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Abstract: Paris Charles de Gaulle Airport was the second European airport in terms of traffic in
2019, having transported 76.2 million passengers. Its large infrastructures include four runways,
a large taxiway network, and 298 aircraft parking stands (131 contact) among three terminals. With
the current pandemic in place, the European air traffic network has declined by −65% flights when
compared with 2019 traffic (pre-COVID-19), having a severe negative impact on the aviation industry.
More and more often taxiways and runways are used as parking spaces for aircraft as consequence
of the drastic decrease in air traffic. Furthermore, due to safety reasons, passenger terminals at many
airports have been partially closed. In this work we want to study the effect of the reduction in the
physical facilities at airports on airspace and airport capacity, especially in the Terminal Manoeuvring
Area (TMA) airspace, and in the airport ground side. We have developed a methodology that
considers rare events such as the current pandemic, and evaluates reduced access to airport facilities,
considers air traffic management restrictions and evaluates the capacity of airport ground side and
airspace. We built scenarios based on real public information on the current use of the airport
facilities of Paris Charles de Gaulle Airport and conducted different experiments based on current
and hypothetical traffic recovery scenarios. An already known optimization metaheuristic was
implemented for optimizing the traffic with the aim of avoiding airspace conflicts and avoiding
capacity overloads on the ground side. The results show that the main bottleneck of the system is the
terminal capacity, as it starts to become congested even at low traffic (35% of 2019 traffic). When the
traffic starts to increase, a ground delay strategy is effective for mitigating airspace conflicts; however,
it reveals the need for additional runways.
Keywords: COVID-19; air traffic management; TMA airspace; aircraft sequencing; aircraft scheduling; airport capacity; runway capacity; terminal capacity; taxiway capacity; optimization
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1. Introduction
As of 2020, the entire aviation industry was facing its most difficult challenges, as the
COVID-19 pandemic spread around the world. Looking at European air traffic figures
from 2020 until now, we can see how the air traffic has been severely impacted. The lower
peak was reached in April 2020 when the air traffic decreased by 87.1% compared to 2019.
The 2020 summer season recovered some traffic, reaching a high peak of −52.9% compared
to 2019. As the winter season started and more and more measures against the COVID-19
pandemic were taken by local countries, the air traffic again decreased, and it remained
at −64.4% as of the third week of March [1]. EUROCONTROL’s 5-year forecast presents
three scenarios considering different variables such as the availability of mass vaccination,
the impact on the global economy and the potential reduction in demand (i.e., business
travelers). The most optimistic scenario assumes the vaccine will be widely available for
travelers by the summer of 2021—it shows a recovery of traffic to the same levels as 2019
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(pre-COVID-19) in 2024. The other two scenarios assume slower or ineffective vaccination,
showing a recovery of traffic to 2019 levels in 2026 and 2029, respectively.
Before the COVID-19 pandemic impacted our lives, European air traffic was following
an increasing trend, putting pressure on the main nodes of the air traffic network, which
are the airports. The main consequences of this increasing trend have been seen in the
increase in delayed flights, canceled flights, air traffic controllers’ increased workloads and
passengers’ dissatisfaction. The current situation would suggest that congestion problems
would disappear, as the network has been relieved from a large amount of traffic. However,
at the main European hub airports, a problem is happening that attracts the attention of
researchers and practitioners in the field: as the air traffic has drastically decreased, many
aircraft have been grounded at their base airports; therefore, often taxiways and runways
are used as parking space for aircraft. Furthermore, due to safety reasons, passenger
terminals at many airports have been partially closed [2,3]. This reduces the physical
facilities at airports and sheds light on potential capacity issues that may occur.
The current COVID-19 pandemic can be defined as a rare event, as it is an event
that would happen with a low probability and would cause major disruptions. Natural
disasters and terrorist attacks are examples of rare events. In such events, a key aspect is the
degree of recovery (resiliency) of the system affected. In the air transport sector, we have
experienced rare events such as the eruption of the volcano in Eyjafjallajökull (Iceland) and
the 09/11 terrorist attack. Although in the medium–long term the air traffic network has
always been able to recover from these events, in the short term they have caused major
problems to the main aviation stakeholders such as airlines and airport operators. The
problem becomes relevant as the assets involved are very expensive and sometimes the
correct strategy would mean the difference between bankruptcy (or governmental bailout)
or the survival of the airport or airlines with their own resources.
In this paper we tackle the impact of such an event on ATM and airport capacity
management and consider how to deal with the transition phase of recovery. The methodology is based on several steps for evaluating the impact of COVID-19 on access to airport
facilities and evaluate airport capacity performance. The solution approach is based on an
optimization process [4]. We conduct this analysis by testing different scenarios based on a
progressive traffic recovery, different ground facility capacities, and air traffic management
(ATM) control strategies. The paper will shed light on the capacity limits and on the real
requirements of airports in terms of ground facilities during such a rare event.
The paper is structured as follows: in the next section a literature review is conducted
about integrated airport capacity problems and about COVID-19’s impact on aviation; in
Section 3, the methodology developed in this study is presented; then the case study and
the airport facility evaluation are described in Section 4; Section 5 presents the problem
considered in this work together with its mathematical formulation; in Section 6, the
solution approach is described; in Section 7, the experiments are conducted and results are
results analyzed; finally, in the Conclusions section, the main findings are discussed.
2. Literature Review
2.1. Literature Review about Airport Capacity Management
Airport capacity management (ACM), as it is defined in this study, involves airspace
and ground operations in an integrated approach. In the literature there are not many
studies that attempt to achieve the same scope. The authors of this article, on the other
hand, have several years of experience of working on this topic, as their referenced work
testify [4–7]. The work of [8] was one of the first to propose an integrated approach by
considering arrival, departure and surface management. The authors of the abovementioned work implemented an optimization algorithm for solving in a sequential way the
aircraft ground routing, arrival and departure sequencing, and conflict resolution problems.
In [9], near-terminal airspace and ground operations were unified in a two-phase approach.
First, runway configuration selection and runway sequence problems were solved, and
then, ground operations were tackled by making decisions about gate holding and ground
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routing. Similarly, in [10,11] the problem of arrival and departure process in the airspace
with ground taxiway routings was tackled. In the former, the objective was to maximize the
runway throughput and to reduce the air traffic controllers’ workload, while in the latter
the main objective was to reduce gate waiting time and total travel time in the airspace and
on the surface. In their studies they developed mixed integer linear programing models
and applied different algorithms for solving the problem. Guepet et al. [12] dealt with
the departure process management integrated with the ground routing problem, with
the aim of increasing runway efficiency and reducing taxi times. Their methodology was
able to provide high quality results in terms of completion times and taxi times, while
achieving short computational time. As already mentioned, there are already some similar
works by the authors of this present article, for example in [6] airspace aircraft sequencing
operations were integrated with airport ground operations at a macroscopic level. In this
work, taxiways and terminals were modelled in low detail, considering them as nodes of
a network characterized only by their capacity. The problem was solved by a heuristic
employing a sliding window approach. The methodology was tested with a real case
study and the results showed the capability of reaching a conflict-free scenario for the
sequencing of arrival aircraft while mitigating the airport ground congestion. In [4,7],
the same problem was solved by applying an opt-sim methodology. In these works, the
objective was to obtain a more robust solution.
In the present work, the problem specification and solving approach are the same as
in the three previous cited articles. The novelty of this work is that it applies the ACM
problem in a scenario affected by the COVID-19 measures.
2.2. Literature about COVID-19 Impact to Airport Operations
Since the COVID-19 pandemic started, many articles have been published about the
impact that it had on aviation. Among these, we can find the more high-level publication
of [13] where the impact on structural aspects of aviation in the medium/long term was
discussed, mentioning supply, demand, regulation and business ethics. Other authors
focus on the economical aspect of the aviation industry [14] and write about airports
way of operating [15]. In these articles, new sources of revenues and strategies based on
passengers’ behaviors in airports during and postpandemic are discussed. The impact of
COVID-19 on the air transportation network is discussed in [16–18]. Sun et al. [16] used
complex networks techniques to assess the impact of COVID-19 on air transportation under
different scales, international (country as nodes), national (primary airports as nodes) and
regional (secondary airports as nodes). Hotel and Mumbower [17] analyzed the domestic
US traffic, assessing the impact of COVID-19 on different categories such as: primary vs.
non-primary airports, multiairport cities vs. single-airport cities. Guo et al. [18] studied
the resilience and recovery of airports under different control strategies based on metrics
such as aircraft movements, passenger throughput and freight throughput. Nizetic [19]
studied the impact of COVID-19 on air transportation, focusing not only on mobility but
also on an environmental point of view. Other authors focused on operational aspects
within airport terminals, for instance, in [20] the security process at the airport terminal
was studied considering how social distancing would impact security operations. Social
distancing was also considered in [21], in which the focus was on the aircraft boarding
problem by evaluating the COVID-19 transmission risk.
As can be seen by the previous literature review, many studies have been conducted
about the impact of COVID-19 on aviation and airport operations. However, so far, there
are no studies about how ATM could be impacted by the measures and restrictions put
in place due to the COVID-19 pandemic. The purpose of this paper is to evaluate how
restrictions on the use of ground facilities, runways, taxiways, and terminals affect the
management of the air traffic in the airspace and on the ground. We achieve this by testing
different scenarios based on different traffic recovery, different ground element capacity,
and ATM strategies.
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2.3. Contributions
This article contributes to the state of the art by considering how the disruption caused
by a rare event, such as the COVID-19 pandemic, impacts on ATM and airport capacity
and most importantly how to deal with the transition phase of recovery. The focus of the
paper is on two aspects: ATM; and airport planning and design.
In most of the reviewed work, tactical ATM decisions include many options, such
as airspace delays, speed changes, runway assignment and ground delays [4,9], while
in this work we can consider only a few of them because of the consequences that the
COVID-19 pandemic has had for airport operations. This limitation on ATM tactical
decisions makes it hard to find optimal solutions and, on the other hand, allows us to
reveal potential bottlenecks. Despite the fact that similar studies consider integrated
airport operations [4,8,10,11], they do not put emphasis on how airspace or ground-related
decisions affect airspace and ground performance, but only consider airport performance
as a whole; how to make tactical ATM decisions under rare events. In this work, we apply
an ATM, i.e., ground delay strategy, (i) to overcome the limitations of tactical ATM decisions
due to rare events and (ii) to assess its impact on both airspace and ground performance.
From an airport planning and design point of view, this paper contributes by assessing
the airport ground facility’s requirements in an uncertain and rare event such as the COVID19 pandemic. The methodology employed in this paper allows us to find the bottlenecks
of the system, providing airport operators with valuable insights on where additional
capacity is needed. Specifically, runways’, taxiways’ and gates’ requirements are assessed
under the potential traffic recovery scenarios. Although the present paper focused on a
specific case study, the methodology is a generic one, so it can be extended to different
airports and can be applied for dealing with disruptions generated by other rare events.
3. Methodology

Aerospace 2021, 8, 155

The methodology applied to this study is summarized in Figures 1 and 2. Figure 1
depicts a five-step methodology for a particular “situation” or state of the system. Then,
based on the evolution of the rare event, we will have several “new situations” until the
system reaches the normal “pre-rare event” state, as shown in Figure 2. In the first step
we identify the airport facility’s availability in terms of runways, taxiways and terminals.
This step considers the current state of the system. In the second step, ATM mitigation
actions are evaluated. These actions are affected by the outcome of the previous step. For
example, if there is only one runway available, then the runway assignment decision will be
excluded from the possible ATM tactical decisions. In the third step, airspace and ground
side operations are modelled by either using optimization or simulation techniques [6].
In step 4, the performance of the system is evaluated. After this step a “new setting”
in the recovery can be defined and the steps are performed again for the new setting,
progressively evaluating the transition settings to recovery (Figure 2). The new setting
5 of 21
is driven by the previous one, e.g., a necessary change in the state of the system such as
additional capacity available or traffic increase.

Figure
1. 1.
Methodology
diagram.
Figure
Methodology
diagram.
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Figure 1. Methodology diagram.
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4. Airport Facilities Evaluation: Case Study Description
4. Airport Facilities Evaluation: Case Study Description
In this work, Paris Charles de Gaulle Airport (CDG) was taken as a case study. CDG
In this work, Paris Charles de Gaulle Airport (CDG) was taken as a case study. CDG
Airport is one of the major airports in Europe, due to its size, number of passengers
Airport is one of the major airports in Europe, due to its size, number of passengers transtransported and air traffic movements. It is the hub of the French carrier Air France
ported and air traffic movements. It is the hub of the French carrier Air France and in the
and in the 2019 it transported 76.2 million passengers, connecting 328 destinations in
2019 it transported 76.2 million passengers, connecting 328 destinations in 119 countries
119 countries [22]. CDG Airport has four parallel runways. They operate as independent
[22]. CDG Airport has four parallel runways. They operate as independent runways,
runways, meaning that that they can simultaneously accommodate air traffic movements.
meaning that that they can simultaneously accommodate air traffic movements. In real
In real operations two of the runways are used only for landings and the other two only
operations two of the runways are used only for landings and the other two only for defor departures. Due to the COVID-19 pandemic, many aircraft had to be reallocated on the
partures. Due to the COVID-19 pandemic, many aircraft had to be reallocated on the
ground, and to achieve that, most of the southern airport taxiway was used. This fact led
ground,
and to
that, most
of the
southern
airport
taxiway
Thisrunway
fact led
to
the closure
ofachieve
the southern
parallel
runways
(26L
and 26R)
[23]. was
Withused.
this new
to the closure of
southern
parallel
runways
(26L and
26R) [23].
With
this new
runway
configuration,
thethe
airport
operates
with
two parallel
runways,
one for
landings
(27R)
and
configuration,
the
airport
operates
with
two
parallel
runways,
one
for
landings
(27R)
and
another for departures (27L) (see Table 1).
another for departures (27L) (see Table 1).
Table 1. Characteristics of the ground side element during COVID-19.
Description

Ground Side Element
Runway
Taxiway Network
Terminal

Pre-COVID-19

During COVID-19

Landing runway 27R, 26L
Departure runway 27L, 26R
Capacity: 18
T1 capacity: 0
T2 capacity: 50
T3 capacity: 0

Landing runways 27R
Departure runway 27L
Capacity: 10
T1 capacity: 11
T2 capacity: 91
T3 capacity: 57

In the TMA airspace four landing routes were identified, two coming from south
and two coming from north. These routes were identified based on airspace surveillance
data. Figure 3 shows the different routes in a pre-COVID-19 scenario, and with the current
situation. By looking at Figure 3b, it can be noticed that the landing routes that reach
runway 26L have disappeared, when compared to Figure 3a. In Figure 3a, pre-COVID-19,
any of the two landing runways could have been reached by one of the four TMA entry
points, having eight landing routes. Currently, with the new runway configuration, there
are only four landing routes reaching only to runway 27R.
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two coming from north. These routes were identified based on airspace surveillance data.
Figure 3 shows the different routes in a pre-COVID-19 scenario, and with the current situation. By looking at Figure 3b, it can be noticed that the landing routes that reach runway
26L have disappeared, when compared to Figure 3a. In Figure 3a, pre-COVID-19, any of
the two landing runways could have been reached by one of the four TMA entry points,
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(a)

(b)

Figure
Figure 3.
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CDG airport
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airspace structure.
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CDG
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Table 2. Average taxi time (s).
Table 2. Average taxi time (s).
Runways

Terminal
Terminal
Terminal
Terminal2 2

Runways
Landing Runways 27R
Departure Runway 27L
Landing
Runways 27R
Departure
Runway 27L
730
760
730
760

5.5.ATM
ATMTactical
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DecisionEvaluation
Evaluationand
andProblem
ProblemFormulation
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thissection,
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forfor
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the consequences
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COVID-19
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ATM
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decisionsand
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the system as an optimization model. The problem tackled in this work, the ACM,refers
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Maneuvering
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(i.e., aircraft
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and departures);
aircraftaircraft
occupancy
of the taxiway
and terminal
terminal
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and
aircraft
departure
sequencing.
Figure
5
provides
a
schematic
overview
gates; and aircraft departure sequencing. Figure 5 provides a schematic overview of the

problem. It is worth noting that due to the layout of the runways, when aircraft land they
need to cross the departure runway to reach the taxiway—this adds extra complexity to
the problem. The decisions that are to be made are: delay (advance) at the entry point of
the TMA; speed modification at the entry of the TMA; ground delay. The first one refers
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of the problem. It is worth noting that due to the layout of the runways, when aircraft land
they need to cross the departure runway to reach the taxiway—this adds extra complexity
to the problem. The decisions that are to be made are: delay (advance) at the entry point of
the TMA; speed modification at the entry of the TMA; ground delay. The first one refers to
the time stamp given by air traffic controllers (ATCOs) at the entry point of the TMA to
the aircraft. Given an already defined flight plan, aircraft could be delayed or advanced.
The second decision refers to the speed that should be kept at the entry of the TMA; here,
the speed could be adjusted by either decreasing or increasing it. The third decision refers
to the delay that could be given to aircraft before they leave the parking stand. This last
decision represents an effective strategy for sequencing the departures, which is often
used at airports, such as the ground delay program developed by the FAA and similar
aircraft ground holding strategies [25–30]. It can be noted that runway assignments are
not considered by ATM tactical decision, as in this specific case study the airport runways
are reduced to only one available landing runway. This represents a clear limitation in the
ATM tactical decision making. In the next subsections the problem assumptions and the
21 be
mathematical formulation of the problem are described. A detailed explanation of8 itofcan
found in [4].
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it follows a macroscopic approach as defined in [4];
• TheThe
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routes
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are are
taken
from
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information,
where
separation
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minima are already ensured;
•
Aircraft flying along landing routes are assumed to decrease their speed with a
Aircraft flying along landing routes are assumed to decrease their speed with a conconstant deceleration rate.
stant deceleration rate.

5.2. Mathematical Formulation
5.2. Mathematical Formulation
In this section the objective function, constraints and decision variables of the ACM
In this section
the objective
function, constraints and decision variables of the ACM
optimization
model
are described.
optimization model are described.

5.2.1. Objective Function and Constraints
The objective function of the optimization model considers airspace performance and
ground side performance. The objective function is represented by the weighted sum of
the airspace and ground side performance (1). The weights Yairspace and Yground side are assigned to the airspace and ground side performance, respectively. These weights can be
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5.2.1. Objective Function and Constraints
The objective function of the optimization model considers airspace performance and
ground side performance. The objective function is represented by the weighted sum of
the airspace and ground side performance (1). The weights Yairspace and Yground side are
assigned to the airspace and ground side performance, respectively. These weights can be
adjusted to drive the optimization process by focusing on one of the two components. It is
worth noting that in this study, these weights have been left equal, so that the optimization
would focus evenly on both components. The objective function aims at minimizing the
airspace and ground side ground side performance, therefore, an optimal solution will
lead to 0.
Objective function = Yairspace × Airspace performance + Yground side × Ground side performance
(1)
The airspace and ground side performance represent the constraints of the optimization model. Airspace performance is identified by aircraft separation conflicts and sequence
order conflicts (2). Aircraft separation conflicts are defined as the violation of the separation
minima between consecutive aircraft (3). Sequence order conflicts are detected in order to
avoid that an aircraft overtakes another one (4).
Airspace performance = Airspace conflicts + Order of sequence conflicts

(2)

where,

•

Airspace conflicts: let be A a given set of landing aircraft, i and j consecutive pair of
aircraft, Sij the separation minima between the leading aircraft type i and the trailing
aircraft type j and Dij the distance between aircraft type i and aircraft type j. In this
way conflicts are detected and calculated as:

Airspace conflicts =

•

1, Dij < Sij , ∀i, j ∈ A
0, otherwise

(3)

Sequence order conflicts: let be l (u, v), l = 1, . . . , n, a given set of links order lf u and order lf v
the positions of the aircraft i on the link entry u and on the link exit v, respectively.
The sequence order conflicts are calculated as:
n

Sequence order conflicts =

∑ ( ∑ orderivl − orderiul )

(4)

l =1 i ∈ A

The ground side performance is identified by the runway conflicts, max taxiway
overload and max terminal overload (5). The runway conflicts are calculated in a
similar way to the airspace ones—the only difference is that airspace and runways
have different separation minima standards [4] (6). Max taxiway overload and max
terminal overload are calculated in terms of capacity overloads (7). Specifically,
a capacity overload occurs where the capacity of one of the ground side component is
exceeded (8). In Equation (7), the max (taxiway/terminal) overload is calculated by
taking the maximum value between the capacity overload calculated throughout the
overall time horizon.
Ground side performance = Runway conflicts + Max taxiway overload + Max terminal overload

•

(5)

where,
Runway conflicts: let be A a given set of aircraft, i and j a consecutive pair of aircraft, Sij
the separation minima between aircraft type i and aircraft type j and Dij the detected
time difference between aircraft type i and aircraft type j. In this way conflicts are
formalized with the following function:

Runway conflicts =

1, i f Dij < Sij , ∀i, j ∈ A
0, otherwise

(6)
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•

It is worth noting that runway crossings are also detected on the runway. The way
they are calculated is the same as for runway conflicts, and the only difference is the
value of the separation minima, which is equal to the runway crossing time (40 s).
Taxiway and terminal overloads: let be C the capacity, Ot the aircraft occupancy for
each discrete time increment t∈T; and T the entire time frame considered, the max
(taxiway/terminal) overload is given by:

Max (Taxiway/Terminal) overload =

maxt∈T (Overloadt ), i f Ot > C
0, otherwise

(7)

where,

Capacity overload =

Ot − C, i f Ot > C
0, otherwise

(8)

5.2.2. Decision Variables
The decision variables of the optimization model are of three types:

•
•
•

Delay (advance) at the entry point of the TMA;
Entry speed in the TMA;
Ground delay.

As these decision variables were already described in Section 5, here we only describe
their mathematical formulation.
Given a set of flights F, for each flight f, where f∈F,

•

Delay (advance) at the entry point of the TMA:
tf ∈ Tf where Tf =

•

n

T fo + j∆T (∆Tmin )/∆T ≤ j ≤ (∆Tmax )/∆T , j ∈ Z

o

(9)

where ∆Tmin and ∆Tmax are the minimum and maximum values that can be assigned
to tf , and ∆T is a discretized time increment. In this case ∆min is −5 min, ∆Tmax is
+30 min and ∆T is 5 s,
Entry speed in the TMA:
n
sf ∈ Sf where Sf = S0f + j∆S

j ≤ (∆Smax − ∆Smin )/∆S, j ∈ Z

o

(10)

where ∆Smin and ∆Smax are the minimum and maximum values that can be assigned
to sf and ∆S is a discretized increment. In this case ∆Smin is 0.9Sof , ∆Smax is 1.1S0f and
∆S is 0.01S0f ,

•

Ground delay:
pbf ∈ PBf where PBf =

n

pb0f + j∆T 0 ≤ j ≤ (∆PBmax )/∆T, j ∈ Z

o

(11)

where ∆PBmax is the maximum value that can be assigned to PBf , and ∆T is a discretized time increment. In this case ∆PBmax is +15 min and ∆T is 5 s.
6. Solution Approach
The solution approach, and specifically the fourth step of our methodology, can be
referred to as a metaheuristic optimization model using a sliding window approach. This
methodology was first presented in [6], and then successfully applied in combination
with simulation techniques in [4,7]. The optimization model is based on an adapted
version of the simulated annealing metaheuristic [31]. The sliding window approach
allows the optimization to work in small sized time windows and then shift them along
the entire time horizon. There are two main benefits from this approach: firstly, the
computational burden is relieved, as in each time window a small instance of the problem
is solved by considering only the elements within the time window; secondly, the solution
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is constructed by dynamically considering relevant information from the past and current
time windows, improving the robustness of the solution. This method has been employed
in other studies with good results [32–36]. Figure 5 illustrates the sliding window approach.
The parameters that affect this approach are two: the time window length and the shift
length. If the time window is too large, the first benefit will not be achieved. On the other
hand, a small time window will jeopardize the achievement of the second benefit, as not
enough information from the surrounding time windows would be considered. Similarly,
a large shift length will hamper the benefit of dynamically constructing a solution. On
the other hand, a small shift length would increase the computational time performance.
In this study, we have utilized 2 h as the time window length and 30 min as shift length.
These values were empirically obtained after conducting several tests [4]. In Figure 6, it is
described how decisions are made according to the relative window position within
11 ofthe
21
whole time horizon. Following this approach, each entity to be optimized (each aircraft), is
categorized into four different types: fixed, updated, to make or to be made.

Figure 6. Sliding window approach visualization. © 2021 IEEE. Reprinted, with permission, from [7].

Figure 6. Sliding window approach visualization. © 2021 IEEE. Reprinted, with permission, from
•
Fixed decisions are the ones that fall behind the window and it is no longer possible
[7].

to take decisions for them.
Updated decisions are the ones that fall partly before and partly inside the window—
As the problem under study has been proven to be NP-Hard [37], an optimization
these decisions were already made in the previous window and they will be updated
method based on a metaheuristic has been applied. The simulated annealing metaheurisin the current window.
tics allows the optimization to search more broadly in the state space as it, at times, also
•
To make decisions are the ones that are fully inside the widows and these decisions
accepts solutions with worse performance. By means of this, the risk of being trapped in
will be made for them in the current window.
local minima is mitigated. The simulated annealing metaheuristic algorithm is based on
•
To be made are the ones that are after the windows and these decisions are not yet
the analogy with the process of physical annealing with solids, which leverages the heatmade for them.
ing up of the material and the subsequent colling down, until a better crystalline configuproblem
study has
proven to
NP-Hard
[37], anToptimization
rationAs
is the
achieved
[38].under
By following
thisbeen
mechanism,
thebeinitial
temperature
0, the cooling
method
based
on
a
metaheuristic
has
been
applied.
The
simulated
annealing
metaheuristics
process and the stopping criteria are the main elements to consider. At each
temperature
allowsduring
the optimization
to process,
search more
broadlyisingenerated.
the state space
at times,
accepts
value
the cooling
a solution
Onceasa it,
solution
is also
found
(i.e.,
solutions
with
worse
performance.
By
means
of
this,
the
risk
of
being
trapped
in
local
the current one), it can be replaced by a randomly generated neighboring solution. As
minima mentioned,
is mitigated.theThe
simulated
annealing
algorithmwhich
is based
the
already
algorithm
accepts
all themetaheuristic
neighboring solutions
areon
better
analogy
with
the
process
of
physical
annealing
with
solids,
which
leverages
the
heating
up
than the current solution in terms of performance, but also worse neighboring solutions
of
the
material
and
the
subsequent
colling
down,
until
a
better
crystalline
configuration
based on an acceptance probability. The acceptance probability is eΔOFT, where ∆OFT is the
is achieved [38]. By following this mechanism, the initial temperature T0 , the cooling
difference in objective function between the current and the neighboring solution,
and
process and the stopping criteria are the main elements to consider. At each temperature
is the current temperature. The cooling schedule employed in this study is the geometric
value during the cooling process, a solution is generated. Once a solution is found (i.e.,
cooling schedule, where the temperature T0 is progressively decreased by multiplying it
the current one), it can be replaced by a randomly generated neighboring solution. As
by a coefficient . Therefore, the cooling schedule has a big impact in the effectiveness of
already mentioned, the algorithm accepts all the neighboring solutions which are better
the metaheuristic, as if the temperature decreases slowly enough, there will be high
than the current solution in terms of performance, but also worse neighboring solutions
chance of converging to a global optimum. The stopping criteria are based
on a maximum
based on an acceptance probability. The acceptance probability is e∆OFT , where ∆OFT is
number of iterations and a minimum temperature, or when an optimal solution is obthe difference in objective function between the current and the neighboring solution, and
tained. For detailed information about the application of this metaheuristic to this problem, refer to [6].

•

7. Experiments and Results
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T; is the current temperature. The cooling schedule employed in this study is the geometric
cooling schedule, where the temperature T0 is progressively decreased by multiplying it by
a coefficient α. Therefore, the cooling schedule has a big impact in the effectiveness of the
metaheuristic, as if the temperature decreases slowly enough, there will be high chance of
converging to a global optimum. The stopping criteria are based on a maximum number
of iterations and a minimum temperature, or when an optimal solution is obtained. For
detailed information about the application of this metaheuristic to this problem, refer to [6].
7. Experiments and Results
7.1. Experiments Set Up
In this section we apply the fourth step of the methodology to a set of potential new
situations given by the traffic recovery scenarios and increasing ground side capacity. In
order to achieve that, we have set up different scenarios for testing. These scenarios are
related to different traffic situations and are based on the current state of the European
traffic network [1]. We took as reference the flight schedule of one day in 2016 (19 February
2019), where the air traffic was at its peak and which was similar to the one in 2019
(pre-COVID-19) [39]. These data come from airspace surveillance data, and they include
relevant information such as aircraft speed, altitude, entry time in the TMA, aircraft type,
and aircraft in-block and off-block times. We started by testing a scenario where only 35%
(S1) of that traffic is active. We consider additional scenarios where we assume a short
(medium)-term traffic recovery, boosted by the current vaccination programs in Europe,
testing 45% (S2) and 55% (S3) of active traffic compared to the reference flight schedule.
The first row of Table 3 shows the amount of flights of the reference flight schedule, while
the rest of the rows show the amount of flights for the three scenarios, 35% (S1), 45% (S2)
and 55% (S3), respectively.
Table 3. Amount of flights for the reference flight schedule and for the three recovery scenarios.
Scenario

Traffic

Arrivals/Departures

Total Flights

554/562

1116

194/196
252/253
304/309

390
505
613

Reference flight
schedule
35%
45%
55%

S0
S1
S2
S3

Another set of experiments was conducted by gradually increasing the terminal
capacity (number of stands available), as it would make sense that once the traffic increased,
new stands would also be made available. We have tested, in the case of 45% (S4) traffic
recovery, an additional scenario where the capacity of the terminal is set to 60. In the other
two scenarios the terminal capacity was set to 70 and the traffic recovery as 45% (S5) and
55% (S6). Table 4 shows these additional scenarios.
Table 4. Additional scenarios based on the increase of the terminal capacity.
Scenario

Traffic

Terminal Capacity

S4
S5
S6

45%
45%
55%

60
70
70

Finally, we wanted to test the effect on the airspace and ground performance by
focusing on the ground delay strategy, by increasing the range of the delay assigned to
the departing aircraft. This is tested for the three traffic recovery scenarios, by allowing a
maximum ground delay of 30 min (see Table 5).
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Table 5. Additional scenarios based on the increase of the ground delay range.
Scenario

Traffic

Terminal Capacity

S7
S8
S9

35%
45%
55%

(0, +30)
(0, +30)
(0, +30)

The performance evaluated can be classified into two groups: capacity performance
and ATM performance. They are summarized in Table 6. The capacity performance gives us
insights about potential congestion and bottlenecks either in the airspace or on the ground,
while ATM performance gives us an idea on the changes in the flight schedule to be made
by the ATCOs decisions. Within the capacity performance we have three subcategories:
Airspace performance; runway performance; ground side performance. These values are
obtained from the optimization model. By post-processing the optimization model results,
we could obtain even more specific results regarding each single component. In this way we
could evaluate the airspace performance by using three indicators: total airspace conflicts,
aircraft involved in the airspace conflicts and average conflicts per aircraft. While the first
indicator is a general one, the second and the third give an idea of the congestion of the
airspace TMA. Runway performance is evaluated by three indicators: arrival, departure
and crossing conflicts. The first two are evaluated on the dedicated runway for arrivals
and departures operations, while the third represents the conflicts occurring when the
departure runway is crossed by an arriving aircraft. As in the layout of CDG airport, the
arrival and departure runway are placed one next to each other in a parallel position, and
since the arrival runway is placed in an outer position with respect to the departure runway,
the aircraft need to cross the inner (departure) runway after having landed. Ground side
performance is evaluated by using two indicators: max taxiway overload; max terminal
overload. The ATM performance is obtained by analyzing the decision variables of the
optimization model which represent ATM strategies for managing the traffic. We have
airspace delay (advance), ground delay and entry speed in the TMA changes.
Table 6. Performance evaluated.
Performance Category

Performance Indicator

Airspace performance

Total airspace conflicts
Aircraft involved in conflicts
Average conflicts per flight

Runway performance

Arrival runway
Departure runway
Crossing

Ground side performance

Max taxiway overload
Max terminal overload

Capacity performance

ATM management performance

Airspace delay (advance)
Entry speed in the TMA changes
Ground delay

7.2. Results and Discussion
In this section we present the results in terms of capacity and ATM performance for each
of the scenarios described in the previous section. We start from the scenarios S1, S2 and S3,
where the facilities considered are the ones described in the Section 4 and in Table 4.
As is shown in Table 7, S3 presents the worst performance. In this scenario we
find in total 94 airspace conflicts, which reveals that the arrival flow in the TMA is very
congested. It can be seen that 15.13% of the arrival aircraft (46) are involved in these
94 conflicts, having on average 2.04 conflicts per flight. This scenario shows congestion
also in the runway system, with 68 conflicts spread among the departure runway, the
arrival runway and the runway crossing. We notice that the crossing conflicts have the
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highest value, suggesting that the arrival/departure sequence must be improved. Looking
at the ground side performance, we notice that all three scenarios suffer from capacity
overload, especially in the terminal. By looking at Figures 7–9, we can appreciate the
daily occupancy of the taxiway and terminal for scenarios S1, S2, and S3, respectively.
Figure 7b, related to S1, shows that there is an overload of 24, which is concentrated on a
main peak around 9.00. Figure 8b, related to S2, shows a lower max overload (12) than S1;
however, there are two peaks around 9:00 and 12:00. Figure 8b shows the presence of three
14 them
of 21
peaks of capacity overload, at 6:00, 9:00 and 12:00, in which the maximum among
is 39. Figures 7a, 8a and 9a, show that the taxiway occupancy is kept under the capacity
threshold in S1, while in S2 we have a max overload of 1, and in S3 a max overload of 4. It
is worth
noting
in 9b),
S3, even
if it is that
not big,
lastshours
for almost
3h
third
main
peak that
startsthe
to taxiway
increase overload
(see Figure
suggesting
in these
the taxifrom
10:00
to
13:00.
It
matches
when
the
second
main
peak
of
terminal
overload
decreases
way occupancy is affected by a departure wave (terminal occupancy decreases) and right
and the third
peakwave
starts(terminal
to increase
(see Figure
9b), suggesting that in these hours
afterwards
by main
an arrival
occupancy
increases).
the taxiway occupancy is affected by a departure wave (terminal occupancy decreases) and
right 7.
afterwards
by an arrival
(terminal
increases).
Table
Capacity performance
forwave
Scenarios
S1, S2 occupancy
and S3.

Capacity
Performance
S1S1, S2 and S3.
Table
7. Capacity
performance for Scenarios
Total airspace conflicts
2
Capacity
Performance
S1
Aircraft involved in airspace
Total
airspace
conflicts
2
conflicts (%
of total
arrivals
2 (1.03%)
Aircraft involved
in
airspace
conflicts
(%
of
aircraft)
2 (1.03%)
total arrivals aircraft)
Average airspace conflicts
1
Average airspace conflicts
1
Runway conflicts
(Arrivals–
Runway
conflicts
0
0
Departures–Crossings)
(Arrivals–Departures–Crossings)
Max taxiway
overload
0
Max taxiway
overload
0
Max terminal
overload
24
Max terminal
overload
24

(a)

S2
0
S2

0

0
0

0

0

S3
94
46 (15.13%)
46 (15.13%)

2.04

2.04

0

0

68(6-12-50)
68(6-12-50)

1
12

1
12

4 4
39 39

(b)
Figure
Figure 7.
7. Taxiway
Taxiway (a)
(a) and
and terminal
terminal (b)
(b) occupancy
occupancy scenario
scenario S1.
S1.

(a)

S3
94

(b)
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Figure 7. Taxiway (a) and terminal (b) occupancy scenario S1.
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(a)
Figure
Figure 8.
8. Taxiway
Taxiway (a)
(a) and
and terminal
terminal (b)
(b) occupancy
occupancy scenario
scenario S2.
S2.

(a)

(b)
Figure
Figure 9.
9. Taxiway
Taxiway (a)
(a) and
and terminal
terminal (b)
(b) occupancy
occupancy scenario
scenario S3.
S3.
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optimization model found it harder to obtain a suboptimal solution, and it needed to use
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the ground
delay
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the
delay
decision
variable
considering
bigger range.
Table 8. ATM performance for scenarios S1, S2 and S3.

ATM Performance
Airspace delay (advance)
Entry speed in the TMA
changes
Ground delay

S1
S2
S3
Average St. Dev. Average St. Dev. Average St. Dev.
16.65
10.26
15.75
10.44
16.84
9.03
−0.73%

5.41

0.35%

5.52

−0.51%

5.04

7.83

1.9

5.73

4.83

5.83

4.14
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Table 8. ATM performance for scenarios S1, S2 and S3.
S1
ATM Performance
Airspace delay
(advance)
Entry speed in the
TMA changes
Ground delay
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S2

S3

Average

St. Dev.

Average

St. Dev.

Average

St. Dev.

16.65

10.26

15.75

10.44

16.84

9.03

−0.73%

5.41

0.35%

5.52

−0.51%

5.04

7.83

1.9

5.73

4.83

5.83

4.14

In the scenarios S4, S5 and S6, we consider the effect of increasing the terminal capacity,
by adding either contact or remote stands, as the terminal capacity has been revealed to be
the most critical in the previous scenarios.
Table 9 summarizes the capacity performance of S4, S5 and S6. It is straightforward
to see that in S4 and S5, when the traffic is at 45%, the terminal capacity does not particularly suffer from congestion. Especially in S5, the terminal can accommodate all the
traffic without overload. Figures 10 and 11 show the taxiway and terminal occupancy for
S4 and S6. In S6, when the traffic is increased up to 55%, even though the terminal capacity
is increased to 70, overloads appear at both the taxiway and terminal. As can be seen in
Figure 11b, there are two overload peaks, one between 8:00 and 10:00 of 1016aircraft
of 21 and
another between 11:00 and 13:00 of 20 aircraft. Regarding the airspace performance, we
obtain few airspace conflicts (6) while the runway system is free from conflicts. S6 shows
fewer
airspace
conflicts
(80)leading
compared
S3 (94),
fewer aircraft
involved
in conflicts
(40 in
S6 against
56 in S3),
to anto
average
of with
two conflicts
per aircraft.
Regarding
(40the
in runway
S6 against
56 inwe
S3),
leading
to an average
two conflicts
per aircraft.
Regarding
conflicts,
notice
that although
arrival of
runway
and departure
runway show
numbers
of conflicts,
thethat
number
of crossing
conflicts
is reduced
from 50runway
to 42 in show
thesimilar
runway
conflicts,
we notice
although
arrival
runway
and departure
S3 andnumbers
S6, respectively.
The major
improvement
regards conflicts
the terminal
overload from
(20) which
similar
of conflicts,
the number
of crossing
is reduced
50 to 42 in
is
almost
halved
compared
to
S3
(39).
S3 and S6, respectively. The major improvement regards the terminal overload (20) which
is almost halved compared to S3 (39).
Table 9. Capacity performance for scenarios S4, S5 and S6.

Capacity
Performance
S4 S4, S5 and S6.
Table 9.
Capacity
performance for scenarios
Total airspace conflicts
6
Capacity in
Performance
S4
Aircraft involved
airspace
conflictsTotal
(% ofairspace
total arrivals
conflicts 5 (1.98%)
6
Aircraft involved
in airspace conflicts (% of
aircraft)
5 (1.98%)
arrivals
aircraft)
Averagetotal
airspace
conflicts
1.2
Average
airspace
conflicts
1.2
Runway
conflicts
(Arrivals–
0
Runway
conflicts
Departures–Crossings)
0
(Arrivals–Departures–Crossings)
Max taxiway overload
0
Max taxiway overload
0
Max terminal
overload
4
Max terminal
overload
4

(a)

S5
0

S6
80
S5

0
0

0
0
0

0
0
0

(b)

Figure
Taxiway(a)
(a)and
and terminal
terminal (b)
scenario
S4. S4.
Figure
10.10.Taxiway
(b)occupancy
occupancy
scenario

0
0
0

S6

40 (13.15%) 80
2

40 (13.15%)

2
56(6-10-42)
56(6-10-42)
3
3
20
20
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(b)

Figure 10. Taxiway (a) and terminal (b) occupancy scenario S4.

(a)

(b)
Figure
S6.
Figure 11.
11. Taxiway
Taxiway (a)
(a) and
and terminal
terminal (b)
(b) occupancy
occupancy scenario
scenario S6.

The
of the
the ATM
ATMperformance,
performance,displayed
displayedinin
Table
show
delay
in
The results of
Table
10,10,
show
thatthat
thethe
delay
in the
airspace
on on
average
is higher
in in
S6S6
than
ininS4S4and
the
airspace
average
is higher
than
andS5,
S5,thus
thusthe
theoptimization
optimization must tweak
this decision
decisionvariable
variablemore
moretotofind
finda suboptimal
a suboptimal
possible
solution.
is given
by fact
the
this
possible
solution.
ThisThis
is given
by the
fact that in S6 the traffic is higher than in S4 and S5, therefore, the optimization finds it
more difficult to reach a suboptimal solution. The entry speed in the TMA turns out to be a
factor not impacting the system, as their values are similar in all scenarios so far. Regarding
the ground delay, we notice that S4 and S5 have bigger average and standard deviation
values than S6. Similar to S3, by delaying too many of the aircraft on the ground the
optimization model finds it difficult to generate a better solution. In this scenario, a ground
delay strategy could be counterproductive due to the high traffic.
Table 10. ATM performance for scenarios S4, S5 and S6.
S4
ATM Performance
Airspace delay
(advance)
Entry speed in the
TMA changes
Ground delay

S5

S6

Average

St. Dev.

Average

St. Dev.

Average

St. Dev.

14.84

9.15

14.06

9.02

15.32

9.17

−0.24%

5.65

0.45%

5.67

−0.16%

4.86

6.74

4.57

7.75

4.54

6.49

3.98

In scenarios S7, S8 and S9, we have kept the values of the facilities as the original ones
described in the Section 4 and we have focused on the reinforcement of the ground delay
strategy. By applying this strategy, we expect a better the departure sequence, reducing
taxiway and terminal overloads, departure and crossing runway conflicts. The results
are summarized in Tables 11 and 12 and in Figures 12–14. By comparing S7 with S1, we
notice only a small improvement concerning the terminal overload, which has improved
by one unit. In Scenario S8 this strategy was not effective, as when compared to S2, the
only improvement is in the taxiway (0 in S8 against 1 in S2), while the terminal overload
has even worsened, going from 12 in S2 to 14 in S8. Moreover, crossing conflicts (2) have
been found in S8, when in S2 there were none. The scenario which has benefitted the
most from the ground delay strategy appears to be S9. By comparing S9 with S3, we note
that airspace conflicts have been lowered from 94 to 82 (−12.7%), and although there are
more aircraft involved in conflicts (50), the average conflicts per aircraft have been reduced
from 2.04 to 1.64. Regarding the runway conflicts, the main reduction was obtained for
crossings (−8) and departure runway conflicts (−2). These results suggest that a better
departure sequence was generated by the optimization model. In this scenario, there are
no improvements in the taxiway and terminal overload, as the values remain the same as
the ones in S3.
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Table 11. Capacity performance for scenarios S7, S8 and S9.
Capacity Performance

S7

S8

S9

Total airspace conflicts
Aircraft involved in airspace conflicts (% of
total arrivals aircraft)
Average airspace conflicts
Runway conflicts
(Arrivals–Departures–Crossings)
Max taxiway overload
Max terminal overload

2

0

82

2 (1.03%)

0

50 (16.44%)

1

0

1.64

0

2 (0–0–2)

54 (4–13–38)

0
23

0
14

4
39

Table 12. ATM performance for Scenarios S7, S8 and S9.
S7
ATM Performance
Airspace delay
(advance)
Entry speed in the
TMA changes
Ground delay
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(a)

S8

S9

Average

St. Dev.

Average

St. Dev.

Average

St. Dev.

16.34

10.65

15.67

10.11

16.98

9.28

−0.78%

5.31

0.29%

5.44

−0.58%

4.97

13.27

3.04

13.83

9.96

12.21

8.54

(b)
Figure
Figure 12.
12. Taxiway
Taxiway (a)
(a) and
and terminal
terminal (b)
(b) occupancy
occupancy scenario
scenario S7.
S7.

(a)

(b)

Figure 13. Taxiway (a) and Terminal (b) occupancy scenario S8.
Figure 13. Taxiway (a) and Terminal (b) occupancy scenario S8.
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Figure 13. Taxiway (a) and Terminal (b) occupancy scenario S8.

(a)

(b)
Figure
Figure 14.
14. Taxiway
Taxiway (a)
(a) and
and terminal
terminal (b)
(b) occupancy
occupancy scenario
scenario S9.
S9.

Regarding the
the ATM
ATM performance,
performance, it
it is
is interesting
interesting to
to look
look at
at the
the ground
ground delay,
delay, as it is
Regarding
the factor
factor that
that characterizes
characterizes these
these scenarios.
scenarios. As
As expected,
expected, the
the average
average values
values of
of ground
the
delay for
for these
these three
three scenarios
scenarios have
have increased
increased compared
compared to
to the
the ones
ones of
of the
the other
other previous
previous
delay
scenarios. We
We notice
notice that
that scenario
scenario S7
S7 has
has a lower value of standard deviation compared
scenarios.
to S8 and S9. Similar to S1, due to the lower traffic, the optimization model was able to
find a suboptimal solution without being forced to tweak this variable a lot. S8 and S9, on
the other hand, dealt with more congested traffic, therefore, the ground delay variable is
assumed to be assigned more thoroughly within its range of values.
8. Conclusions
In this paper we have evaluated the effect of rare events such as the COVID-19
pandemic on ATM and airport capacity following a step-by-step methodology whose
heart is based on an optimization process. This methodology was applied to a set of
different “new situations” that follow the evolution of the system based on the influence
that COVID-19 will still have on airport facilities utilization. The different scenarios which
were tested, revealed the saturation point of the airport, at which the airport started
suffering from congestion.
The main bottleneck of the system has been identified as the terminal system (number
of stands). Even for the low traffic scenario (35%), the terminal system was under pressure,
highlighting the need for more stands (contact/remote), especially when the traffic reached
55%, at which point more than 70 stands are required.
Under an ATM point of view, we have found that airspace delay (advance) and ground
delay are on average higher for the scenario with higher traffic (55%) than in the other two
scenarios (35%, 45%). This suggests that ATCO’s intervention is required when the (55%)
traffic is present. On the other hand, the analysis shows that ground delay is effective for
scenarios where the traffic has increased (55%) by reducing runway and airspace conflicts.
Therefore, this mitigation strategy can be followed by air traffic control under this situation.
From a planning and design point of view, we can conclude that the system needed
to make another runway and more than 70 stands operational when the traffic recovery
reached 55% of the pre-COVID-19 schedule. The taxiway proved to be sufficient for the
tested traffic demands.
The main limitation of this work lies in the lack of actual data, as we had to adapt a
schedule taken from 2016. Due to that we had to assume that the daily peak hours would
be the same as the ones in 2016. Using more recent data would have helped the validity of
the results. The same applies to the ground facilities, as we made assumptions on potential
capacity reductions by using public data. However, airport operators could follow the
same methodology for driving their transition phase to recovery using actual data.
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As future work, we could test additional scenarios by implementing different ATM
strategies. Moreover, we could extend the study to other airports and even to a network
of airports. Simulation techniques could be included in combination with optimization
techniques for improving the reliability of the system performance. Finally, this work could
be extended to test air traffic disruption due to different rare events.
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