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Airport access mode disruptions have a significant impact on passenger arrival flow. Such events can lead to a wave of late outbound passengers, that can congest airport facilities such as check-in counters or security systems. In this context, efficient handling of airport resources is crucial to ensure passengers' reliable door-to-door journeys and maintain a high airport Level-of Service. Through a simulation-optimisation-based decision support system, we investigate the relevance of a dynamic opening of fast security line facilities for delayed passengers. An optimisation model solved through simulated annealing is proposed to improve security resource handling at a tactical level. Airport's Level of Service is evaluated before and after optimisation through a microscopic passenger flow simulation model. The methodology is tested on a study case based on one of the terminal buildings of Mexico-City airport. Results indicate that using dedicated security lines for passengers in a hurry due to disruptions reduces the number of stranded passengers at the end of the day; out of the three scenarios evaluated the one that uses a dynamic management of resources provides the best results; however this task should be governed by a DSS that adapts to the particular case under study.

Introduction

Airport security screening systems are key components of passenger processing time at the airport. A poor handling of security screening resources could lead to excessive waiting times and, thus, threaten the whole passenger journey. This could be especially the case when actual passenger flows deviate from the forecast ones, e.g. when a disruption occurs on a ground transportation mode than enables passengers to access the airport. In this context, reactivity and adaptability of airport operators are essential to keep an efficient security process and ensure passengers a reliable and smooth door-to-door journey. In the so-called passenger trajectory [START_REF] Schultz | Managing passenger handling at airport terminals[END_REF] within airport terminals, the security checkpoints are locations that are necessary and fundamental for keeping the aviation operations protected from unlawful actions that might put at risk the lives of people or the value of goods. The objective of those checkpoints is to detect threats as objects/liquids/aerosols/gels that can potentially impact the safety of the transport operation or of the users. In the case of Aviation, the International Civil Aviation Organisation describes the requisites and suggestions on security in the Annex 17 of the Chicago convention [START_REF]ICAO: Annex 17-aviation security[END_REF]. The capacity of these systems is determined by the amount of passengers they can process in a specific period of time (i.e. the throughput). They are designed based on the expected demand of passengers and the processing capacity of passengers. This one can be affected by diverse factors such as the experience of personnel as some of the screening is done manually, the efficiency of the automatic systems like body or baggage scanners, how rigorous the screen is performed, the tighter control, etc. The slower performance is achieved in most of the situations, reducing the system's capacity as discussed by [START_REF] De Barros | Quantitative analysis of passenger and baggage security screening at airports[END_REF]. In many cases, due to the rigidness of the scan procedure, the throughput is reduced causing delays and also stress to the passengers which, in the worst situations, can even make them miss their flights. There have been attempts and studies to make the processing of passengers more efficient [START_REF] Mota | Analysis of security lines policies for improving capacity in airports: Mexico city case[END_REF][START_REF] Mota | The rise of the smart passenger i: analysis of impact on departing passenger flow in airports[END_REF], they range from dedicated lines to new categories of passengers. They demonstrated that using a one-size-fits-all approach for processing passengers is not the most efficient way to improve the capacity or efficiency. They studied the impact of adjusting the system to the categories of passengers giving good results in most of the cases.

In the current paper, we explore the combination of optimisation with simulation for developing a decision support tool that allows coordinating the management of the security resources in a dynamic fashion while adjusting the system to different categories of passengers. In particular, we put emphasis on the situation where passengers are under pressure with a tight schedule to reach their gate on time. We propose (as in previous studies) to use different categories of passengers and adapt the system to them and to provide dedicated resources when needed such in a time of disruption. Furthermore, we consider that the airport has limited resources (workforce) to operate the security points making the situation even more challenging. To consider other elements that are out of the scope of a traditional mathematical model, we develop a simulation model of the complete terminal building to identify the effects of the allocation in the different systems that take place in the passenger trajectory in comparison with focusing only on the security area like most of the studies do. We combine the two techniques to develop the principles of a Decision Support System (DSS) that allows managing in a dynamic fashion the opening and closing of security points; in contrast with the traditional inflexible approach where some points are open during the day and kept like that, just wasting some capacity that might be better used in critical times. We illustrate the approach with the case of one of the terminals of the main airport in Mexico City which is well-known for its limited capacity. A real data profile is used for the analysis of the system. The approach can provide benefits to passengers with a better service level but also to the other stakeholders of the airport system. With the use of a dynamic approach, the airport can save costs on personnel and operations and airlines will gain in punctuality as the schedule becomes more robust. The approach illustrates how the managing of the resources of a complex system like an airport can be improved with the simultaneous use of simulation and optimisation techniques.

Literature Review

The idea that business passengers tend to be quicker on the security lines while families and handicapped passengers take longer is validated by [START_REF] Janssen | Data-driven analysis of airport security checkpoint operations[END_REF]. Furthermore, [START_REF] Bullock | Automated measurement of wait times at airport security: deployment at indianapolis international airport, indiana[END_REF] showed that the quantity of clothing of a passenger directly influences the passengers' queuing time. Unfairness and long waiting times might as well be incremented due to social bias of passengers from certain countries or ethnicity at security checkpoints [START_REF] Carr | Airport operations and security screening: An examination of social justice[END_REF]. Long waiting times can contribute to passenger's frustration or to the experience of bad service as a recent survey showed that security plays an important role in the service perceived by passengers at airports [START_REF] Maliwat | Five typical emotional reactions to airport security screening: A case study[END_REF], [START_REF] Sakano | Airport security and screening satisfaction: A case study of us[END_REF].

Regarding resource optimisation handling, queuing theory is a tool that can be used to manage airport operations as explained by [START_REF] De Neufville | Airport systems: Planning, design, and management[END_REF]. Such an approach can provide analytical optimal solutions. However, restrictive assumptions on the demand (i.e. passenger flow entrance in an airport security context) are required to apply the results of such theory. Since, in the general case, passenger arrival flow does not follow standard distribution such as Poisson law, most of the analytical results are not applicable. On the other side, simulation approaches have been vastly employed to assess airport capacity [START_REF] Mota | Revisiting the flaws and pitfalls using simulation in the analysis of aviation capacity problems[END_REF], or even optimise resource allocation at check-in or security screening system for large airports. [START_REF] Mota | Check-in allocation improvements through the use of a simulation-optimization approach[END_REF] used an evolutionary algorithm combined with a simulation model to solve the check-in allocation problem. [START_REF] Mota | Restart: analysis of postcovid 19 capacity in security checkpoints at mexico city airport[END_REF] studied the impact of new procedures linked to Covid-19 restrictions on security checkpoint capacity. [START_REF] Mota | Analysis of security lines policies for improving capacity in airports: Mexico city case[END_REF] proposed for the first time passenger segregation depending on their characteristics to improve airport security screening Level of Service. [START_REF] Mota | The rise of the smart passenger i: analysis of impact on departing passenger flow in airports[END_REF] studied the impact of a specific type of passengers, who, in exchange for sharing personal information, could reduce their airport processing time by using a new type of facility. [START_REF] Pérez | A simulation-optimization approach to improve the allocation of security screening resources in airport terminal checkpoints[END_REF] used a simulation model for dynamic resource allocation of security screening at airports. Passenger queue length or waiting time are minimised under staff resource constraints.

In the current paper, we propose optimising the security line opening policy through a combined simulation-optimisation framework. The optimisation model is based on a deterministic optimisation model like in [START_REF] Scozzaro | Optimising security screening resources during airport access mode disruptions[END_REF], with the additional consideration of opening a priority line for a subset of passengers. Moreover, a detailed airport simulation model, which captures effects of other airport processes on passengers, is used in combination with the optimisation approach to evaluate the benefits of such optimisation. Such an approach enables finding a good compromise between deterministic approaches, which generally overesti-mate solution quality (since uncertainties can drastically reduce airport Level of Service as explained in [START_REF] Harchol-Balter | Performance modeling and design of computer systems: queueing theory in action[END_REF]), and simulation approaches, which tend to take excessive computational time to find optimised solutions. The next section provides a detailed description of the problem considered in this study.

Problem Description

The airport security screening system is composed of a set of Security Checkpoints (SC). An illustration of one SC is provided in Figure 1. Each SC is com- posed of a set of security points (SP), a common queuing line, one fast security point, and its associated queuing line. An SP is a facility where hold-baggage and passengers are screened by security teams. An SP or a fast SP can be operated by a security team, composed of five or six agents. The day of operations is divided into 30-min time slots whether each SP is operated or not. No distinction is made between the different SP. The First-In First-Out (FIFO) scheme is considered for each queuing line. Each passenger entering the security system is characterised by: an entering time at the SC, a status, and a boarding time. Two categories of passengers are considered: regular and priority. A constant service rate is assumed for each SP and another one for fast-SP (higher than the common service rate). When a fast SP is operated, priority passengers go through the fast queuing system to be served. Otherwise, they are processed through the common security system. Passenger boarding times are used to infer, for each passenger, the maximum waiting time at security after which he/she would miss the flight. The optimisation problem considered relies upon deciding, for each time slot, how many SP (including fast-SP) should be operated on each SC. A resource pooling constraint is considered, i.e. a maximum number of SP and fast-SP can be open during each time slot across the airport. The proposed reallocation aims at improving the airport security system efficiency. Different Key Performance Indicators (KPIs) can be considered to evaluate security system efficiency such as average passenger queuing time, maximum passenger waiting time, passenger share waiting less than 10 minutes, maximum waiting queue length, among other. However, in this study, we retain a bi-criteria objective function to minimise. The first criterion is the total number of passengers missing their flight. A passenger is assumed to miss his flight if his arrival time at the boarding area is later than the closure boarding time of its flight. The second criterion is related to the maximum passenger waiting time experienced across all passengers. It relies in a penalty activated if a passenger experiences a queuing time higher than a waiting threshold noted W max . This penalty is implemented to favour fairness solutions by avoiding large passenger waiting times. In the following, the value of W max is set to 30 min.

Methodology

To design an optimal line opening policy, a mathematical model and a resolution approach based on a Simulated Annealing are proposed. The detailed mathematical model is presented in Section 5. Solving a mathematical model which does not consider all the details of the real system can lead to overestimation of real benefits of the proposed solution. Therefore, we consider in the loop the use of a simulation framework developed with a tool called Simio [START_REF]Simio: Airport simulation software[END_REF] allowing a post-solution evaluation. This tool is described in Section 4. The simulation framework is able to consider other characteristics such as arriving time, boarding time, category, flight gate among others. This information is used as input for the mathematical model. Then, the mathematical model resolution provides an opening line strategy that is evaluated through several replications of the simulation model. 

Simulation

Simulation techniques have high descriptive power in comparison with other ones like mathematical programming or machine learning which are purely based on observational data. One of the advantages of simulation is that the causal relationships are transparent to the analyst if the model is descriptive enough. For that reason, we developed a detailed model of an airport terminal and combined it with optimisation for developing a tool that allows reacting to disruptions on a timely basis; while at the same time making transparent the consequences of making decisions on one element of the system (airport). In that way, we can foresee the overall effect on the passengers (in this example) when modifying some capacity in one area with the ultimate goal of minimising the passengers missing their flights at the end of the day. For that purpose, we developed a complete model of one of the terminal buildings of an airport that encompasses the different processes undertaken by any passenger namely check-in, waiting in departure halls, boarding pass control, security, and boarding gates. The descriptive level is important as the geometry of the airport, as well as the physical dimensions, play an important role in determining what is the time consumed in between processes. The following subsections describe the simulation part of the developed architecture.

Mexico City case study

This work focuses on Terminal 2 of Mexico City Airport. The model encompasses the complete terminal building under study (Terminal 2). We focus on the security checkpoints of that terminal as security in general is the main hurdle to overcome when passengers arrive late due to disruptions in their surface access to the airport. The security screening system associated with this terminal is composed of two security checkpoints each having five security lines. We considered the actual demand for the airport based on real data, and we simulated the demand under disrupted circumstances. The model is parameterised considering the actual capacity and expected performance of the different facilities. It is verified and partially validated using real historical data from 2019. Then the model is used to evaluate three different situations; one in which the system opens only regular points and no priority lines, one in which a priority line is open for each checkpoint (and a regular one close) and one in which the security team allocation is made on dynamic fashion using the results of the mathematical model. The main objective is to minimise the number of stranded passengers. By doing this implementation, we illustrate the benefit of having a DSS that can provide support when critical situations appear where human capacities are set up to the limit. Illustrations of the terminal model and the checkpoints under study are provided in Figures 3 and4 respectively.

The Terminal 2 model has two security points that are circled in red. Passengers enter the departures area of the terminal through three different entrances and they go to check in, if they have time spend some time in the departure hall, then go to security and then boarding gates. 

System Description

In this section we present a description of the different elements that can be considered and/or play a relevant role in the problem:

regular passengers: most common passengers found in airport terminals; elderly passengers: passengers characterized by slower motion than the regular ones and who sometimes need special attention or support; priority passengers: passengers that will be in a hurry within the airport due to a disruption and who are likely to miss their flight; -Common queuing line: security queuing line for all the passengers which follows the First-In First-Out scheme; i.e. where the first passenger who entered the queuing system will be the first one served. No distinction is made between passengers. In the line, the three categories are mixed which causes slower passengers to obstruct the flow of the other ones; -Fast queuing line: a segregated-queuing line which is considered in the alternative scenario; this one will be used by the passengers that have priority status. These could either represent passengers severely impacted by the ground side, business, or Passengers with Reduced Mobility; -Physical dimensions and layout of the real system: we considered the geometrical configuration and scale of the system as it might play a relevant role.

Each passenger is characterised by a service time at security screening that can vary (fast for priority, slow for elderly or common passengers) and the walking speed. Other elements that play a role in the model might be the following ones:

-Check-In areas; the three areas for check-in are considered in the model -Departure Hall; area where passengers and their companions spent time after check-in. Priority passengers skip those areas as they have very limited time -Security points; these are the areas within the terminal where the passengers are screened for metals or liquids -Boarding gates; these are the rooms where the passengers spend their final time before boarding the aircraft -Physical dimensions; as the passengers spent time in the terminal while they move around it, the physical dimensions of the terminal should be considered for the model.

Conceptual Modelling

The flow of passengers followed a standard path as depicted in Figure 5. In our approach, the passenger enters with a companion that stays in the departure hall while the passenger performs his check-in. Once he finishes and if there is still time, they spend some time together and after some minutes the companion leaves the system and the passenger goes to security. In the case of priority passengers, they are walking faster and skip the departure hall. In the alternative scenarios when priority passengers noticed that a priority line is open they take it to speed up the process. From the system description, we included the most relevant elements. We developed a base case scenario that has the characteristics presented in Table 1. To generate the nominal passenger flow, a simulation representing a 7-hour duration is run. One peak hour is considered and the complete passenger tra-jectory from entering the building until reaching the gate is simulated. From previous studies, we considered realistic processing time and variability sources, mainly on arrival times and processing times. For evaluating the approach we considered two scenarios alternatives to the base case. In all the scenarios, several passengers arrive with very limited time in advance due to a disruption. The airport can decide to open a priority security checkpoint to handle passengers having a priority status; the final scenarios deal with the modes of managing this alternative.

Figure 6 presents the arrival profiles considered for all the passengers; in the graph, it is depicted how the arrival profile of passengers is affected by disruption and how the new arrival profile is considered in the simulation model. Finally, the share of elderly passengers is fixed at 7%. This number is fixed according to the 2015 survey led in France on air passengers [7], this number should be adapted to the specific case under study for more realistic analysis.

Optimisation approach

First, a short description of the mathematical model is proposed in the following. Data, decision variables, constraints and the objective function are detailed. Then, the resolution approach based on simulated annealing is detailed. Notations related to the input data for the mathematical model are summarised below. Data 

q C/F s,0 = Q C/F s s ∈ S (5) q C s,t = d C s,t + q C s,t-1 -y C s,t s ∈ S, t ∈ T (6) q F s,t = x F s,t .d P s,t + q F s,t-1 -y F s,t s ∈ S, t ∈ T (7) y C s,t = min θ C .x C s,ht , d C s,t + q C s,t-1 s ∈ S, t ∈ T (8) y F s,t = min θ F , d F s,t + q F s,t-1 s ∈ S, t ∈ T (9) w C/F s,t = 1 max 1, d C/F s,t . |T | t ′ =t (t ′ -t).f C/F y C/F s , d C/F st , q C/F st , t ′ s ∈ S, t ∈ T (10) tC/F s,t = min    t ′ ∈ T | d C/F st + q C/F st ≤ t ′ i=t y C/F si    s ∈ S, t ∈ T (11) w = max s∈S,t∈T tC/F s,t (12) 
Constraint (1) refers to the number of common/priority lines that can be operated on one security checkpoint. The maximum number of lines that can be open during interval time h across the airport is defined through constraint (2). ( 3) and ( 4) compute the common and fast demand. Initial common and priority services are set thanks to equation [START_REF] De Neufville | Airport systems: Planning, design, and management[END_REF]. Common and fast queue lengths are computed through ( 6) and (7) respectively. ( 8) and ( 9) compute the number of passengers served at the common and fast queuing lines of s at t. Waiting time experienced on fast and common queuing lines are set through equation [START_REF]ICAO: Annex 17-aviation security[END_REF]. Finally, [START_REF] Janssen | Data-driven analysis of airport security checkpoint operations[END_REF] and ( 12) fix the maximum passenger waiting time.

Objective function

The objective function relies in minimising the number of stranded passengers:

min s∈S t∈T g R s,t w C s,t + g P s,t x F s,t .w F s,t + 1 -x F s,t .w C s,t + K. w.1 [Wmax;+∞] ( w), (13) 
where K is a coefficient such as a penalty K. w is activated when the maximum waiting time w exceeds W max .

Simulated annealing

The mathematical model presented here is non-linear and a multi-criteria objective function is considered. Therefore, we propose a resolution of the problem through Simulated Annealing (SA). Such a method has been effective for optimising airport handling resources ( [START_REF] Scala | Sim-opt in the loop: algorithmic framework for solving airport capacity problems[END_REF][START_REF] Candalino | Designing optimal aviation baggage screening strategies using simulated annealing[END_REF][START_REF] Drexl | Multicriteria airport gate assignment and pareto simulated annealing[END_REF]). A short description of SA is presented below. For a complete description of the SA, the reader can refer to [START_REF] Delahaye | Simulated annealing: From basics to applications[END_REF].

SA is a global optimisation technique based on an analogy with a cooling process in metallurgy. This metaheuristic is a single-solution method, contrary to population methods such as genetic algorithms. Starting from an initial solution, a new solution is selected in the neighbourhood of the current one. The new solution is kept if it improves the objective value. Otherwise it can be kept depending on an acceptance probability that is a function of a temperature parameter. The method is initialised with a high-temperature parameter to have a high acceptance rate, authorising the degradation of the current objective value, to favour the exploration of the solution search space. The temperature parameter is steadily decreasing along algorithm iterations to favour intensification and, at the end of the search, only accept solutions that improve the objective value.

To implement this method, an initial solution and a neighbour selection process need to be defined. The initial solution is the initial allocation that would have been operated if no airport access mode disruption happened. For each 

Results

We run three scenarios to evaluate the impact of the different policies to manage the disruption for the passengers. For those scenarios we used different performance indicators (PI) like queue waiting time, and queue length among others; however, for the objective of this article we only presented the ultimate one that determines if the system is able to perform its main function which allows passenger take their aircraft on time; in the results graph, we present the total of stranded passengers making a distinction between the ones that suffered a disruption (priority) from those that not.

-Standard Scenario; in this scenario, the passengers follow the trajectory already presented and use the full capacity of the system. No priority line is open for priority passengers. -Priority Line Scenario; in this scenario, we assume the airport operator opens a priority line during the peak hour of the airport. We considered also finite resources (i.e. a regular point is close when a priority one is open) -Dynamic opening of lines; in this case, we use the proposed SIM-OPT approach to open dynamically priority lines in time according to the expected amount of passengers at both security checkpoints during the day. Finite resources are considered and lines can be open/close in blocks of 30min.

Figure 8 presents the average number of stranded passengers obtained after running the different scenarios. It is noticeable that the number of stranded passengers is reduced progressively revealing the potential of the actions taken by the airport operator. First, with the addition of a priority line during peak hours, the number of stranded passengers is reduced in comparison with the base case; the number of regular passengers that are affected increases in comparison with the base case, but this is compensated with the priority ones and the total amount is reduced. When we combine the optimisation with the simulation in a dynamic fashion, the number of stranded passengers in total is reduced in comparison with the previous scenarios. The results show that segregating passengers flow at the right moment is beneficial for both regular and priority passengers; however, this action can not be easily managed by the airport operator on a day-day basis being the reason why a DSS based on our approach is required.

Conclusions

This work highlights the importance of airport reactivity when disturbances in passenger flows occur. We propose a simulation-optimisation framework to improve the security line opening policy at a tactical level. Results demonstrate that the dynamic allocation of resources adapted to the demand is the best alternative for managing disruptions without increasing the number of resources which in the case study is limited. The dynamic segregation of passenger flows and the prioritisation of the delayed ones succeeded in reducing the number of passengers missing their flights. The next steps should focus on improving the models by considering the contractual restrictions that are in place for the security team allocation and their transfer time between security checkpoints among other ones. Finally, an implementation of the proposed opening line policy can be evaluated in a field experiment at an airport.
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 1 Fig. 1. Scheme of a security checkpoint. The fast queuing line is displayed in red.
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 2 Figure 2 illustrates the integration of the mathematical model with the simulation framework.
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 3 Fig. 3. Illustration of Mexico city airport. Security checkpoints are circled in red.
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 4 Fig. 4. Illustration of security checkpoints in Mexico city airport (displayed in yellow).
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 5 Fig. 5. Standard path followed by passengers within the airport. A distinction is made between companions (in blue), regular passengers (in black) and priority ones (in red).
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 6 Fig. 6. Arrival profiles of passengers with and without disruption (in orange and blue respectively).

S

  set of security checkpoints T = {1, 2, ..., |T |} indice set of discrete times H = {1, 2, ..., |H|} indice set of interval times where lines opening are decided s ∈ S, t ∈ T , d

Fig. 7 .
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 8 Fig. 8. Average number of stranded passengers depending on the security allocation
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 1 Modelling Assumptions

	Parameter	Value	Comment
	Simulation Run	7 hrs	assumption
	Peak Hour	1 hr (3rd hr)	assumption
	Regular Pax Speed	1.1 m/s	assumption
	Elderly Pax Speed	0.5 m/s	assumption
	Priority Pax Speed	1.4 m/s	assumption
	Distribution of arrivals discrete distribution	assumption for priority and regular
	Processing time	35 sec + variability	regular pax
	Processing time	20 sec + variability	priority pax
	Security Lines	10 lines and 2 optional for	finite number of personnel
		priority	
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