then a sequence of flight legs, including one or more duties, so the final duty’s end is exactly the crew home where the first duty begins. We should note that daily paring is a daily duty that starts and ends at the same crew base. Usually, explanatory meetings called crew briefing and de-briefing are held before and after each pairing or duty to justify everything. The rest time between two flights during the duty is a sit-time, while long breaks between two duties are called a rest-period.
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Figure 2: Schematic representation of some crew scheduling terminologies in a daily and two-day pairing

In the AMRCR problem, it is assumed that the network design and flight time schedules have already been determined, and the airline seeks to discover the optimal aircraft routing and crew scheduling so that the aircraft maintenance and crew rostering regulations are satisfied. Regarding the rules and regulations for pilots and aircraft, the planning should be done such that besides covering all scheduled flights, its total cost is minimized. This cost mainly includes the flight operating costs, i.e., the cost of using each aircraft (capital, fuel, etc.), the cost of the flight crew, and the cost of the aircraft maintenance during the flight. Moreover, cancellation and delay costs are also considered when a disruption affects the scheduled flights.

According to IATA regulations and some airline policies, each aircraft cannot fly more than the maximum time under a limited planning horizon. This time is independent of the type of pilots. Crew considerations and aircraft maintenance regulations are also considered in this research.

Assume that the weekly flight schedule is generated by solving flight scheduling and fleet assignment problems at the tactical level. Considering the daily pairings produced for daily flights at the crew pairing phase, the AMRCR problem seeks to find the best tail assignment, aircraft routing, and crew rostering decisions such that the minimum cost is obtained at the end of the week. In this regard, several rules and constraints are considered as follows: (1) each aircraft should be maintained at least once a week, (2) the maximum daily utilization of each aircraft is constrained, (3) the maximum number of flight legs assigned to each crewmember in a weakly rostering is limited, (4) the maximum flight time of each crewmember in a monthly rostering is limited.

As mentioned above, the AMRCR problem accounts for the possible disruptions that cause delays in the start of flights and affect the initial scheduling. To properly model this, like recent research of [33], we assume a normal situation and five disruptions as follows:

Scenario 0: (No disruption or negligible) In this case, the aircraft can take off after the initial preparation steps without the need for additional stops.

Scenario 1: (Very slight disruption) less than 10 min delay in the flight.

Scenario 2: (Slight disruption) 10 to 20 min delay in the flight.

Scenario 3: (Typical disruption) 30 min delay in the flight.

Scenario 4: (Severe disruption) a delay of approximately 60 min (1 h).

Scenario 5: (Very severe disruption) a delay of more than 1 h.

In the AMRCR problem, although some decisions, such as allocating aircraft to flights and assigning crews to pairings, must be determined before a disruption scenario occurs, other decisions, such as the route for the aircraft and the cancellation of some flights, depending on the scenario that occurs. Therefore, in short, the objective of the AMRRC problem is to find the optimal value for the first-stage variables (tail and crew assignment before the disruption scenario occurs) and the second-stage variables (rerouting, cancelation option, and flight rescheduling after the disruption scenario realizes) so that the cost is minimized. The following section presents the mathematical formulation of this problem using the scenario-based robust optimization approach. To address the AMRCR issue, our proposed solution framework, depicted in Fig. 3, initiates with a two-stage robust optimization model. Subsequently, we employ an innovative decomposition-oriented approach involving column and row generation techniques to ensure scalability and computational efficiency, particularly for handling large-scale instances. The following sections provide detailed explanations of each component within the framework illustration.
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Figure 3: Illustration of the proposed methodology and solution framework to solve the AMRCR problem

4  Mathematical Modelling of the Robust AMRCR Problem

This section briefly explains the scenario-based robust optimization approach and then applies it to formulate the AMRRC problem under disruption. Two-stage scenario-based robust optimization addresses decision-making problems under uncertainty, where decisions are made in two stages. In the first stage, decisions are made with incomplete information about the future. In the second stage, recourse actions are taken after the uncertainty is revealed. This approach aims to find resilient solutions to the worst-case scenario within the uncertainty set. A scenario-based robust optimization approach is proposed regarding the uncertainty associated with disruptions in airline schedules, which is typically expressed as a set of plausible scenarios and usually focuses on robustness performance in worst-case conditions. Additionally, since this study considers adaptive decisions, such as canceling some flights and rescheduling under disruptions, in addition to the first-stage (here-and-now) decisions, there are also adaptive second-stage (wait-and-see) decisions. Therefore, we employ the two-stage scenario-based robust optimization approach to cope with the uncertainty of the AMRCR problem.

4.1 Two-Stage Scenario-Based Robust Optimization Approach

Consider the following uncertain optimization model:

[minx,y⁡ c(u)x+f(u)y,s.t.A(u)x+D(u)y≥b(u),K(u)y≤e(u),x∈X,y∈Y,u∈U.(1)

In which U indicates the uncertainty set, where for any u∈U, the parameters have deterministic values. To cope with uncertainty, the robust optimization (RO) paradigm considers the following worst-case model:

RO := minx∈X(u),y∈Y(u)⁡maxu∈U⁡c(u)x+f(u)y.(2)

Two-Stage Scenario-Based Robust Optimization (TSRO) is an application of the adjustable RO approach that divides the decision variables into the first stage or here-and-now variables and the second stage or wait-and-see variables.

Despite the classic RO models, the second stage variables are allowed here to adapt when the uncertainty scenario changes. In the RO model (2), let us define y variables as here-and-now variables and x variables as wait-and-see ones, and assume that the uncertainty set U is a finite set as Ξ={1,2,3,…,N<∞}. Furthermore, consider f(u), A(u), K(u), and e(u) as certain parameters. The TSRO model then can be formulated as follows:

TSRO := [minx,y fy+maxξ∈Ξ⁡ cξxξ,s.t.Axξ+Dξy≥bξ,for all ξ∈Ξ,Ky≤e,for all ξ∈Ξxξ∈X,y∈Y.(3)

The scenario-based RO approach, especially the TSRO model, has recently been used for various problems such as resource management, scheduling, supply chain network planning, transportation system design, etc., [36–38]. Since possible disruptions are included in the AMRCR problem as a finite set of scenarios and adaptive variables such as cancellation and rescheduling options are considered, we apply the TSRO model (3) to formulate the problem such that the minimum cost in the worst case is achieved.

There are several ways to create a scenario set Ξ. Two common methods are Sample Average Approximation (SAA) and Fuzzy C-Means (FCM). SAA uses known probability distributions of uncertain parameters to generate disruption scenarios. However, to make solving the model easier, only a few likely scenarios are considered at an iteration. FCM, on the other hand, is an unsupervised machine learning technique that can use historical data to generate scenarios. The number of scenarios you choose (like the 6 mentioned) depends on how many groups (clusters) the data can be divided into.

4.2 Problem Formulation Based on the TSRO Approach

Objective function

min Cost=(∑f∈F∑a∈A∑d∈DFCfdxf,ad+maxξ∈Ξ⁡[∑f∈F∑d∈D(CCfd−FCfd)yf,ξd+∑f∈F∑d∈DDCfdDelayf,ξd])(4)

Constraints

∑a∈Axf,ad=1 ∀ d∈D,f∈Fd(5)

∑c∈Cwp,cd=1 ∀ d∈D,p∈Pd,f∈Fp(6)

wp,cd≤∑a∈AQc,axf,ad ∀ d∈D,p∈Pd,f∈Fp,c∈C(7)

yf,ξd≤∑a∈Axf,ad ∀ d∈D,f∈Fd,ξ∈Ξ(8)

∑i∈N∑j∈Ma∑d∈Dra,i,j,ξd≥1 ∀ a∈A,ξ∈Ξ(9)

ra,Ofd,Dfd,ξd≥xf,ad−yf,ξd ∀ d∈D,a∈A,f∈Fd,ξ∈Ξ(10)

ata,j,ξd≥dta,i,ξd+∑f∈OUTid:Dfd=jDurfra,i,j,ξd ∀ d∈D,a∈A,i,j∈N,ξ∈Ξ(11)

dta,n,ξd≥ata,n,ξd+Gn+∑f∈OUTnd(xf,ad−yf,ξd)Ln,f,ξd ∀ d∈D,a∈A,n∈Nξ∈Ξ(12)

dta,Ofd,ξd≥Depf−(1−[yf,ξd−xf,ad])bigM  ∀ d∈D,a∈A,f∈Fdξ∈Ξ(13)

Delayf,ξd≥ata,Dfd,ξd−Arrf−(1−[yf,ξd−xf,ad])bigM  ∀ d∈D,a∈A,n∈Nξ∈Ξ(14)

Delayf,ξd≤ MaxDf ∀ d∈D,f∈F,ξ∈Ξ(15)

∑f∈FDurfxf,ad≤MaxUa ∀ a∈A,d∈D(16)

∑p∈P∑d∈D|FPpd|wp,cd≤MaxNF  ∀ c∈C(17)

4∑p∈P∑f∈Fp∑d∈DDurfwp,cd≤MaxST  ∀ c∈C(18)

[xf,ad∈{0,1},wp,cd∈{0,1},yf,ξd∈{0,1},ra,i,j,ξd∈{0,1}Delayf,ξd≥0,ata,n,ξd≥0,dta,n,ξd≥0(19)

Considering notations of mathematical model collected in Table 2, Eq. (4) shows the objective function of the AMRRC model based on the TSRO approach, in which the total cost in the worst-case disruption scenario is minimized. Constraint (5) indicates that only one aircraft must be assigned to each flight leg. Similarly, Constraint (6) ensures that each pairing of flights must be assigned only to one crew group. Constraint (7) ensures that if a crew group is assigned to a paring, they must be qualified to perform all the corresponding flights. Constraint (8) states that canceling a flight requires that it be on the original schedule. Constraint (9) guarantees that each aircraft must be maintained at maintenance bases at least once a week. Constraint (10) indicates that for scheduled flights that have not been canceled (xf,ad−yf,ξd=1), the aircraft assigned to it must depart from the origin of the flight destination. Constraint (11) focuses on the arrival time to each node, while Constraints (12) and (13) determine the departure time from each node on the flight network. Constraint (14) calculates the delay, while Constraint (15) controls its maximum limit. In Constraint (16), we consider the maximum daily utilization of each aircraft. Constraints (17) and (18) indicate the maximum number of flights per week and maximum flight/sky time per month for each crew group rostering. Finally, Constraint (19) shows the range of variables.
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The proposed TSRO model (4)–(19) is a MILP, which can be solved by some MILP optimization solvers such as CPLEX and Gurobi. However, we apply a decomposition-based solution method in the next section to guarantee tractability and computational performance in large-scale instances.

5  Solution Method

In this section, we describe the column and constraint method and use it to solve the proposed model for the AMRCR problem.

5.1 Column and Row Generation Method

The column-and-row generation (CRG) method, also known as column and constraint generation, was first proposed by [39] in the context of scenario-based robust optimization problems. As some recent research has shown, the CRG method has performed well in dealing with the TSRO model, and we apply it to the proposed TSRO model of this paper.

The CRG method is an efficient technique for solving two-stage robust optimization models, dealing with uncertainty by considering multiple possible scenarios that could unfold in the second stage. It tackles the challenge of handling a potentially large number of scenarios by iteratively solving a restricted version of the problem and dynamically adding only the most relevant scenarios and constraints. The main principal components of the CRG method in solving the TSRO model are as follows:

a)    Relaxed Master Problem: a simplified version of the original robust model, typically considering only the initial scenario. It includes decision variables for the first stage (decisions made before knowing the actual scenario) and crucial information from selected scenarios.

b)    Sub-problem (SP): SP focuses on a single scenario not yet addressed in the master problem. It identifies additional decision variables and constraints specific to that scenario to potentially improve the solution.

c)    Iteration: if profitable deviations are found, corresponding decision variables and constraints are incorporated into the master problem. This enhances the solution by enabling better first-stage decisions that are adaptable to various scenarios. The master problem is then resolved with the updated information.

d)    Stopping Criteria: the iterative process continues until a stopping criterion is met, such as a threshold on the optimality gap between the worst-case cost and the best feasible solution found.

Computational efficiency, focus on relevant scenarios, and scalability are among the main benefits of the CRG method. However, limited control over scenario selection is known as one of the main disadvantages of this method.

To explain the mechanism of the CRG method, let us return to the compact TSRO model (3). Consider Ξ∗⊂Ξ as a subset of possible scenarios indicating system disruptions/uncertainties. Because some constraints were removed, it is clear that the solution of the relaxed master problem (RMP) model (20) is a lower bound of the main problem (3). Given a fixed value for the first-stage variables y¯, obtained by solving the RMP model (20), the TSRO model (3) can be decomposed into |Ξ| distinct scenarios, denoted as the sub-problem (SP) model, leading to an upper bound for the TSRO model (3).

Considering the lower bound generator (20) and the upper bound generators (21), the CRG method starts by solving the RMP model (20) regarding an initial subset of scenarios (Ξ∗). Then, based on the RMP solution for the first stage variable y¯, the SP model (21) is solved for each scenario, and some upper bounds are obtained. Let us consider ξ¯ as the worst scenario with the largest objective function and its objective value as an upper bound. If the relative gap between the upper bound and the lower bound is negligible, then the CRG stopes; otherwise, Ξ∗ is updated by adding a worst-case scenario (Ξ∗←Ξ∗∪{ξ¯}).

CRGRMP := [miny,x fy+ϕs.t.ϕ≥cξxξ ∀ ξ∈Ξ∗⊂ΞKy≤eAxξ+Dξy≥bξ ∀ ξ∈Ξ∗⊂Ξxξ∈X,y∈Y(20)

CRGSP(ξ) := [minx Zξ=cξxξs.t.Axξ≤bξ−Dξy¯∀ξ∈Ξxξ∈X(21)

The procedure then iterates by a new Ξ∗ for the RMP model. Finally, the iterative procedure of the CRG method stops when the termination criterion occurs. In the CRG method, for the new scenario ξ¯, ϕ≥cξxξ and Axξ+Dξy≥bξ constraints are optimality (column) cut and feasibility (row) cut, respectively [40,41]. The proposed CRG method is summarized below.

5.2 CRG Method for Solving the TSRO Model

As explained in the previous section, the formulation of the RMP and SP are the two main components of the CRG method. Thus, in the following, we clarify them for the proposed TSRO model.

[image: images]

Relaxed Master Problem (RMP) of CRG

min ∑f∈F∑a∈A∑d∈DFCfdxf,ad+ϕ(22)

∑a∈Axf,ad=1 ∀ d∈D,f∈Fd(23)

∑c∈Cwp,cd=1 ∀ d∈D,p∈Pd,f∈Fp(24)

wp,cd≤∑a∈AQc,axf,ad ∀ d∈D,p∈Pd,f∈Fp,c∈C(25)

∑f∈FDurfxf,ad≤MaxUa ∀ a∈A,d∈D(26)

∑p∈P∑d∈P|FPpd|wp,cd≤MaxNF  ∀ c∈C(27)

4∑p∈P∑f∈Fp∑d∈PDurfwp,cd≤MaxST  ∀ c∈C(28)

xf,ad∈[0,1],wp,cd∈[0,1](29)

Sub-Problem (SP) of CRG

min Zξ=∑f∈F⁡∑d∈D⁡(CCfd−FCfd)yf,ξd+∑f∈F⁡∑d∈D⁡DCfdDelayf,ξd(30)

yf,ξd≤∑a∈Axf,ad¯ ∀ d∈D,f∈Fd,ξ∈Ξ(31)

∑i∈N∑j∈Ma∑d∈Dra,i,j,ξd≥1 ∀ a∈A,ξ∈Ξ(32)

ra,Ofd,Dfd,ξd+yf,ξd≥xf,ad¯ ∀ d∈D,a∈A,f∈Fd,ξ∈Ξ(33)

ata,j,ξd≥dta,i,ξd+∑f∈OUTid:Dfd=jDurfra,i,j,ξd ∀ d∈D,a∈A,i,j∈N,ξ∈Ξ(34)

dta,n,ξd≥ata,n,ξd+Gn+∑f∈OUTnd(xf,ad¯−yf,ξd)Ln,f,ξd ∀ d∈D,a∈A,n∈N ξ∈Ξ(35)

dta,Ofd,ξd≥Depf−(1−[yf,ξd−xf,ad¯])bigM  ∀ d∈D,a∈A,f∈Fd ξ∈Ξ(36)

Delayf,ξd≥ata,Dfd,ξd−Arrf−(1−[yf,ξd−xf,ad¯])bigM  ∀ d∈D,a∈A,n∈N ξ∈Ξ(37)

Delayf,ξd≤ MaxDf ∀ d∈D,f∈F,ξ∈Ξ(38)

[yf,ξd∈[0,1],ra,i,j,ξd∈[0,1]Delayf,ξd≥0,ata,n,ξd≥0,dta,n,ξd≥0(39)

Column Cuts

ϕ≥∑f∈F∑d∈D(CCfd−FCfd)yf,ξd+∑f∈F∑d∈DDCfdDelayf,ξd ∀ ξ∈Ξ∗(40)

Row Cuts

yf,ξd≤∑a∈Axf,ad ∀ d∈D,f∈Fd,ξ∈Ξ∗(41)

∑i∈N∑j∈Ma∑d∈Dra,i,j,ξd≥1 ∀ a∈A,ξ∈Ξ∗(42)

ra,Ofd,Dfd,ξd≥xf,ad−yf,ξd ∀ d∈D,a∈A,f∈Fd,ξ∈Ξ∗(43)

ata,j,ξd≥dta,i,ξd+∑f∈OUTid:Dfd=jDurfra,i,j,ξd ∀ d∈D,a∈A,i,j∈N,ξ∈Ξ∗(44)

dta,n,ξd≥ata,n,ξd+Gn+∑f∈OUTnd(xf,ad−yf,ξd)Ln,f,ξd ∀ d∈D,a∈A,n∈Nξ∈Ξ∗(45)

dta,Ofd,ξd≥Depf−(1−[yf,ξd−xf,ad])bigM  ∀ d∈D,a∈A,f∈Fdξ∈Ξ∗(46)

Delayf,ξd≥ata,Dfd,ξd−Arrf−(1−[yf,ξd−xf,ad])bigM  ∀ d∈D,a∈A,n∈Nξ∈Ξ∗(47)

[UB=min{UB,maxξ∈ΞZξ∗+∑f∈F∑a∈A∑d∈DFCfdxf,ad¯}LB=∑f∈F∑a∈A∑d∈DFCfdxf,ad¯+ϕ(48)

6  Computational Experiments

In this section, we first provide a case example of one of the major Iranian airlines to validate the performance of the proposed TSRO model and the proposed solution method. Then, the price of robustness is measured using some criteria. Finally, we evaluate the computational performance of the proposed CRG method for random problem instances with different scales. The numerical studies are implemented in GAMS software www.gams.com (accessed on 01 June 2023) using CPLEX solver (v.12.6). Each experiment has been performed by a 64-bit 2.8 GHz Intel® Core™ i7 processor computer using 8 GB of RAM.

6.1 A Case Example

As an operational case example of the proposed AMRCR problem, we consider a part of the domestic route network of an Iranian airline www.mahan.aero/en (accessed on 01 June 2023) for some of the provinces with high air traffic density that are connected to Tehran as the main hub (Fig. 4). This domestic flight network includes 20 origin-destination cities (|N| = 20), 40 flights out of the 90 daily flights, 30 crews (|C| = 30), ten aircraft fleets (|A| = 10), and one maintenance bases (|M| = 1) in Tehran. Table 3 shows the scales of these numerical instances.

[image: images]

Figure 4: The route network of the scheduled flights in a case example of the AMRCR problem

[image: images]

For this network, a possible pairing is generated daily, and the crewmembers and aircraft must be stationed at the crew home at the end of the daily duty. The basic parameters of the AMRCR problem, MaxDf, MaxUa, MaxNF and MaxST are set in Table 4. The other parameters are randomly generated from the corresponding standards for the airlines.

[image: images]

In the proposed model, the total cost of the pre-planned flights is calculated. This cost is then subtracted from the revenue of the flights to determine the profit. To model the uncertainty of the price of each flight, a random number ρfd∼U(20,50) is generated as the price of that flight (xf,ad∗=1). The revenue will then be ∑f∈F∑a∈A∑d∈Dρfdxf,ad∗. Accordingly, the profit equals ∑f∈F∑a∈A∑d∈Dρfdxf,ad∗−Cost∗, where Cost* is the minimum cost of the proposed model. In the following subsections, we evaluate the performance of the proposed TSRO model in solving this numerical study and that of the proposed CRG method in solving the problem instances of different scales.

6.2 Key Performance Indicators for Model Assessment

To evaluate the proposed TSRO model, which solves the AMRCR problem in an integrated and robust manner, five key performance indicators (KPIs) are considered as follows:

a)   Number of delayed flights per week (KPI-1).

b)   Number of canceled flights per week (KPI-2).

c)   Average delay time (KPI-3).

d)   Average profit under disruption (KPI-4).

e)   Minimum profit under disruption (KPI-5).

where the first three ones are Lesser-is-Better and the last two ones are Greater-is-Better indicators.

In selecting the aforementioned KPIs, we considered the following considerations:

a)   These indicators offer a multifaceted evaluation of airline performance, encompassing both financial profitability and customer satisfaction aspects by addressing factors such as minimizing flight delays and cancellations.

b)   KPIs are well-established in the air transport industry and aligned with the research objectives.

c)   KPIs are simply calculable and actionable.

d)   KPIs provide a comprehensive and balanced view of airline performance.

e)   Furthermore, these KPIs serve as symbolic representations of sustainability performance and long-term profitability for airlines.

To evaluate the performance of the TSRO model, we compare it with two models: (1) the Nominal model, which does not consider uncertainty, and (2) the Sequential model, which does not consider integration. Table 5 and Fig. 5 display the results of these three models in terms of the defined KPIs. It can be seen from the Spider plot in Fig. 6 that the proposed TSRO model has substantially improved the solutions at all indicators compared with those of the non-integrated and non-robust models.

[image: images]
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Figure 5: The comparison of the proposed TSRO model w.r.t. the five key KPIs

[image: images]

Figure 6: The cost variation w.r.t. to delay cost (DCfd) and cancelation cost (CCfd)

6.3 Sensitivity Analysis of Delay and Cancelation Costs

In this section, we analyze the sensitivity of the proposed AMRCR problem cost to two important and influential parameters, the cancelation cost (CCfd) and the unit penalty cost for the delay of each flight (DCfd). For this, the following values are considered for these parameters:

CCfdNEW=(1+Δ100)CCfd

DCfdNEW=(1+Δ100)DCfd

where −50≤Δ≤50 indicates the percentage of change in each parameter. From Table 6, it can be seen that a direct relationship exists, where the cost goes up with the increase of the two parameters. Fig. 6 shows that the objective function is more sensitive to CCfd than to DCfd. The reason for this can be attributed to the second-stage variables, which are related to the cancelation of a scheduled flight. In case of the increase or decrease of DCfd, the second-stage variables are affected drastically, and thus the objective function is more sensitive to its changes.

[image: images]

6.4 The Value of Robustness

In this section, to measure the value of robustness of the proposed TSRO model, both the solutions obtained from our model and the nominal model (in which the disruption scenarios and uncertainty are not considered) are called in 10 realizations of the problem and their profit in each realization is recorded. So, we show the robustness value of the proposed model through two measures: Average Profit and Minimum Profit. Moreover, the box plot of the profits verifies the lower standard deviation of the proposed robust model. Table 7 compares the proposed TRSO model with a nominal/non-robust model using randomly simulated data. The results indicate that the robust model performs better in both average and minimum measures. To further illustrate the robustness and reduced profit fluctuation, Fig. 7 illustrates the results using a box plot, which visually confirms the robustness of the proposed TRSO approach.

[image: images]
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Figure 7: The robustness of the proposed TSRO model and the nominal model

6.5 Performance Evolution of the Proposed CRG Method

In this section, we evaluated the effectiveness of the proposed decomposition-based CRG in addressing the TSRO model across problem instances of varying scales. While the TSRO model was originally formulated as a MILP that the CPLEX solver can solve exactly, solving large-scale problems using this traditional method may be time-consuming and may result in an optimality gap. Consequently, we employed the CRG method to mitigate both the computational time and the occurrence of optimality gaps for larger instances.

Table 8 shows 20 test problems of different scales that the CPLEX solver and the proposed CRG method solved, with a maximum time of 3600 s. The numerical results show that CPLEX and CRG methods have similar and close to optimal performance for small-scale instances. However, the proposed TSRO model does not have an acceptable computational efficiency in large-scale problems. In contrast, the proposed CRG method can reduce the computational time and optimality gap to a sufficient extent. This fact can be seen in the last column of Table 8. Moreover, Fig. 8 shows that the CRG method significantly reduces the execution time of the model compared to that of the CPLEX.
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Figure 8: The run-time of the proposed CRG method and CPLEX solver

6.6 Impact of the Main Operational Parameters

As we mentioned in Table 4, the operational parameters of the AMRCR problem are the Maximum possible delay (MaxDf), Maximum utilization of aircraft (MaxUa), Maximum number of flight legs (MaxNF), and Maximum flight/sky time (MaxST), where their current value is 120, 500, 20, and 1500, respectively. In this section, we analyze the impact of these parameters on the two key KPIs, average profit and average delay time. Table 9 shows the numerical results of the sensitivity analysis. Figs. 9 and 10 illustrate the impacts on the profit and delay time, respectively. What can be driven is that the MaxUa has the maximum impact on the profit while the delay time remains almost constant. MaxDf can increase the profit. However, it simultaneously increases delay time. In contrast, MaxNF not only improves the profit but also reduces the delay. Finally, MaxST affects the profit and delay time like MaxDf but with less change in the KPIs.

[image: images]
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Figure 9: The impact of the main operational parameter on the profit

[image: images]

Figure 10: The impact of the main operational parameters on the delay time

7  Conclusion

In this research, to minimize an airline’s operating costs in making a set of pre-planned flights, we presented an integrated model for the integrated aircraft maintenance-routing and crew rostering (AMRCR) problem. In this problem, some disruption scenarios in the flight schedule were considered and formulated using the TSRO model as a MILP model.

This paper presents a novel approach to the airline AMRCR problem. This integrated approach significantly improves key performance indicators (KPIs) such as reduced flight delays and cancellations, improved on-time performance, and increased profitability even under disruptive scenarios. The model incorporates various daily, weekly, and monthly operational constraints for resources to enhance real-world applicability. Additionally, the model addresses potential disruptions by considering the initial schedule’s various intensities. This leads to a robust model that can handle unexpected events. Although the proposed TSRO model was formulated as a MILP and could be solved for small-scale problems using the CPLEX solver, we used the column and row generation (CRG) method. Five KPIs were considered to evaluate the proposed model: delayed and canceled flights, average cost, and average profit. The results confirmed that the proposed model significantly improves the considered KPIs compared with the two classic approaches in the literature, the nominal model and the sequential model. The analysis of the robustness value, using the realization-based method, showed that the proposed model could increase both the average and minimum profits compared with the nominal model (in which uncertainty and disruption scenarios were not considered). Moreover, the box-plot-based analysis indicated the stability of the proposed model.

Finally, to evaluate the performance of the proposed CRG method in solving the AMRCR problems, several instances of different scales were generated and solved by CPLEX solver and the CRG method. The numerical results showed that both methods solved the problem of small scales without an optimality gap but for large-scale instances. In contrast, the model cannot be solved by CPLEX solver; the CRG method was computationally efficient and could provide a solution close to the optimum in an acceptable time.

While our study strives to provide robust solutions to the addressed problem, it is essential to recognize certain constraints and potential drawbacks inherent in our approach. One limitation of our framework lies in the simplifying assumptions to model complex aviation operations. For instance, our model may not fully capture all intricacies of real-world scenarios, such as variations in weather conditions or unexpected disruptions beyond the scope of our defined disruption scenarios. Furthermore, while our model offers computational efficiency, scalability challenges may exist when applied to larger-scale instances or dynamic operational environments. Future research directions could focus on incorporating more sophisticated modeling techniques and enhancing the adaptability of our approach to dynamic operational environments. Furthermore, for the development of this research, it is suggested that the decisions related to demand recapture for canceled flights be considered in the problem modeling. Also, to have more integrated decision-making systems for airlines, the tactical decisions related to the design of the flight schedule can be influenced by the operational decisions of the AMRCR.
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Table 3: The scale of the AMRCR case example
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Table 8: The results of applying the proposed CRG method and CPLEX solver in solving the AMRCR
instances with different scales (Scalability analysis of the CRG method)

Problem Scale/size CPLEX solver (GAMS) Proposed CRG method
instances

M| |C| 14l |F!| |N| Profit  Time(s) Gap(%) Profit  Time(s) Time reduction Gap reduction
1 5 0 2 2 "1 123451 46 0 123451 23 23 0
2 6 15 3 3 1 134454 84 0 134454 58 26 0
3 7 20 4 3 2 167954 178 0 1679.54 107 71 0
4 8 25 5 4 2 184057 355 0 179443 157 198 0
5 9 30 6 4 2 235583 578 0 219551 214 364 0
6 0 35 7 5 3 289401 749 0 265439 267 482 0
7 12 4 8 5 3 357575 983 0 357575 304 679 0
8 4 45 9 6 3 407541 1349 0 375841 398 951 0
9 16 50 10 7 4 4678.53 1593 0 4385.67 495 1098 0
10 18 60 11 8 4 523941 1683 0 5087.31 583 1100 0
11 20 70 13 9 4 589375 1946 0 5897.41 645 1301 0
12 25 80 15 10 5 645621 2365 0 6678.04 798 1567 0
13 30 9 17 12 5 705451 43600 445 737629 875 2725 4.45
14 35 100 20 14 5 854451 3359 0 9284.78 984 2375 0
15 4 110 25 16 6 943571 43600 637 10343.12 1049 2551 6.37
16 5 120 30 18 6  10859.53 +3600  9.78 11984.65 1075 2525 9.78
17 60 130 35 20 7  11850.61 43600  15.85 13675.98 1284 2316 13.85
18 70 150 40 25 8  13957.51 +3600  20.58 16530.04 1438 2162 18.58
19 80 150 45 30 9  14850.58 +3600  22.95 18931.82 1784 1816 26.95
20 90 150 50 30 10 16900.19 43600  27.98 22874.67 1981 1619 36.98
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Table 4: The value of the main parameters for the AMRCR problem

Parameters ~ MaxU, MaxNF  MaxST  MaxD,
Value 500 20 1500 120
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Table 9: The impact of the main AMRCR parameters on the profit and delay time
MaxD; Profit  Delay MaxU, Profit Delay MaxNF Profit  Delay MaxST Profit  Delay
120 2405.75 57.45 500 2405.75 5745 20 2405.75 57.45 1500 2405.75 57.45
125 2405.75 57.45 510 2489.34 5745 21 2567.14 56.12 1550 2405.75 57.45
130 2512.19 59.13 520 2563.85 57.45 22 2698.75 5545 1600 2405.75 57.45
135 2567.44 62.67 530 267243 5745 23 2698.75 5545 1700 2405.75 57.45
140 2567.44 62.67 540 273258 5745 24 2801.14 5395 1750 2487.12 58.15
145 2567.44 62.67 550 2732.58 5745 25 2851.49 52.67 1800 2487.12 58.15
150 2678.56 66.08 560 2863.56 57.45 26 285149 52.67 1850 2504.19 59.87
155 2701.71 70.13 570 2863.56 57.45 27 2851.49 52.67 1900 2504.19 59.87
160 2701.71 70.13 580 2863.56 57.45 28 2993.22 51.19 1950 2504.19 59.87
165 2776.85 73.64 590 297445 5745 29 2993.22 51.19 2000 2567.24 60.32
170 2776.85 73.64 600 309548 57.45 30 2993.22 51.19 2050 2567.24 60.32
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Table 7: Profit obtained by the proposed TSRO model and the nominal model in the 10 realizations

No. realization Nominal model Proposed TSRO model
1 3228.07 3335.75
2 1591.89 2396.26
3 2601.64 3358.62
4 2559.09 3815.12
5 2250.70 3244.45
6 3589.65 3517.35
7 3237.89 3363.44
8 2257.82 2848.28
9 3391.14 3146.94
10 1734.53 2606.36
Average profit 2644.24 3163.26

Minimum profit 1591.89 2396.26
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Table 1: The comparison of this paper with the recent-published research

Researches Aircraft Crew Disruption & Robustness Model & method
uncertainty guarantee
Route Maintenance Pairing Rostering

[24] R R R Benders
decomposition

[28] R R R Nonlinear model and
linearization

[25] R R MILP model

[27] R R Bi-level programming

[29] R R R MILP

[30] R MILP, RTL, and
heuristic

(8] R R R MILP, heuristic

[4] R R Multi objective MILP

[34] R R R Column generation

[35] R R Lagrangean
relaxation,
metaheuristic

[12] R R Reinforce learning

[32] R R X Algorithmic
optimization

[33] N N N R ALNS

This paper R R R AR AR TSRO & CRG

Note: Abbreviations: TSRO: Two-stage Scenario-based Robust Optimization; CRG: Column and Row Generation.
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Table 6: Sensitivity analysis w.r.t. the delay cost (DC;) and cancelation cost (C Cj)

Parameter variation (A) % Cost variation w.r.t. DCY % Cost variation w.r.t. CC{ %
-50 —6.56 —14.43
—40 —-5.12 —11.76
-30 —4.78 —-941
—-20 —-2.12 —6.32
-10 —-0.93 —4.05
0 0.00 0.00

10 1.14 2.43

20 2.09 4.65

30 3.65 7.25
40 4.19 9.94

50 5.15 12.04
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Table 2: Notations (set, index, parameters, and decision variables)

Sets and indices

(C:0)
(A:a)
(N:n)

Parameters
Dep;

Arr;

Dur,

Of

D;

G,

ﬁd

n,f,g
FC!
CCe

DC¢
MaxD;
MaxU,
MaxNF

MaxST

Q..

bigM

Decision variables
d

Xf a

d
Wp’ c

a
Yee

d

ik

atd

a,n,§

Decision variables
d

dt

ang

Delay‘fi,E

Set of available crew groups (indexed by c¢)

Set of available aircraft/tails in the fleet (indexed by a)

Set of nodes, i.¢., all origin and destination terminal/city of flight legs
(indexed by #, i, j)

Set of days of a weak (indexed by d). D = {1,2,...,7}

Set of flight legs on day d (indexed by f)

Set of possible pre-generated pairing on day d (indexed by p)

Set of flight legs belongs to paring p on day d

Set of outbound flight legs from node » on day d

Set of maintenance bases where aircraft can be maintained

Set of maintenance bases through which aircraft can be maintained
Disruptions/Scenarios Set (indexed by &)

Departure time of scheduled flight f according to the original schedule
Arrival time of scheduled flight /" according to the original schedule
Duration time of scheduled flight f

Origin node of flight f on day d. Of € N

Destination node of flight /" on day d. D} € N

Ground operation time to prepare the aircraft for a new take-off when
arrives at node n

Latency or stop time occurred in airport # just before originating flight /'
on day d when disruption scenario & happens

Flight cost of flight /" on day d (including distance-dependent fuel cost,
workforce, etc.)

Cancellation cost of flight f on day d (including lost revenue and
cancellation penalty)

Delay cost of flight f on day d (per unit of time)

Maximum possible delay in operating flight /'

Maximum utilization of aircraft ¢ during the day

Maximum number of flight legs allowed to be assigned to each
crewmember in weakly rostering

Maximum flight/sky time allowed to be assigned to each crewmember in
monthly rostering

Binary parameter equals 1 when crew group c is qualified to operate
aircraft a

A significant big number (sometimes used for linearization)

Binary variable equals 1 if flight / on day d is assigned to aircraft a;
otherwise 0

Binary variable equals 1 if flight legs that belong to pairing p on day d
are assigned to crew group c¢; otherwise, 0

Binary variable equals 1 if scheduled flight f on day d under disruption
scenario & is canceled; otherwise 0

Binary variable equals 1 if aircraft @ moves from node i to node j in route
of day d under disruption scenario &; otherwise 0

Actual arrival time of aircraft a to node n under disruption scenario &

Actual departure time of aircraft ¢ from node n under disruption
scenario &
Delay time of flight f in day d under disruption scenario &
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Table 5: The values of the key KPIs obtained by the proposed model and the competing alternatives

KPI Nominal model Sequential model Proposed TSRO model
1 34 27 18

2 13 10 6

3 57.54 48.59 27.54

4 2405.75 2605.90 3295.94

5 2185.85 2385.51 2904.14
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Summary of the CRG Algorithm

I- Initialization (maximum relative gap [¢ = 10~°], upper bound [UB = +o¢], lower bound [LB =
—o0], [E* = D).

II- Solve CRG™™" model (21).

II1- Update the lower bound (LB = fy + ¢).

IV- Fix the first-stage variables (y = ).

V- Solve CRG™ (£) model (22) for the optimal value of the second-stage variables and the maximum
of Z; forall¢ € E.

VI- Update the upper bound (UB = min { UB, max Z; + ﬁ} )

UB—- LB
LB B
VIII- Determine the argument of the worst scenario (§ = argmax {Z;: & € E})

IX- Update E* < E* U {£} and return to step II.
X- Display the best decision.

VII- Stop if ( < e) and go to step X.






