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Abstract

The primary concern of an air traffic controller is to ensure the safety and fluidity of ever-
increasing air traffic. This requires effective training through practical work supervised by
instructors. Based on certain rules called separation rules, the trainee must find a solu-
tion to a traffic configuration defined by flight plans (FPL) initially containing a number of
conflicts. This solution will then be compared to the one proposed by the instructor. The
purpose of this article is to replace the instructor with a Geographical Information System
(GIS) solution combined with a genetic algorithm which, from a set of FPLs, will find the
best solution to ensure on the one hand the safety of the aircraft but also minimizing the
distance and the changes to be made. The application will use the GAMA platform, very
suitable for this and a set of tests composed of actual exercises will be performed to vali-
date the work.

Keywords Air traffic control - GIS - Genetic algorithms - GAMA platform

1 Introduction

With the increase in global air traffic (+ 4.2 % in 2019 [1]), we quickly see problems of
traffic congestion rising operating costs [2] and CO2 emissions growth [3]. As a result, in
addition to ensuring the safety and fluidity of air traffic, the current challenge for air traffic
control and safety organizations is therefore to optimize this traffic in order to best address
these problems. During the life of a flight, the aircraft (noted as A/C) goes through sev-
eral phases. They are managed by different structures because each phase requires specific

< Rafik Amara
rafik.amara@g.ens-kouba.dz

LTIR Laboratory, Faculty of Electronics and Computational Science, USTHB University, Algiers,
Algeria

Department of Computer Science, Ecole Normale Supérieure de Kouba, Algiers, Algeria
LIMOSE Laboratory, Boumerdes University, Boumerdes, Algeria

LIMPAF Laboratory, Bouira University, Bouira, Algeria

Published online: 30 August 2022 ) Springer


http://orcid.org/0000-0003-2286-5462
http://crossmark.crossref.org/dialog/?doi=10.1007/s10707-022-00477-y&domain=pdf

Geolnformatica

rules and techniques.Thus, phases from the start-up of the aircraft until its take-off usually
depend on the control tower.The climb phase depends ontheapproach control. Finally, the
en-route phase (where the aircraft is stable) depends on theen-route control managed by the
RCC (Regional Control Center).The airspace controlled by the RCC is generally divided
into sectors where each sector is under the responsibility of an air traffic controller often
assisted by an assistant. Over time, the controller in charge of a given area receives traffic
data concerning him from controllers of adjacent areas, towers or approaches. These data
are in the form of flight plans (FPL) summarizing the details of the route that each aircraft
must travel through its sector. Through this information, the controller has a situation of the
coming traffic and therefore must detect any conflicts that may arise. He has also to include
solutions by changing certain flight details of the aircraft that the pilots will apply once
they have entered his sector. In addition to ensuring the safety of aircraft (respecting sepa-
ration rules), these solutions have to minimize changes in planned flight plans. To achieve
this, the controller must undergo qualifying training in the control sector and in which it
is a question, among other things, of practical work consisting of exercises. Each exercise
consists of a set of FPLs. At the end of each exercise, a solution is proposed by the trainee
controllers and verified by the instructors. It is in this context that the work exposed in this
article is situated. It’s about replacing the solution proposed by the instructor by that of the
machine. The interest of this is widely explained in [4] dealing with, among other things,
financial and time savings. In what follows, we propose a GIS tool based on genetic algo-
rithms which aim to find an optimal solution from a traffic configuration previously given
in the form of FPLs. The problem addressed is limited to the en-route phase and the solu-
tion must not only eliminate conflicts between aircraft but also minimize the overall cross-
ing time and the overall number of modifications made to the initial FPLs. Given the geo-
graphical nature of the problem, we opted for the open source GAMA platform allows the
manipulation of geographical data and the simulation of the results. Furthermore, since the
controller’s real working conditions require a real-time response, we will limit ourselves
to the working conditions of a trainee controller during practical work. In order to validate
our work, we will apply this algorithm on the control area of the TMA (Terminal Medium
Area) East of the FIR (Flight Information Region) of Algiers in which a set of exercises
will be tested. The results are then compared to the initial FPLs. This article is organized
as follows. We start with a state of the art in air traffic optimization. Section 3 provides a
detailed description of the problem and its modeling by genetic algorithms. In the fourth
section, we present our experimentation environment followed by tests. We will end with a
discussion of the results and finally a conclusion.

2 State of the art

Work on air traffic optimization is not new, and dates back to 1980s [4].In order to better
understand our present work, and starting from the classification work of [5], we propose a
new classification of these different works. We classify the most recent ones according to the
following criteria: flight phases, objects/structures optimization, the objectives to be achieved,
the criteria followed and the methods/techniques used. The first criterion which is the flight
phases, relates to the flight phase concerned by the optimization and its structure. Thus, [6],
was interested in the conflicts generated during the aerodrome phase. Authors in [7] have tack-
eled optimizing the scheduling of takeoffs and landings (ASP: Aircraft Scheduling Problem)
while [8] was limited to landings (ALP: Aircraft Landing Problem). Works presented in [9]
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and [10] focused on the Approach phase and more specifically on diversions and rescheduling
of flights near aerodromes. Several works have revolved around the en route phase, let us quote
the works of [3] on the simulation of optimized 4D trajectories, those of [11] on fragmented
control spaces and also those of [12] for the dynamic configuration of the control space. The
second classification criterion is more concerned with the purpose of optimization, that is,
what is optimized. This can affect the scheduling of flights such as the work of [13] on depar-
ture planning, those of [14] or those of Kolker and Lutjens [15] on airline flight planning.
Optimization can also be applied to flight plans, which determine in advance the paths aircraft
should follow. We can cite the work of [16] and those of [17]. Optimization on air routes has
had its share of works such as [11] who worked on the Air Route Network (ARN) and [18]
whose work focused on the design of optimal routes in an airspace. Other work has focused
on the positioning of waypoints in an ARN such as those by [19] and [20]. Sectorisation and
division of control areas is also an object of optimization, particularly with the SESAR [21]
and NextGEN [22] projects. In the same context, Sergeeva et al. [23] sought to automatically
adapt the airspace configurations according to the evolution of traffic. Finally, means of com-
munication and localization have also been the subject of several optimization works such as
those carried out by [24]. The objectives to be achieved constitute a third criterion. Although
they have in common the safety and reliability of air traffic, the proposed solutions all have
ancillary objectives to achieve. Thus, [20] worked on optimizing air routes by avoiding special
status areas. Others focused on solutions meeting meteorological objectives such as [25] and
[26]. Gerdes et al. [17] and Patron et al. [27] focused on fuel consumption while [28] looked at
CO, emissions. The time factor, an important objective, as well, appears in many studies such
as those of [7] and [8]. Another key objective was the elimination of aircraft conflicts, which
were the aim ofworks of [6, 29, 30]. Other objectives were treated in the literature such as the
optimization of the sectors capacity and the traffic congestion in [31] and [2], the controller’s
workload (ATC workload stress problem) dealt with in [32] and [33] and the maneuvers /
actions to be performed by the pilot in [34]. The fourth and last criterion relates to the opti-
mization methods and techniques used. In [35], Bertsimas et al. used linear programming to
solve an Air Traffic Flow Management (ATFM) problem while [26] used the geometric model
in their work. Artificial intelligence like graph theory is also present with the A* algorithm in
[3] and weighted graphs in [12]. For their part [36] use dynamic programming. Game theory
was used in [37] and the agent approach in [2] to solve the traffic congestion problem. On the
metaheuristic side, we find ant colonies in [38] to solve large problems involving up to 30
airplanes, neural networks [39] for simulating traffic and particle swarms for optimizing the
layout of waypoints. Genetic algorithms (GAs) have played a prominent role, as they appear in
almost all of the classification forms mentioned above. Thus, they are found in [6] for resolv-
ing conflicts arising during the aerodrome phase, [7] for planning issues, for route optimiza-
tion [18] or also to aggregate the passengers and also to reduce route changes and the travel
time for travelers [40]. They also appear in [23] for the revitalization of airspace. Their use
with GIS (Geographic Information Systems), very suitable in complex problems [41], appears
in transport problems optimization like the bus network [42] or the air route network [43]).

3 Problem description
As mentioned above, the route that an aircraft must follow is defined by its FPL. This pro-

vides information on the points, called report points or waypoints through which the air-
craft must pass, as well as its passage height or flight level (called FL: Flight Level). Each
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waypoint represents either a ground radio navigation device, an aerodrome (departure or
destination), or even a geographical position. These points are known and defined in the
various aviation manuals as well as on aeronautical charts (see Fig. 1). In addition, each
control sector contains a certain number of these waypoints.

3.1 Aircrafts separation

During their evolution, it happens that two aircraft get too close to each other and thus
threaten their safety. That is why a set of rules have been defined by the ICAO (Interna-
tional Civil Aviation Organization). These rules, called separation rules, consider:

— The position of the aircraft, estimated in distance or time in relation to a ground radio
navigation aid,

— The flight level (FL) given by the aircraft altimeter

— The attitude: aircraft climbing, descending or stable on its flight level

— The speed of the aircraft

Thus, there are several separation rules that a controller will apply as appropriate to ensure
the safety of aircraft.

3.2 Aircraft separation rules

Separation rules differ by the phase of flight. Since our problem is in the en-route phase,
we will settle for separations in the cruise phase (en route). Furthermore, we will not cite
all the cases mentioned in the ICAO documents [45], and we will limit ourselves to the
separations used in our algorithm.
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Fig. 1 Portion of an en-route aeronautical chart representing part of the TMA-East of the Algiers FIR [44]
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3.2.1 Vertical separation

A minimum vertical distance of 300 m (1000 feet) between two aircraft passing one above
the other (1 flight level, also called FL: Flight Level, equals 100 feet).

3.2.2 Horizontal separation

It breaks down into two separations: lateral and longitudinal. The first, the lateral separa-
tion of the aircraft is ensured by asking these aircraft to follow separate routes or to fly over
different geographical points formally indicating that the aircraft are over different geo-
graphical points. In the case of intersecting routes, the separation will be established such
that an aircraft following a route converging to that of another aircraft is laterally separated
until it reaches a point of lateral separation at a distance of specified distance measured
perpendicular to the track of the other aircraft. The same is true for divergent roads except
that the distance must be after the crossing point [45]. Longitudinal separation shall be
applied in such a way that the interval between the estimated positions of aircraft to which
this type of separation applies is never less than a prescribed minimum value. The appli-
cation of this type of separation differs according to the three traffic configurations: same
route (Fig. 2a), routes in the opposite direction (Fig. 2b) and converging routes (Fig. 2c).

There are several types of rules applicable in the case of longitudinal separation: based
on time, distance and speed (Mach number) [45]. In this work, we will settle with the first
two types of longitudinal separations.

Longitudinal separation based on distance shall be achieved by maintaining at least the
specified distances between the position of the aircraft, reported by reference to the DME
(Distance Measuring Equipment) in conjunction with other appropriate navigation aids
(NDB, VOR or other). When the aircraft have the same FL, whether they are on the same
route (Fig. 3a) or converging (Fig. 3b), the difference in distance between the two aircraft
must be at least 20 NM (Nautical Miles,INM = 1.60934Km) and using the same DME (in
some cases 10 NM [45]). The separation in the case of roads in the opposite direction is not
applicable in this case.

3.2.3 Flight plan

One of the essential information in ATFM is the FPL. This contains the route that the air-
craft must follow from its point of departure to its arrival. To manage its traffic, the con-
troller responsible for managing a given sector will not be interested in all the content of
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Fig.2 Aircraft configurations for longitudinal separation
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Fig.3 Separation based on DME distance between same level aircraft

the FPL, but only in the part that concerns its sector, that is to say: the code the aircraft
(ACID), its departure and destination aerodrome, the estimated time to enter its sector, the
waypoints (wpts) through which it will pass as well as their FLs (see Fig. 4).

To facilitate his work, this information is recorded on a flight progress sheet called Strip
that the controller must fill out manually or print when the control center is equipped with
an ATFM system.

3.2.4 How is the operation going?

As mentioned in the introduction, the controller manages its traffic as and when aircraft
enter its control sector. It proceeds as follows:

— The controller receives the traffic data (FPL) from his colleagues in the adjacent or
underlying sectors (Approach or Tower) or directly from the ATFM system (by broad-
casting to all sectors affected by the traffic)

— He records its information in a strip and stores it with the strips of other managed air-
craft in its sector

— He detects conflicts that may be generated with other aircraft in flight and classifies the
strips by group of aircraft generating conflicts between them

— He decides on the directives to be taken by the aircraft (for example, asking an aircraft
to change FL) to ensure the separations between aircraft and contacts the affected air-
craft. Notifies the changes on the strips

— Finally, he removes the strip of each aircraft that has left the control sector

In the practical work for the training of controllers, the situation is similar except that the
trainee is suddenly assigned a list of flights to manage. He must therefore pass this infor-
mation on to the strips before the exercise begins. It is precisely this situation that interests
us. The reasons for this choice are various: First, unlike real conditions where traffic arrives

DAH6002 B736 DAAG/DABBBIJAJIL ANB 1204 FL250

Interpretation: Flight AirAlgérie 6002, Aircraft: Boeing 737-600, from Algiers Houari-
Boumediene to Annaba Rabah-Bitat, Fly over waypoints: BJA, JIL and ANB, estimated BJA
at 12h04 GMT / FL 250

Fig.4 Portion of a flight’s traffic data and its interpretation
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over time, the traffic information to be managed is given at a time, so it is easier to model.
Moreover, the real-world problem requires a real-time resolution, which is not necessarily
guaranteed in our case. However, in a training situation, there is more time.

4 Geographic operations for conflict detection

To ensure traffic safety, the controller must provide a conflict-free solution between aircraft
and therefore ensure that there is no conflict between each pair of flights. Upon receipt of
the forecasted traffic, the controller will calculate the Estimated Time of Overflow (ETO)
for each aircraft by each waypoint provided in the FPL based on two main elements: the
estimated time of sector entry (for overflight or arrival) / take-off (for departure) and the
aircraft speed. From there, he will make sure that one of separation rules mentioned above
is applied. If it does not, he will give direction to one or both aircraft to avoid conflict. In
our case, the same principle of calculating estimates is applied, but we simply apply the
rules of vertical and horizontal separations based on distance and time for the evaluation
of conflicts. Vertical separation requires a vertical distance of at least 1000 feet (10 FL)
between two aircraft crossing or not in space. Horizontal separations are applied only to
aircraft whose routes intersect (otherwise, these aircraft are considered separate). However,
this is subject to the condition that each FPL consists solely of waypoints published in the
control area navigation chart. We will see later that it is only this kind of FPL that we will
handle.

4.1 Types of crossings

When two aircraft intersect, several configurations may occur:

4.1.1 3D crossing
The crossing is represented by a single point or by a segment of FPL defined by 3D coordi-

nates (longitude, latitude and FL). Longitudinal separations should therefore be applied at
this point because vertical separation is no longer assured (Az = 0).

4.1.2 2D crossing

In this case, the routes of the two aircraft intersect in longitude and latitude but not in FL.
In other words, one aircraft passes below the other as summarized in Table 1:

4.2 Longitudinal separation checks steps

To check the longitudinal separation, we proceed as follows:

— Calculate the intersection angle of the two roads at the crossing point to determine if it
is traffic on the same route, converging or in the opposite direction. If the traffic is in the

opposite direction, there is a separation break between these two aircraft regardless of
the distance between them
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Table 1 Summary of checks and operations for different aircraft configurations in case of 2D Crossing

ACl1 AC2 Checks Operations
Stable Stable The two aircraft are separated vertically No operation
Stable / Climbing / Climbing above Verify that A/C 2 did not cross the FL of A/C  If neces-
Descending / Descending 1 before the crossing point sary, apply
below longitudinal
separations
Descending above Verity that A/C 2 will not cross the FL of A/C If neces-
/ Climbing 1 after the crossing point sary, apply
below longitudinal
separations

— For distance separations: calculate the remaining distance between the second aircraft
and the crossing point when the first aircraft passes over that point. Check the existence
of the minimum distance of 20 NM (1NM = 1.60934 Km) or 10 NM if the speed differ-
ence between the first and second aircraft is greater than 37 Kts (1Kt = 1.852)

— For time separations: calculate the ETO of the crossing point of each aircraft and ensure
that the difference between the two estimates is greater than 15 minutes (general case)

5 Modeling of the problem by GAs

In this section, we present our modeling of the problem by genetic algorithms. Traffic
information is given in the form of an exercise consisting of several aircraft having to cross
the sector (over flight), take off from an aerodrome or, on the contrary, land at an aero-
drome in the sector. In our problem, a traffic solution must not suffer from any conflict
between aircraft and must best meet certain objectives. It is therefore quite natural to model
the individual (phenotype) as the set of FPLs constituting a given traffic situation.

5.1 Individual

An individual will be composed of F genes representing F flights and described by their
FPLs. Since the order of the flights of an exercise is fixed, a gene in an individual will
necessarily indicate the same flight. Figure 5 shows the modeling of an individual as well
as its geographical representation (phenotype) from data from an exercise consisting of two
flights. The gene consists of a label identifying the flight and containing fixed information
such as the flight identifier, its origin and destination and the type of the device. It also
contains the details of the flight route represented by a series of combinations (wpt, FL).
Each gene j has a fixed number of flight details noted n;. Whatever the individual, the total
number of flight details (noted N) remains fixed because it is nothing other than the sum of
n;. For what follows, we give the different expressions used:
— Individual X, corresponds to the i configuration of the different flights where X, is the
given original configuration in the exercise,
- X j Tepresents the gene j of individual i with j = 1,2, ...F.
X;;x designates the detail (flight detail) k of gene (flight) j of individual i. with
k=1,2,..n
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Traffic information (exercise):
- DAH6030 B736 DAAG/DTTA BJA JIL ANB MORIA 1204 FL290
- AAF773 B744 FAOR/LFPG TOLGA CSO CIRTA 1150 FL360

Individual (Chromosome) c—————_ = Graphic representation of the individual:

N
DAH6030 B736 cRTAD)
DAAG/DTTA
BJA 1204 |FL290 |Detail1 | +
Q
JIL FL290 | Detail 2 é
ANB FL290 | Detail 3
MORJA FL290 | Detail 4 ANB MORIA
etai 50
BJA JL & Q9
Py ® <~
AAF773 B744 = DAH 6030
FAOR/LFPG FL290 (@ cso
o~
TOLGA1150 |FL360 |Detail1 \. &
& Pasrr73
cso FL360 | Detail 2 i 5c0
CIRTA FL360 | petail 3 ) TOLGA
®

Fig.5 Modeling of an individual and its geographical representation based on data from an exercise con-
sisting of two flights

5.2 Population

The generation of the initial population is done from the original individual X, created
by the exercise data. The other individuals are created by duplicating X, and modifying
the details of its genes: wpt, FL or both at the same time (Fig. 6).The choice of the data
to be changed is made randomly but respecting certain constraints:

— The sector entry / exit waypoints do not undergo any modification except that of the
FL because this requires coordination with the adjacent sector

— The waypoints of the departure or take-off aerodromes do not undergo any change.
However, it is possible to shift the ETD (Estimated Time of Departure) by a few
minutes with a maximum of 5 minutes,

— No waypoint is added or deleted in a chromosome.

5.3 Fitness

The evaluation of X; is based on two criteria: the verification of separations between air-
craft and an aggregation function of two sub-criteria: the overall distance travelled and
the overall number of changes of FLs.
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Original individual X,

Individual X,

Individual X,

DAH6030 B736 DAAG/DTTA

DAH6030 B736 DAAG/DTTA

DAH6030 B736 DAAG/DTTA

BJA 1204 FL290 BJA 1204 |FL290 BJA 1204 FL290
JIL FL290 CsO FL290 JIL FL270
ANB FL290 ANB FL290 BTN FL250
MORIJA FL290 MORJA FL290 MORJA FL250
AAF773 B744 FAOR/LFPG AAF773 B744 FAOR/LFPG AAF773 B744 FAOR/LFPG
TOLGA 1150 FL360 TOLGA 1150 | FL340 TOLGA 1150 FL360
CSO FL360 CSO FL360 CSO FL360
CIRTA FL360 CIRTA FL360 CIRTA FL360

Fig.6 Generation of two individuals X, and X, from the original individual X, by changing some details on
the genes of the chromosomes (in bold)

5.3.1 Verification of separations between aircraft

It is based on the two types of separation chosen: vertical and horizontal separation (dis-
tance and time). For an individual X;, we count the number of conflicts C(X;) generated
where C(X;;, X; ) represents the number of conflicts between the aircraft of flight j and
that of flight / for this individual i.

CX,) = Z C(X;;. X;) 1)

with j,[=1,..,F and j # [ When C(X;) > O, this is enough to disqualify X; as a feasible
solution.

5.3.2 The total distance traveled

The distance traveled by X;, denoted by D(X;) represents the sum of the distances traveled
by each of the flights j (X;;) denoted by d(X; ;). Due to fuel consumption and CO, emis-
sions, it is obvious that the smaller D(X;) is, the more the flight configuration and therefore
the individual is favorable.

FPLs as filed by airlines are generally optimized (shortest route, most optimal FLs), the
closer D(X;) gets to the initial D(X,)) configuration, the better the solution. It is even possi-
ble that D(X,) < D(X,)), X; will therefore be considered better than X|, in terms of distance.

The distance difference A, is then defined as:

A; = D(X;) — D(X,) )

Moreover, between two solutions i and & such as D(X;) = D(X,,), we prefer the one that
affects the most FPLs, which implies fewer modifications in each of the initial FPLs. We
then define 6;, a modification rate such as:

6;=WN-n)/N 3)

The role of § is to promote, among the solutions with an equal A, that which distributes A
over the greatest number of FPLs. However, when D(X;) < D(X,), A; will be less than 0 but
6; > 0, which will somewhat distort the assessment of X;i. To remedy this, and to keep the
i

same sign between A; and 6;, we multiply A; by ﬁ
i te
l
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The role of € is simply to avoid a division by zero in the case of a solution equal to the
initial solution in terms of overall distance. Its value is negligible (of the order of a metre).
The assessment of individual i according to the overall distance travelled is expressed as
follows:

GX) = A(1+6,/14; +€]) €]

5.3.3 The global change in FLs

We try to minimize the number of global changes in terms of FLs for an individual X;,
compared to the initial configuration. For each flight detail X;;, , we calculate the differ-
ence of FL noted f; ;, compared to the initial configuration X, ;. Concretely, by how many
FLs, the aircraft executing the FPL j will change (up/down) when it flies over waypoint k
compared to what was initially planned for that same waypoint. Moreover, for reasons of
passenger comfort, fuel consumption or other reasons, the greater the fijk gap, the more
it is binding for the pilot. A pilot is more willing to change flight level three times with a
deviation of 1 FL than to change once with a deviation of 3 FL. The function @, is then
defined as a quadratic sum differences of FL for the individual i:

;= Z i?/',k )

with j=1,2, .Fand k = 1,2..n;.

On the other hand, between two solutions i and 4 having the same @ value, the pref-
erence goes to that which affects the largest number of genes (of waypoints). This is
expressed by the function ¢ as:

(N —nfy)/N ifnf; > 0,
P = { 0 otherwise (no change in FL) ©)
where nf; is the number of waypoints that undergone the change in.
The role of ¢ is the same as that of §, that is to say to favor, among all the individu-
als having the same value @, the one who best distributes @ over the different FPLs. The
assessment function of the individual i in relation to the FLL amendments is calculated as
follows :

MX;,) =D, + ¢; 7

5.3.4 The fitness function

The more a solution minimizes G and/or M, the better it is. The objective function Z(X;)
can therefore be calculated as follows:

Z(X;) = aG; + pM,; ®)

a and f are weighting factors such as @, f € N.

The aggregation of these two sub-criteria is explained by the fact that they are not con-
flicting objectives(for G, this represents a change in (x, y) while for M, it is a change in z).
Both of sub-criteria reflect in their own way the changes that a potential solution proposed
in relation to the initial solution.
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For our part and for the tests we have carried out, we will take a = f = 1, which gives
equal importance to the two sub-criteria as is the case during the training of the trainee
controllers. The individual X; passes first through a first stage of conflict assessment and
then through a stage of calculation of Z(X;).

5.4 Selection

We use a simple selection operator which is the weighted roulette technique where candi-
dates are selected with a probability proportional to their fitness. The better an individual
is, the more likely he is to be selected.

5.5 Genetic operators
5.5.1 Crossing over operator

The crossing used between two individuals X, and X, is a unipoint crossover. It is done
according to a crossing probability Pc. Considering the Pfc crossing point, the offspring
individuals X;and X,; are made up, for X,; of the first Ptc genes of X, and F — Ptc, the
remaining genes of X, the reverse as for X;} made up of the Ptc first genes from X, and
F-Ptc remaining genes from X,,. Figure 7 shows the crossover operation.

5.5.2 Mutation operator

The mutation reaches an individual with a probability P,,. It affects one of the individual’s
genes and more exactly one of the details: the waypoint, the FL or both at the same time.

Father X, Father X,
DAH6030 B736 DAAG/DTTA DAH6030 B736 DAAG/DTTA
BIA 1204 FL290 BIA 1204 | FL290
cso FL290 JiL FL270
(" [ane FL290 BTN FL250 A
MORJA FL290 Crossover point [ \oRIA FL250
AAF773_B744_FAOR/LFPG T T TPie=1 " T(|AAF773 B744 FAOR/LFPG
TOLGA 1150 FL340 TOLGA 1150 | FL360
Cso FL360 S0 FL360
CIRTA FL360 CIRTA FL360
Son X', Son X',
DAH6030 B736 DAAG/DTTA DAH6030 B736 DAAG/DTTA
BIA 1204 FL290 BIA 1204 | FL290
S [eso FL290 JIL FL270 ¢
ANB FL290 BTN FL250
MORJA FL290 MORIJA FL250
AAF773 B744 _FAOR/LFPG AAF773 B744_FAOR/LFPG
TOLGA 1150 FL360 TOLGA 1150 | FL340
cso FL360 cso FL360
CIRTA FL360 CIRTA FL360

Fig.7 Crossing of two individuals X, and X, at the crossing point Ptc = 1
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However, an exception is made for departures where it is possible to modify the ETD by a
maximum of 5 minutes as is usually practiced in reality by controllers.

5.5.3 Replacement of individuals

The replacement strategy is random where each offspring randomly chooses one of the
individuals among the population of parents to replace him, except for the best individual
among the parents who is maintained and cannot be replaced. Moreover, the best indi-
vidual among the offsprings will automatically replace one of the individuals among the
parents. The choice of this strategy is based on a compromise between keeping the best
individuals (the best of parents and the best of children) for the next generation according
to the very essence of genetic algorithms: “survival of the fittest” and the desire to keep a
greater space to seek and avoid falling too early in a local optimum.

6 Experimentation

To validate our work, we experimented with our algorithm on an en route control sector on
which we applied tests in the form of exercises.

6.1 Experimentation sector

The sector we have chosen is the TMA North-East of the Algiers FIR for the control of
en-route phase aircraft, those landing / taking off from aerodromes in this sector or coming
from / going to the CTA (Control Terminal Area, approach sectors of Annaba and Constan-
tine). It is bounded to the north and east by two foreign FIRs (Marseille and Tunis), while
we find the TMA Center and the South-center sector to the west and the South-East sector
to the south. The TMA is made up of 25 waypoints distributed among geographical points
or radio navigation aids, located at the boundary of the FIR / sector or inside (see Fig. 8).

6.2 Benchmarks

The used benchmarks are exercises on which we have performed our tests come from real
exercises used by the instructors for the training of air traffic controllers. They are inspired
by real life situations that present recurring conflicts between aircraft. The difficulty of the
exercise increases with the number of aircraft. They are in the form of a portion of FPL as
given in Fig. 6.

6.2.1 Software environment

For the implementation of our GIS tool and the execution of the tests we used the GAMA
platform UMMISCO [46] under the Windows environment. There are two reasons for
choosing this platform: GAMA is an integrated and comprehensive development environ-
ment for modeling and simulation. In addition, it allows manipulation of geographic infor-
mation and connection to geographic databases. So this is an environment that is very suit-
able for the intended purpose.
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Fig. 8 Experimentation area, TMA North-East of the Algiers FIR [44]

7 Tests and results
7.1 Data set
As mentioned above, the tests are carried out on practical exercises of air traffic control-

ler training. We have selected ten exercises whose composition is available in [47] and
summarized in Table 2.
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Table 2 Composition of the exercises used for the tests

Exercise Number of Departures Arrivals Over flights D(X,))(km) C(X,) N

flights F
1 12 5 4 3 3092.58 9 32
2 11 3 4 3 3430.25 10 27
3 12 4 5 3 2989.05 18 32
4 11 5 2 4 3454.65 16 31
5 12 6 4 2 3267.07 5 32
6 12 5 3 3 3659.17 10 33
7 16 5 6 5 4699.15 19 46
8 14 4 5 4 4664.86 21 39
9 14 4 6 4 3756.2 22 39
10 13 6 5 2 3508.72 7 34
Table 3 Parameter setting Parameter Setting
Population Size 5
Number of Iteration 1000
Crossover rate 0.7
Mutation rate 0.4

7.2 Genetic algorithm parameters

The parameter values for our genetic algorithm were obtained after a dozen tests carried
out on each of these parameters and fixing the others. The values used are: (see Table 3)

7.3 Results and discussion

In order to evaluate our work, we carried out 10 tests for each of the exercises accord-
ing to the parameters used (see Table 4). Bold lines represent the best solution for the
corresponding exercise. Table 5 summarize the results obtained. It is divided into two
parts: the best solution (Table 5a) and the average solution (Table 5b) for each exercise.

In order to better illustrate the results obtained, we will take an example. For exer-
cise 3, the best solution found (Table 4, test n°1) increases the distance traveled D by
166.45km on the seven (7) flights having undergone a modification of FPL. This implies
an average increase of 23.77km for each flight, which is very acceptable.

From the point of view of the change of FLs,®(X*) = 26. However, this does not nec-
essarily mean 26 level changes (see Sect. 5.3.3). A detailed comparison of this solution
with the original solution shows the results shown in Table 6 and the graphical repre-
sentation of the two solutions can be summarized in Fig. 9.

We note that FL changes affect 7 FPLs (1, 4, 5, 7, 10, 11 and 12) spread over 12 wpts
with a maximum FL change equal to 3 (FL 260 instead of 290 for the 2nd wpt of FPL
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Table 4 Test results over the ten exercises

Exercise N° C D(km) A(km) n 6 G 0 nf @ M V4

1 1 0 333617 24359 3 075 24659 26 9 072 2672 273.31
2 0 328833 19575 5 058 20075 4 4 088 488 205.63
3 0 324683 15425 3 075 15725 37 4 088 37.88 195.13
4 0 318634 9376 3 075 96.76 8 5 084 884 105.60
5 0 313959 47.01 2 0.83 49.01 1 1 097 197 50.98
6 0 31603 6772 4 067 7172 14 6 0.81 1481 86.53
7 0 3746.04 65346 7 042 66046 10 7 078 10.78 671.24
8 0 329932 20674 5 058 211.74 21 16 050 21.50 233.24
9 0 32723 17972 6 050 18572 35 15 0.53 3553 221.25
10 0 3485.88 3933 4 067 3973 16 5 084 16.84 414.14

2 1 0 345446 2421 3 073 2721 50 16 05 505 77.71
2 0 345551 2526 3 073 2826 8 6 081 88l 37.07
3 0 345623 2598 4 0.64 2998 18 16 05 185 48.48
4 0 3456.09 25.84 2 082 2784 10 5 084 10.84 38.68
5 0 3489.84 5959 4 064 63.59 40 9 072 4072 104.31
6 0 345623 2598 4 0.64 2998 6 4 088 6.88 36.86
7 0 345374 2349 2 0.82 2549 10 3 091 1091 36.4
8 0 351697 86.72 2 082 8372 1 I 097 197 90.69
9 0 346296 32.71 2 082 3471 1 1 097 197 36.68
10 0 353694 10669 2 082 108.69 0 0 1 1 109.69

3 1 0 31555 16645 7 042 17345 26 12 0.63 26.63 200.08
2 0 325623 267.18 7 042 27418 431 14 056 43156  705.74
3 0 322151 23246 7 042 23946 360 15 053 360.53  599.99
4 0 310043 11138 5 058 11638 611 12 0.63 611.63  728.01
5 1 345698 46793 6 05 47393 210 14 056 210.56  684.49
6 0 364029 65124 5 058 65624 27 11 0.66 27.66 683.9
7 1 347856 48951 6 05 49551 79 10 0.69 79.69 575.2
8 1 328772 298.67 5 0.8 303.67 369 12 0.63 369.63 6733
9 0 32723 17972 6 050 18572 35 15 0,53 3553 221.25
10 0 3131.78 14273 7 042 14973 87 18 044 87.44 237.17

4 1 0 416549 71084 6 045 716.84 148 17 045 14845 86529
2 1 37783 32365 6 045 32965 119 16 048 11948  449.13
3 0 385849 40384 6 045 40984 333 19 039 33339 74322
4 0 3824.06 36941 5 055 37441 81 11 0.65 81.65 456.05
5 0 369699 24234 6 045 24834 63 22 029 6329 311.63
6 0 398073 53508 6 045 541.08 951 19 039 95139  1492.46
7 0 369834 24369 6 045 249.69 46 9 071 4671 296.39
8 1 374717 29252 7 036 29952 26 16 048 2648 326
9 2 357336 11871 5 055 12371 98 13 0.58 98.58 222.29
10 0 369636 24171 6 045 24771 808 20 0.35 80835 1056.06

5 1 0 3336.17 24359 3 075 24659 26 9 072 2672 273.31
2 0 328833 19575 5 058 20075 4 4 088 488 205.63
3 0 324683 15425 3 075 15725 37 4 088 37.88 195.13
4 0 318634 93.76 3 075 96.76 8 5 084 884 105.60
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Table 4 (continued)

Exercise N° C D(km) A(km) n 6 G 0 nf @ M VA
5 0 3139.59 47.01 2 0.83 49.01 1 1 097 197 50.98
6 0 31603 67.72 4 067 7172 14 6 081 1481 86.53
7 0 3746.04 65346 7 042 660.46 10 7 078 10.78 671.24
8 0 329932 20674 5 058 211.74 21 16 050 21.50 233.24
9 0 32723 179.72 6 050 185.72 35 15 053 3553 221.25
10 0 3485.88 3933 4 067 3973 16 5 084 16.84 414.14
6 1 0 3649.07 -10.1 6 05 -l6.1 10 10 0.7 10.7 -5.41
2 0 367481 15.64 5 058 20.64 199 15 055 19955  220.19
3 0 369247 333 5 058 383 189 21 037 189.37  227.67
4 0 361895 -40.22 5 058 -45.22 48 13 0.61 48.61 3.39
5 0 367335 14.18 5 058 19.18 21 7 079 21.79 40.97
6 0 3601.88 -57.29 3 075 -60.29 23 4 088 23.88 -36.42
7 0 36308 -28.37 5 058 -3337 185 15 055 185.55 152.18
8 0 375832 99.15 4 067 103.15 65 14 058 65.58 168.73
9 0 381192 15275 4 0.67 156.75 129 17 049 12949  286.24
10 1 3929.03 2698 6 0.5 275.86 62 19 043 6243 338.29
7 1 0 5465.78 766.63 0 1 766.63 139 8 0.83 139.83 906.46
2 1 4746.12 46.97 1 094 4797 7 4 092 792 55.89
3 1 4746.12 4697 1 094 4797 38 3 094 3894 86.91
4 1 5130.89 431.74 1 094 43274 4 4 092 49 437.66
5 1 5001.82 302.67 1 094 303.67 1383 6 0.87 138.87 44254
6 1 4746.12 4697 1 094 4797 10 2 096 10.96 58.93
7 1 494345 2443 1 094 2453 398 8 0.83 398.83 644.13
8 1 474848 49.33 1 094 50.33 52 4 092 5292 103.25
9 1 4805.65 106.5 1 094 1075 175 10 0.79 17579  283.29
10 1 523374 534.59 1 094 53559 317 13 072 317.72  853.31
8 1 0 519847 533.61 6 057 539.61 212 17 057 21257 75218
2 3 518375 51889 6 057 52489 312 20 049 31249  837.38
3 0 49349 27004 6 0.57 276.04 620 19 052 62052  896.56
4 0 5008.84 34398 6 0.57 34998 811 20 049 811.49 1161.47
5 0 5070.58 40572 5 0.64 410.72 188 13 0.67 188.67  599.39
6 1 523603 571.17 7 0.5 578.17 232 18 054 23254  810.71
7 1 539468 72982 8 043 737.82 467 17 057 467.57 1205.39
8 1 514971 48485 7 05 49185 960 15 0.62 960.62 1452.47
9 1 527373 60887 5 0.64 613.87 136 8 038 136.8 750.67
10 2 5150.67 485.81 7 05 49281 1132 20 049 113249 16253
9 1 0 4595.16 83896 6 057 84496 238 17 057 238.57 1083.53
2 0 4662.28 906.08 8 043 91408 492 23 042 49242 1406.5
3 0 4876.15 111995 9 036 112895 783 20 0.49 783.49 1912.44
4 4 449848 74228 7 05 74928 750 23 042 75042 1499.7
5 1 411582 35962 6 057 36562 812 21 047 81247 1178.09
6 1 4180.01 42381 8 043 431.81 1224 22 044 122444 1656.25
7 2 493382 1177.62 9 036 1186.62 243 21 047 24347 1430.09
8 1 4496.18 73998 9 036 74898 581 21 047 581.47 1330.45
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Table 4 (continued)

Exercise N° C D(km) A(km) n 6 G 0 nf @ M VA
9 0 361476 -14144 4 071 -14544 47 8 0.8 47.8 -97.65
10 2 446527 709.07 8 043 717.07 1457 24 039 145739 217446

10 1 0 348128 -27.44 2 078 -29.44 0 0 0.88 0.88 -28.57
2 0 356445 5573 4 0.64 59.73 25 7 07 257 85.43
3 0 3490.67 -18.05 2 078 -20.05 22 4 077 2277 2.72
4 0 3511.77 3.05 2 078 5.05 63 14 052 6352 68.57
5 0 3563.66 54.94 3 071 5794 81 8 0.67 81.67 139.61
6 0 361476 10604 4 064 11004 47 0.67 47.67 157.71
7 0 353509 2637 2 078 2837 31 0.67 31.67 60.04
8 0 355622 475 4 064 515 16 0.75 16.75 68.25
9 0 364723 13851 5 057 14351 15 12 0.57 1557 159.08
10 0 401456 50584 5 0.57 51084 65 14 052 6552 576.36

Table 5 Summary of the results of the executions

(a) Best Solution X*

Exercise C(X*) AX*) n* 0(X*) G(X") nf* M(X*) Z(X*)

1 0 47.01 2 49.01 1 1 1.97 50.98

2 0 3271 2 3471 1 1 1.97 36.68

3 0 166.45 7 173.45 26 12 26.59 200.04

4 0 243.69 6 249.69 46 9 46.71 296.39

5 0 -0.31 1 -1.31 0 0 0 -1.31

6 0 -57.29 3 23 -60.29 4 23.88 -36.41

7 0 766.63 0 139 766.63 8 139.83 906.45

8 0 405.72 5 188 410.72 13 188.67 599,387

9 0 -141.44 4 47 -145.44 8 47.79 -97.645

10 0 -27.44 2 0 -29.44 0 0.87 -28.59

(b) Average Solution X,

Exercise  C(X,)  A(X,) n, 0(X,,) G(X,,) nf, MX,)  Z(X,)

1 0 223.53 42 227.73 17.2 72 17.98 245.71

2 0 43.65 2.8 46.45 14.4 6.1 15.21 61.66

3 0.4 366.94 6.2 373.14 287.8 13.1 288.39 661.54

4 04 348.17 5.9 354.07 267.3 16.2 267.78 621.85

5 0 39.38 22 40.98 73.8 4.5 74.66 115.44

6 0.10 44.89 4.8 93.1 45.89 13,5 93.69 139.58

7 0.90 257.67 0.9 127.8 258.57 6.2 128.66 387.23

8 0.90 495.276 6.3 507 501.57 16.7 507.57 1009.148

9 1.10 687.59 7.4 662.7 694.19 20 663.19 1357.38

10 0 89.25 33 36.5 91.75 8 37.17 128.916
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4). This remains acceptable especially since the flight corresponding to FPL 4 must land
at the next wpt (3rd wpt).

In Table 4, it is noted that in most of the tests performed, the “zero conflicts” result
is achieved, particularly for Exercise 1, 2, 5 and 10 where all results indicate C = 0. For
Exercise 6, 9 tests out of 10 resolved conflicts. We even observe an improvement in the
solution for the other objectives (tests 1 and 6). For exercises 3 and 4, we achieved some
results with C =1 (1 conflict) and C = 2 (only one case for exercise 4). Exercises 8 and
9 give mixed results where we observe 4 tests having eliminated the conflicts, but much
worse results as for test n° 4 of exercise 9 (4 conflicts). However, we note the obtaining of

Table 6 Detailed comparison between the initial solution and the best solution found from exercise 3

Initial solution X,

Best solution X*

N°FPL  FlightID  wpt ETO FL  wpt ETO FL f £
1 DAH6003  DABB 06:55:00 0 DABB 06:55:00 0 0 0
JIL 07:07:53 260 CSO 07:04:03 250 1 1
BIA 07:13:46 260  BIA 07:15:42 260 0 0
2 DAH1126  DABC 06:57:00 DABC 06:58:00 0 0 0
KAMER  07:19:48 300 KAMER  07:20:48 300 0 0
3 DAH6017  DABC 07:00:00 0 DABC 07:03:00 0 0 0
BIA 07:11:38 260 BJA 07:14:38 260 0 0
4 DAH6711  BIA 07:04:00 290 BJA 07:04:00 290 0 0
JIL 07:09:52 290 CSO 07:1538 260 3 9
DABB 07:22:46 0 DABB 07:24:42 0 0 0
5 7TWRE BABOR  07:02:00 170 BABOR  07:02:00 180 1 1
TAJEN  07:12:09 130 TAJEN  07:12:09 140 1 1
DABC 07:21:03 0 DABC 07:21:03 0 0 0
6 DAH6000  BIA 07:07:00 250 BIA 07:07:00 250 0 0
JIL 07:12:52 250 CSO 07:18:38 250 0 0
DABB 07:25:46 0 DABB 07:27:42 0 0 0
7 7TWIC NADIT 06:52:00 300 NADJI 06:52:00 310 1 1
DABC 07:05:06 0 DABC 07:05:06 0 0 0
8 DTH2106  NADIJI 06:55:00 280  NADII 06:55:00 280 0 0
DABC 07:07:27 0 DABC 07:0727 0 0 0
9 7TVPR DABC 06:55:00 0 DABC 07:00:00 0 0 0
BIA 07:05:57 320 BIA 07:10:57 320 0 0
10 DTH2105 BIA 07:02:00 250 BIA 07:02:00 250 0 0
JIL 07:07:52 310  CSO 07:1338 310 0 0
ANB 07:20:46 350  ANB 07:22:42 340 1 1
MORJA  06:55:00 370 MORJA  07:28:31 380 1 1
11 DLH573  TOLGA  07:07:53 360 TOLGA  06:58:00 350 1 1
Cso 07:13:46 360 ANB 07:14:07 380 2 4
CIRTA 06:57:00 360  CIRTA 07:30:47 370 1 1
12 THYSYN  MORJA  07:19:48 360 MORJA  07:02:00 380 2 4
ANB 07:00:00 360 JIL 07:20:42 360 0 0
PAGRE  07:11:38 360 PAGRE  07:3025 370 1 1
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a result with O conflicts and a shortening of the overall distance covered D (test n°9, exer-
cise 9). We can explain this by the fact that these two exercises have the highest number of
initial conflicts with a number higher than the norm applied in the control sector. The worst
results concern exercise 7, the tests of which give a single result with O conflicts. This
can be justified in view of the number of flights (the highest) combined with a significant
number of initial conflicts. As regards to the assessment of the overall distance travelled D,
the solution is acceptable and accepted by pilots when the delay due to the course change
does not exceed five minutes of flight (around 40km for medium-sized aircraft). From this,
the results indicate acceptable average values (Table 5-a). However, we note that for some
results (tests: n%7/exercise 1, n° 5, 6, 7 and 9/exercise 3, n°1, 3 and 6/exercise 4), G is above
the acceptable threshold. For example, in the case of test n07 of exercise 1, G = 660.46,
which is really A = 653.46 spread over 12 flights. A simple division operation results in an
average of 54.45 km more for each flight. We also note that these results are related to and
increase with the number of initial conflicts. This can be explained by the fact that the more
conflicts there are, the more it is necessary to move the planes between them and therefore,
to move them away from their initial routes and thus lengthen the distance travelled (see
Fig. 9).

On the other hand, a FPL with many FL changes is certainly feasible but inadvisable for
the above-mentioned reasons (see Sect. 5.3.3). Based on this, and based on air traffic con-
trollers’ field experience, a FPL is suitable if it is limited to a few FL changes. There is no
precise value because it also depends on the size of the change difference made each time.
In order to evaluate our results, we consider that the solution is suitable if the value of M
does not exceed 50, which corresponds to an average of 4 changes of FL/FPL. Of course,
this value remains subjective and subject to discussion because it does not obey specific
criteria.

Consequently, we can deduce that the results obtained for exercises 1, 2, 5 and 10 are
satisfactory for this criterion: 100% of the results are below the threshold set for exercise
1 and 70% for exercises 5 and 10 but only 20% for exercises 3 and 4. The results are even
better than the initial configuration for the results of tests 1 and 7 of exercise 5 where G is
negative (G = —1.31) so the distance traveled D is shorter and M = 0 (no change in FL).

In the end, we can say that the results of F are satisfactory for exercises 1, 2, 5 and
10 but remain limited for exercises 3, 4 and 6. On the other hand, they are less good for
exercises 7, 8 and 9 . The number of flights certainly has something to do with the results
since it broadens the search space. The number of initial conflicts also influences because it
requires more changes at the level of wpts, FL or both at once. In the mutation section, we
also talked about an ETD-altering mutation, the time an aircraft must depart from an aero-
drome. Even if it is limited to departures, it makes it possible to eliminate certain conflicts
without having to change the routes of the flights concerned by these conflicts.

8 Conclusion and perspectives

The current challenge for air traffic control and safety agencies is to optimize ever-increas-
ing air traffic while ensuring its safety and traffic flow. To achieve this, the controller
must undergo qualifying training on a control area, which includes traffic management
exercises. It must use certain rules, called separation rules on a set of FPLs representing
aircraft routes, to propose a conflict-free solution. At the end of each exercise, this solu-
tion is checked and compared with that of the instructors. This is the context of the work
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Fig.9 Graphic representation
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described in this article, where it is a matter of proposing a machine-generated solution to
the instructor.

After a description of the problem and the associated geographic operations to solve it,
we got down to modeling the problem using genetic algorithms, very suitable for GIS. As
separation rules, we have limited ourselves to vertical and longitudinal separations and the
objectives taken into account are first of all the elimination of conflicts between aircraft but
also the reduction of the total distance traveled and the number of FL changes of the differ-
ent aircraft.

In order to test our algorithm, we took a set of operational exercises dedicated to the
actual training of air traffic controllers on the control sector of the North-East TMA of the
Algiers FIR. The results obtained are globally satisfactory because in the majority of the
cases, the conflicts are eliminated and the route changes (in distance or FL)) remain accept-
able. We even got better solutions than those initially announced. However, when the num-
ber of conflicts increases, the algorithm becomes less efficient. This is all the more remark-
able when the number of flights exceeds the operational capacity of the control sector. In
the future, it would be useful to continue the work with a simulation of the results, which
we are currently working on. It would also be interesting to integrate the other separation
rules (lateral, number of mach, etc.) and to take into account certain specificities of the
control area such as status areas.
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