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ABSTRACT This paper presents a hybrid model for the detection and resolution of conflicts in air traffic
routes involving flight level change actions and adjustment of the longitudinal acceleration of aircraft. The
strategy comprises an integrated approach that uses a fuzzy model to quantify the level of longitudinal
conflict between two aircraft on the same airway. In addition, optimum flight level change actions between
aircraft are calculated through a global and dynamic analysis involving the recognition of clusters of aircraft
in conflict and the search for the best scenario by means of a genetic algorithm that minimizes the sum of
positive conflicts. The results show that the proposed approach is able to detect and remove longitudinal
conflicts in advance, providing a potential tool to support decision-making, improve safety and optimize the
use of airspace.

INDEX TERMS Air traffic control, fuzzy logic, genetic algorithm, optimization, clustering algorithm,
support decision-making.

I. INTRODUCTION
According to the International Air Transport Association [1],
by 2034, the number of air passengers is expected to reach
7.3 billion, representing an annual increase of 4.1%. By the
same year, the markets with the highest annual growth in pas-
senger numbers will be China (856 million new passengers),
the US (559million), India (266million), Indonesia (183mil-
lion) and Brazil (170million). This growth has a direct impact
on the number of flights and aircraft controlled simultane-
ously, increasing theworkload of air traffic controllers and the
complexity of air traffic control [2] and requiring increased
infrastructure and improvements to guarantee flight safety
and efficiency.

The concept of air traffic complexity was originally intro-
duced to evaluate the level of difficulty experienced by air
traffic controllers in safely controlling a given traffic situ-
ation [3]. The task of the air traffic controller is to elimi-
nate or reduce conflicts between aircraft en route through
longitudinal or vertical spacing adjustment, changes in
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speed and deviation from areas of risk, among other
techniques ([4], [5]).

Various solutions have been developed to minimize the
workload of air traffic controllers in the execution of their
tasks in the different flight phases. Decision-making in air
traffic control is a complex task, since the growing demand
requires a greater number of alternatives, increasing thework-
load of the controllers [6]. Reference [7] analyzes the impact
on the workload of controllers of conflict resolution between
two aircraft en route. Reference [2] shows the connection
between the level of complexity in air traffic and the mistakes
made by the controllers in the decision process, suggesting
the need for improvement of control systems. Government
agencies in the United States and Europe are working to
define the next generation of such control systems [8].

The use of computational techniques to reduce complexity
and increase the efficiency of air traffic control is relatively
recent. Mixed integer linear programming ([9], [10]), integer
programming ([11], [12]), decision tree [13], angle changes in
aircraft directions based on the variable neighborhood search
metaheuristic framework [14], expert systems, dynamic pro-
gramming, reinforcement learning, path planning techniques,
resilience engineering and metaheuristics ([15]–[20]), are
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examples of the approaches used to support decision making
in air traffic control, mainly involving conflict detection and
resolution.

Reference [21] presents a safe procedure for conflict res-
olution involving cross routes, based on the construction of
alternative routes without the need to change flight levels or
aircraft speed. Reference [22] presents an approach based
on the expected probability of conflict that employs the list
Viterbi algorithm to find an optimal sequence of multiple
maneuvers without conflict.

The use of fuzzy logic in air traffic control allows the uncer-
tainty of the information inherent in this type of problem to
be considered in a systematic way. Takeoff and landing [23],
flight level changes and speed control [24], [25], altitude con-
trol [26], the setting of flight routes ([27], [28]) and conflict
detection and resolution [29] are examples of tasks that are
well suited to the use of fuzzy logic (types I and II).

Air traffic control is a complex problem due to its non-
convex, nonlinear and non-analytical features [30]. GAs
are used in the search for solutions that involve problems
with these features in the different phases of air traffic
control. References [31] and [32] use GAs in the config-
uration of airspace sectors according to traffic behavior.
References [30], [33]–[36] use GAs in an aircraft sequenc-
ing problem (ASP). Reference [37] presents a method to
find the best routes and schedules for airport ground oper-
ations within a decision support system for tower controllers
using the genetic algorithm (GA) and a time-space dynamic
flow management algorithm. Reference [38] presents an
approach to coping with the real-time optimization of flight
trajectories.

Reference [29] presents two fuzzy models (based on the
Mamdani structure) to set the longitudinal speed of a given
aircraft during the flight. The first fuzzy model proposes an
innovative metric to quantify the level of longitudinal conflict
between two aircraft, and the second model uses the level
of conflict as an input variable, in addition to others, to set
the acceleration to be applied in one of the aircraft. This
paper is an extension of the first study [29] and proposes a
hybrid model for detecting and resolving conflicts in en-route
air traffic. The hybrid approach uses the fuzzy models pro-
posed by [29] within an approach that employs a GA for
the systemic resolution of longitudinal conflicts involving the
possibility of changing the aircraft flight level. The hybrid
model incorporates the detection of conflicts, recognition of
clusters of aircraft and adjustments in flight levels and hori-
zontal aircraft speed in order to minimize the sum of all levels
of positive conflicts, thus eliminating the conflicts between
aircraft belonging to each cluster. The model is simulated and
tested in normal airspace, subject to the rules and constraints
set by the International Civil Aviation Organization (ICAO).
The results were compared with the standard procedure based
on actions performed by the controller and show the potential
of the proposed approach to improve safety and optimize the
use of airspace.

The contributions of this work can be summarized as
follows:
• Proposal of an airspace conflict resolution approach
based on the automatic recognition of aircraft clusters
and the definition of simultaneous flight level change
actions for each cluster according to an optimization
criterion.

• Significant reduction in elapsed time to eliminate
longitudinal conflicts between aircraft compared
to the conventional procedure used by air traffic
controllers.

• Systematic combination of the proposed approach with
previous work [29], namely, the insertion of longitudinal
conflict estimation into the optimization problem.

This paper is structured as follows. Section 2 presents some
settings, rules and constraints related to the problem of air
traffic routing. Section 3 presents the environment in which
the proposed model will work, its integration with the model
proposed by [29], and the method used for the dynamic
recognition of clusters of aircraft, as well as a mapping of the
constraints used in the decision-making process of the best
flight level exchange actions. Section 4 presents case studies,
results and discussions.

II. LONGITUDINAL CONFLICT IN AIR TRAFFIC ROUTING
The problem involving longitudinal conflict in air traffic
routing is described in [29]; however, it is also presented here
for clarity.

Upper airspace is divided into airways (straight lines) that
comprise flight levels separated by a distance of approxi-
mately 1000 ft. The flight altitude of a commercial aircraft is
greater than or equal to 25000 ft (FL 250, FL - Flight Level).
Figure 1a shows a two-dimensional airspace considering air-
wayswith only one flight direction. At each level, one ormore
aircraft (A1,A2,A3, . . . ,An)may be allocated. The minimum
vertical separation between aircraft flying between levels FL
250 and FL 410 is 1000 ft, and for aircraft over FL 410, it is
2000 ft ([4], [5]).

The position of a generic aircraft (Ai, i = 1, . . . , n) over
time is directly related to the acceleration set by the pilot
[components aAix (t) and a

Ai
y (t)], which is directly related to

the vertical instantaneous speed [vAiy (t) , ft/min] and hori-
zontal instantaneous speed [vAix (t) , kt - knots] of each. Equa-
tions (1) and (2) provide the deterministic dynamic behavior
of themovement of each aircraft, and the functions sx = sAix (t)
and sy = sAiy (t) represent the trajectory of aircraft Ai in the
airspace.

The two-dimensional model proposed in this paper does
not consider depth as an additional dimension in resolving
conflicts. The two-dimensional space hypothesis is directly
associated with the representation of airspace according to
Figure 1a and is widely adopted in supervisory and control
systems of en-route aircraft. Adjustments involving changes
in the vertical trajectory (change of flight level) are more
frequently used (68%) for the elimination of conflicts than
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FIGURE 1. Air traffic route: (a) two-dimensional view and (b) conflict detection and resolution.

adjustments involving changes in the horizontal trajectory of
aircraft (32%) [39].

aAix (t) =
dvAix
dt
=
d2sAix
dt2

(1)

aAiy (t) =
dvAiy
dt
=
d2sAiy
dt2

(2)

The acceleration of the aircraft is a manipulated variable
defined by the pilot based on orders and guidelines provided
by the air traffic controller, considering the flight and the
desired level, the existence of conflicts, turbulence or weather
problems.

Conflicts between aircraft are not automatically solved and
are caused by a loss of vertical or horizontal separation, vio-
lating theminimum separation standards set by theAir Traffic
Service (ATS) ([4], [5]). Air traffic controllers must recog-
nize the types of conflict and perform predefined maneuvers
comprising changes in route, flight level or aircraft speed
([40], [41]).

Equation (3) gives a logical proposition that defines the
existence

(
cAi,Ai+1x = 1

)
or absence

(
cAi,Ai+1x = 0

)
of longi-

tudinal conflict between two aircraft Ai and Ai+1 (the suc-
ceeding aircraft to Ai) in the same airway, using a rigid
approach. This rule simply specifies that the distance between
two aircraft on the same route (same flight level) should
be 10 NM (nautical miles - NM), or any value in the
range [10], [20] NM if the relative speed of the succeeding
aircraft is equal to or greater than 20 kt ([4], [5]).

cAi,Ai+1x (t) =


1 if (dAi,Ai+1x (t) < 10 NM) or

(10 NM ≤ dAi,Ai+1x (t) < 20 NM and

vAi,Ai+1x (t) < 20 kt)
0 otherwise

(3)

where:

dAi,Ai+1x (t) = sAi+1x (t)− sAix (t) (4)

vAi,Ai+1x (t) = vAi+1x (t)− vAix (t) (5)

and dAi,Ai+1x (t) is the difference (in NM) in the longitudinal
direction between the positions of the aircraft Ai+1 and Ai
at time t and vAi,Ai+1x (t) is the relative speed between Ai+1
and Ai.
Similar equations apply to the distance and relative speed

between Ai and Ai−1 (the preceding aircraft to Ai):

dAi−1,Aix (t) = sAix (t)− s
Ai−1
x (t) (6)

vAi−1,Aix (t) = vAix (t)− v
Ai−1
x (t) (7)

and

cAi,Ai−1x (t) =


1 if (dAi−1,Aix (t) < 10 NM) or

(10 NM ≤ dAi−1,Aix (t) < 20 NM and

vAi−1,Aix (t) < 20 kt)
0 otherwise

(8)

Figure 1b shows the information flow and the entities (air
traffic controller, pilot and aircraft) involved in the detection
and resolution of the conflict. sAix (t) and s

Ai
y (t) are the instan-

taneous position of aircraft Ai and the speeds [vAix (t+ 1),
vAiy (t+ 1)] and flight level [FLAi (t + 1)] one step ahead
are defined by the air traffic controller. These are based on
air traffic rules, the positions of the aircraft, current speeds,
the limitations of each aircraft and the controller’ experi-
ence. Frequent speed changes with alternating increases and
decreases should be avoided. The aircraft should reach the
desired speed with a permissible deviation of +/− 10 kt
([4], [5]). The adjustments in aircraft speed (through accel-
eration) and flight level are based on the knowledge of a
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FIGURE 2. Separation between aircraft rising and at the same level.

human expert, which adds subjectivity and individuality to
the control problem.

The air traffic controller may request flight level changes
to ensure safe and orderly air traffic control and must also
be aware of the altitude limitations of each aircraft ([4], [5]).
The ICAO recommends vertical speeds for flight level change
of approximately 1500 ft/min and recommends speeds lower
than 1500 ft/min in the last 1000 ft preceding the desired
flight level [FLAi (t + 1)] [42]. Some additional rules are
set to guide flight level changes according to ([4], [5]). For
example, an aircraft may be allowed to occupy a flight level
previously occupied by another aircraft, except when:

a) there is strong turbulence
b) there is an aircraft at the higher level climbing to reach

cruise level
c) the difference in aircraft performance is such that a

separation shorter than the minimum allowed distance
may occur (3).

In any of these cases, authorization is denied until the aircraft
that has cleared the level has notified that it is at another level
or that it is passing through the flight level designated for the
other aircraft, obeying the required minimum separation (3).

Another rule ([4], [5]) states that when an aircraft is
crossing a level occupied by another aircraft, the minimum
longitudinal separation between the two aircraft should be
10NMat the time of crossing, provided that the positioning of
these aircraft is continuously tracked through the navigation
system using the Global Navigation Satellite System (GNSS)
(Figure 2).

These mobility rules, applied in situations where aircraft
are free from conflict, enable the controller to ensure air
traffic safety and flow. However, adverse situations can
generate conflicts between aircraft, including longitudinal
conflicts (3).

III. THE PROPOSED MODEL
This work proposes a hybrid model to detect and solve lon-
gitudinal conflicts in en-route air traffic based on the con-
trol/monitoring strategy presented in Figure 1b. It is assumed
that each airway has only one flow direction, and control is
accomplished by adjusting the horizontal speed and changing

FIGURE 3. The hybrid model for conflict detection and resolution.

the flight level of the aircraft. The considered airspace range
is limited to flight levels FL 250 and FL 410 (Figure 1a)
([4], [5]). No turbulence effects will be considered in the
decision-making process, and all the aircraft analyzed are
considered to be in cruise mode.

The different flight phases and tasks carried out by air
traffic controllers, the division of airspace, and the various
control centers and airports, in addition to the simultane-
ous use of all these resources by aircraft, contribute to the
complexity of air traffic control. Air traffic control involves
multiple controls and various degrees of granularity [43].
A larger problem can be broken down into subproblems [44]
hierarchically until it reaches the granularity that will allow it
to be solved in order to achieve a common overall objective,
namely, airspace safety. The dynamics of the environment
(Figure 1) and the tasks performed for the detection and
resolution of longitudinal conflicts (3) form the basis of the
hybrid model.

Figure 3 shows a set of aircraft occupying different flight
levels in an airway. The smaller ellipses (green and red)
represent spheres of influence that the aircraft exert from the
perspective of longitudinal conflicts (Equations (3) and (8)).
As soon as an aircraft approaches the conflict situation (red
ellipses), action defined by the air traffic controller must
be taken, either by adjusting the horizontal speed and/or by
performing a flight level change.
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To define a new level of flight for a given aircraft Ai, the air
traffic controller must be aware of certain features, such as
the ability of Ai to reach a certain level of flight, in addi-
tion to analyzing aircraft that are occupying adjacent flight
levels and which may be affected by the decision-making
process. The blue spheres comprise clusters of aircraft that
potentially influence one another during the decision-making
process. The level of complexity of the task of the air traffic
controller therefore increases directly with the number of
aircraft in each cluster. On the other hand, the dissimilarity
between aircraft belonging to particular clusters and aircraft
not belonging to them will ensure that flight level changes
defined for a particular cluster will have no effect on the
safety of an aircraft outside the cluster.

The hybrid model comprises the following processes:

a) The identification of conflicts and the adjustment of
the speed within the same airway will be performed
through the fuzzy inference system (FIS) proposed
by [29], which, in turn, will be operated in parallel with
the identification of clusters and flight level exchange
actions.

b) Periodically, the set of all aircraft with positive conflict
levels (red ellipses - Figure 3) detected by the model
proposed by [29] will be stored in a vector

(
Vconf

)
.

These aircraft will form a set that will be the starting
point for the identification of clusters (blue ellipses -
Figure 3).

c) For each aircraft (Ai) belonging to Vconf , a recursive
clustering algorithmwill identify the similarity and dis-
similarity of this aircraft with other aircraft (precedent
and subsequent aircraft at the same or adjacent flight
levels), also predicting possible influences of one air-
craft on the others due to a change in flight level. In the
process of cluster recognition, nonconflicting aircraft
(green ellipses) may belong to a cluster as long as they
can influence the flight level change process of the
other aircraft in conflict (aircraft A1, Figure 3). Other
aircraft (A2) may be outside any identified cluster, and
more than one cluster may be identified at the same
time (blue ellipses, Figure 3).

d) For each identified cluster, flight level change actions
will be defined through an optimization problem
involving a set of hard and soft constraints whose
objective is to minimize the sum of the positive levels
of conflicts within each grouping. This optimization
problem is solved using a heuristic method, the GA.

e) After the definition of the flight level change actions by
the optimization problem, the clusters are eliminated,
and the aircraft perform the flight level change actions.
There will be cases where an optimal solution for a
given cluster is not obtained. In this case, the cluster is
undone, and a new cluster is defined using the aircraft
that still have levels of positive conflicts.

In general, the time t+1 is equivalent to (t +1t) s, where
1t is the sampling period. Initially, we shall consider that the

FIGURE 4. Membership functions: output - conflict level [29].

actions performed will follow a standard sampling period of
1 s (1t = 1 s).

A. LONGITUDINAL CONFLICT DETECTION
Reference [29] proposes a model based on fuzzy logic
to predict the level of conflict (clAi,Ai+1x ) at any given
time between two aircraft (Ai and Ai+1) that are at the
same flight level. In contrast with the crisp approach(
cAi,Ai+1x ∈ {0, 1} − Equation (3)

)
, the fuzzy model is able

to gradually predict an approximate level of conflict(
clAi,Ai+1x ∈ [−1,+1]

)
between aircraft that can be taken into

account by the air traffic controller for early intervention.
The model to predict the conflict level comprises a FIS

whose antecedents are the same variables presented in (3),
namely, the distance between the aircraft (4) and relative
speed (5) [dAi,Ai+1x (t) , vAi,Ai+1x (t)].

The conflict level
(
clAi,Ai+1x

)
between the aircraft Ai

and its succeeding aircraft (Ai+1) is the consequent (model
output). The conflict level is a linguistic variable with a
universe of discourse in the range [−1, 1] whose linguis-
tic terms are described by seven fuzzy sets (Figure 4)
(VERY SMALL, MEDIUM SMALL, SMALL, NULL,
HIGH, MEDIUM HIGH, VERY HIGH). Conflict levels
near zero

(
clAi,Ai+1x ∼= 0

)
represent the threshold between

the presence or absence of a conflict. Negative values(
clAi,Ai+1x ∈ [−1, 0[

)
represent the total absence of conflict,

and positive values
(
clAi,Ai+1x ∈ ]0,+1]

)
represent the exis-

tence of a conflict at a lower or higher level [29].

B. LONGITUDINAL CONFLICT RESOLUTION USING
HORIZONTAL SPEED ADJUSTMENT
Two fuzzy models in series, structured according to Mam-
dani, are proposed by [29] to eliminate longitudinal conflict.
The first model represents a metric to quantify the conflict
level. The second model solves the longitudinal conflict of a
given aircraft Ai by adjusting its horizontal acceleration using
the multiple-input single-output (MISO) structure presented
in Figure 6, which provides the normalized acceleration at
time t

(
aAixn (t) ∈ [−1, 1]

)
, as shown in [29]. The FIS in

Figure 6 has 171 rules, which are discussed and validated
in [29], with the following input variables:

a) Conflict level with the succeeding aircraft [clAi,Ai+1x (t)]
b) Conflict level with the preceding aircraft [clAi,Ai−1x (t)]
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FIGURE 5. Conflicts between en-route aircraft
(

cl
Ai−1,Ai
x = cl

Ai ,Ai−1
x and cl

Ai ,Ai+1
x = cl

Ai+1,Ai
x

)
[29].

FIGURE 6. FIS for longitudinal conflict resolution [29].

c) Modified lower relative speed [vAi,infx (t)] (9)
d) Modified upper relative speed [vAi,supx (t)] (10).
The consequent (model output) is the normalized acceler-

ation
(
aAixn (t)

)
.

To obtain the conflict level
(
clAi,Ai−1x

)
between Ai and

Ai−1, which are both located at the same flight level, the same
model to estimate the conflict level is used, as shown in
Figure 5.

The modified lower relative speed
(
vAi,infx (t)

)
and modi-

fied upper relative speed
(
vAi,supx (t)

)
are obtained by Equa-

tions (9) and (10), respectively. According to [29], the modi-
fied lower and upper relative speeds comprise a normalization
(based on the universe of discourse [−1, 1]) of the differ-
ence between the current aircraft speed [vAix (t)] and its lower(
vAix,min

)
and upper

(
vAix,max

)
limits (Equations (9) and (10)):

vAi,infx (t)

=


1 if vAix (t) > vAix,min + 30
−1 ifvAix (t) < vAix,min − 30
vAix (t)− v

Ai
x,min

30
if vAix,min−30 ≤ v

Ai
x (t) ≤ v

Ai
x,min+30

(9)

vAi,supx (t)

=


1 if vAix (t) > vAix,max + 30
−1 if vAix (t) < vAix,max − 30
vAix (t)− v

Ai
x,max

30
if vAix,max−30≤v

Ai
x (t)≤v

Ai
x,max+30

(10)

The upper and lower limits
(
vAix,min, v

Ai
x,max

)
of the longi-

tudinal speed of an aircraft en route are constant constraints
throughout its trajectory.

Equations (11) and (12) determine the speed applied in
an aircraft Ai (at the next given time) from the normalized
acceleration [aAixn (t)] defined by the FIS (Figure 6):

vAix (t+ 1) = vAix (t)+ a
Ai
x (t) ·1t (11)

where 1t is the control action period (sample time)
(1t = 1 s). The horizontal acceleration [aAix (t)] of the air-
craft at time t is obtained from the normalized acceleration
[aAixn (t)], which is based on the lower and upper limits for the
acceleration of the aircraft (aAix,min and a

Ai
x,max , respectively):

aAix (t)=
1
2
·

[(
aAix,max−a

Ai
x,min

)
·aAixn (t)+

(
aAix,max+a

Ai
x,min

)]
(12)
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FIGURE 7. Adjacent aircraft and their flight levels.

In general, the deceleration of a commercial aircraft
is approximately equal to −0.4 kt/s2 [45]. In this study,
the limits assumed for acceleration

(
aAix,max and a

Ai
x,min

)
are

±0.4 kt/s2.

C. CONFLICT RESOLUTION THROUGH
FLIGHT LEVEL EXCHANGE
Each aircraft (Ai) has a set of other aircraft that exert an influ-
ence on or can be affected by the decision making associated
with flight level change in Ai to eliminate the longitudinal
conflict. When the control is performed only using the hori-
zontal speed adjustment of Ai (section 3.2), the preceding and
subsequent aircraft (Ai−1,Ai+1) have an influence on Ai.
Since the hybrid approach establishes that the flight level

change is considered together with the horizontal speed,
the set of preceding and subsequent aircraft located at the
same flight level

(
FLAi

)
in the first two levels immedi-

ately above
(
FLAi + 10,FLAi + 20

)
or in the first two levels

immediately below
(
FLAi − 10,FLAi − 20

)
, define the set(

AdjAi − Equation (13)
)
of adjacent aircraft to Ai (Figure 7).

During the flight, the setAdjAi is continuously updated over
time by monitoring the position and speed of each aircraft.

The conflict level
(
cl
Ai,Aj
x

)
between Ai and Aj for any adja-

cent aircraft is used in the decision-making process related to
the flight level change. The level of conflict cl

Ai,Aj
x for each

aircraft Aj ∈ AdjAi is obtained as follows:

AdjAi =



{
AgA0i−1,AgA

0
i+1

}
∈ FLAi{

AgA+10i−1 ,AgA
+10
i+1

}
∈ FLAi + 10{

AgA+20i−1 ,AgA
+20
i+1

}
∈ FLAi + 20{

AgA−10i−1 ,AgA
−10
i+1

}
∈ FLAi − 10{

AgA−20i−1 ,AgA
−20
i+1

}
∈ FLAi − 20

(13)

• For adjacent aircraft at the same flight level as
Ai
(
FLAi=FLAj

)
, the level of conflict

(
clAi,Ai+1x

)
between Ai and Ai+1 is obtained according to section 3.1
(FIS) and the level of conflict between Ai and
Ai−1

(
clAi,Ai−1x

)
is obtained according to Figure 5.

• For adjacent aircraft that are not at their flight level(
FLAi 6= FLAj

)
, a simulated vertical projection of Ai for

its first two adjacent flight levels is performed, both
upper (FLAi + 10 and FLAi + 20) and lower (FLAi − 10
and FLAi − 20) (Figure 8). Then, the same procedure

FIGURE 8. Simulated vertical projection of Ai to the adjacent level.

as for adjacent aircraft that are at the same flight level(
FLAi = FLAj

)
is applied based on the simulated vertical

positioning of aircraft Ai.

1) DEFINITION OF AIRCRAFT CLUSTERS
Given a set of aircraft A1,A2, . . . ,An, if one aircraft Ai is in
conflict with another aircraft (Ai−1orAi+1) at the same flight
level

(
FLAi = FLAj

)
, then

max
(
clAi,Ai−1x (t) , clAi,Ai+1x (t)

)
> 0. (14)

and Ai ∈ Vconf . For each aircraft Ai∈Vconf (i = 1, . . . , n(t)),
clusters of other aircraft whose conflict levels may be influ-
enced by actions that involve the flight level change of aircraft
Ai will be defined. The optimization problem will define
the action for each aircraft Ai belonging to a given cluster,
indicating whether to maintain its flight level

(
FLAi

)
or go up(

FLAi + 10
)
or down

(
FLAi − 10

)
to the next upper or lower

flight level, respectively.
In addition, the clusters identified in the previous instant

(t − 1) are the initial condition for the recognition of new
clusters at the current time (t):

Gt−1 =
{
C1
t−1,C

2
t−1, . . . ,C

nC t−1
t−1

}
(15)

where nC t−1 is the number of clusters Cr
t−1 (r = 1, . . . ,

nCt−1) recognized at t − 1.
The similarity analysis for cluster formation considers the

adjacent aircraft
(
AdjAi

)
related to each aircraft Ai ∈ Vconf ,

their respective conflict levels in relation to Ai and the possi-
bility that Ai

(
pos

Ai,Aj
FL

)
has to reach the flight level where its

adjacent aircraft is allocated:

pos
Ai,Aj
FL =


1, if FLAimax ≥ FL

Aj (t) and FLAi (t + 1)
= FLAj (t + 1)

0, otherwise
(16)

For Aj ∈ AdjAi , FL
Ai
max is the maximum flight level that can

be achieved by the aircraft Ai and FLAj (t) is the current flight
level of the adjacent aircraft Aj.

Table 1 presents the pseudocode for the detection of aircraft
clusters (aircraft_cluster_detection - ACD). ACD will verify
all Ai ∈ Vconf (line 3) in order to recognize clusters based on
the similarity between each aircraft and its adjacent aircraft.
The similarity between Ai and any adjacent aircraft Aj at time
instant t is established according to the following conditions:

a) there is a positive conflict level between the aircraft(
cl
Ai,Aj
x > 0.0

)
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TABLE 1. Pseudocode for ACD.

TABLE 2. Pseudocode for ARC.

b) there is the possibility that Ai will reach the flight level
where its adjacent aircraft is allocated

(
pos

Ai,Aj
FL = 1

)
c) Ai andAj do not belong to any cluster

({
Ai,Aj

}
/∈ Gt−1

)
and are not performing a flight level rise or fall pro-
cedure (vAiy = 0 and v

Aj
y = 0) resulting from actions

defined in the previous instant (t − 1).

Gt =

{
C1
t ,C

2
t , . . . ,C

nC t
t

}
is the set of clusters

Cx
t (x = 1, . . . , nC t) defined by the aircraft recursive clus-

tering (ARC – Table 2) at the current time t, nC t is the total
number of clusters formed from ARC, and Ck

t represents the
k-th cluster in formation by ARC. For each ARC execution
from ACD (line 6 – Table 1), Ck

t is initially formed only by
aircraft Ai (line 5), since there is at least one adjacent aircraft
Aj ∈ AdjAi at the same flight level as Ai

(
FLAj = FLAi

)
that

satisfies (14). New aircraft are interactively incorporated into
Ck
t by ARC.
ARC (line 6) is executed from ACD (Table 1) if three

conditions are satisfied (line 4), namely:
1) Ai does not belong to any cluster already set for the cur-

rent time t (Ai /∈ Gt). Ai will belong to Gt (Ai ∈ Gt) if,
during the formation of a cluster Ck

t , there is similarity
among aircraft Ai ∈ Vconf .

2) Ai does not belong to any cluster Cr
t−1 ∈ Gt−1.

3) Ai is not performing the flight level change from some
action defined in t − 1

(
vAiy = 0

)
(line 4).

Finally, each recognized cluster
(
Cx
t ∈ Gt

)
will be stored in

Gt−1 (lines 9 - 11).
ARC (Table 2) analyzes the similarity and dissimilarity of

Ai to each of its adjacent aircraft belonging to AdjAi (line 2).
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Eight conditions analyzed during the possible formation of
a cluster (lines 3, 4, 5, 6 and 9) could lead to three situ-
ations, namely, the inclusion of the analyzed aircraft

(
Aj
)

in the formation cluster (line 7), the joining of the cluster
in formation with other clusters already formed in previ-
ous iterations (line 10) or the nullification of the cluster in
formation (line 15). From the second to the fifth condition
(lines 4 and 5), the similarity between aircraft is verified,
observing whether the conflict level is positive between Ai
and Aj

(
cl
Ai,Aj
x > 0.0

)
.

The third condition (line 4) analyzes the possibility
of Ai reaching the level occupied by the adjacent air-
craft

(
FLAj

) (
pos

Ai,Aj
FL , Equation (16)

)
. The fourth condi-

tion (line 5) analyzes whether or not Aj belongs to any
cluster Cr

t−1 ∈ Gt−1 defined from the previous time
−1

(
Aj /∈ Gt−1

)
. The fifth condition (line 5) analyzes whether

or not Aj is performing a flight level change from some

action defined at −1
(
v
Aj
y = 0

)
. If Ai and Aj meet these

four conditions, they will be able to participate in the same
formation cluster. When Aj does not meet Ai in the second
and third conditions, any flight level change actions per-
formed by these aircraft at t + 1 do not affect their con-
flict levels; thus, the next aircraft Aj ∈ AdjAi is analyzed
(line 2).

When Aj does not meet the fourth or fifth condition
(line 5), Aj either already belongs to a cluster defined in t −
1
(
Aj ∈ Gt−1

)
and is waiting for a flight level change action

or is performing a flight level rise or fall action
(
v
Aj
y 6= 0

)
defined in t − 1; under these conditions, the cluster Ck

t is
not formed. Subsequently, ARC returns Ck

t = ∅ (line 15),
making it impossible to carry out new similarity analyses
and, consequently, new recursive calls. In this case, a new
cluster can be defined from the next aircraft

(
Ai ∈ Vconf

)
(Table 1– line 3).

The sixth condition
(
Aj /∈ Gt , line 6

)
consists of determin-

ing whether or not Aj belongs to any cluster Cx
t ∈ Gt defined

in previous iterations of ACD (Table 1, line 6) at the current
time t.

If Aj ∈ Gt (eighth condition, line 9, Table 2), the cluster(
Cx
t
)
to which the aircraft Aj belongs is incorporated into

the current cluster in formation
(
Ck
t
)
(line 10) and Cx

t is
removed from the list of clusters belonging to Gt (line 11).
This procedure ensures that clusters formed from the cur-
rent time t that have common aircraft may form a single
cluster.

The seventh condition
(
Aj /∈ Ck

t , line 6
)
analyzes whether

or not Aj belongs to the current cluster in formation
(
Ck
t
)
,

which would not justify the implementation of the ARC from
Aj (Table 2, line 8) since, if Aj ∈ Ck

t , an analysis of its adja-
cent aircraft has already been performed in ARC iterations.
Due to the recursive character of ARC iterations, aircraft
already included in the cluster in formation

(
Ck
t
)
may be

retested. This prevents the number of iterations from going to
infinity.

Therefore, the aircraft Aj will be assigned to the cluster Ck
t

(line 7) if and only if:(
Ck
t 6= ∅

)
and

(
cl
Ai,Aj
x > 0.0

)
and

(
pos

Ai,Aj
FL = 1

)
and(

Aj /∈ Gt−1
)
and

(
v
Aj
y = 0

)
and

(
Aj /∈ Gt

)
and

(
Aj /∈ Ck

t
)

The junction between the formation cluster
(
Ck
t
)
and the

cluster
(
Cx
t
)
(line 10), defined in previous iterations by the

recursive algorithm at the current time t, will be performed if
and only if:(

Ck
t 6= ∅

)
and

(
cl
Ai,Aj
x > 0.0

)
and

(
pos

Ai,Aj
FL = 1

)
and(

Aj, /∈ Gt−1
)
and

(
v
Aj
y = 0

)
and

(
Aj∈Gt

)
The cancellation of the cluster in formation

(
Ck
t
)
, line 15,

will occur if and only if:(
Ck
t 6= ∅

)
and

(
cl
Ai,Aj
x > 0.0

)
and

(
pos

Ai,Aj
FL = 1

)
and((

Aj ∈ Gt−1
)
or
(
v
Aj
y 6= 0

))
2) DEFINITION OF ACTIONS INVOLVING
FLIGHT LEVEL CHANGE
For each cluster Cr

t−1 ∈ Gt−1, the optimization problem
specifies the actions involving flight level change that will
be applied jointly for each aircraft Ai ∈ Cr

t−1 at time t +

1
(
Ac

Crt−1
Ai (t + 1), i = 1 . . . ,nCr

t−1

)
(nCr

t−1 is the number of
aircraft belonging to the rth cluster). At time t , the clusters
Cx
t are identified by means of the ACD and ARC algorithms

(Table 1 and Table 2) and are added to Gt−1 (Table 1 –
line 10). The resulting actions may lead Ai to remain at
the current level

(
Ac

Crt−1
Ai (t + 1) = 0

)
or to be instructed

to move to the next upper
(
Ac

Crt−1
Ai (t + 1) = +1

)
or lower(

Ac
Crt−1
Ai (t + 1) = −1

)
level.

The set of actions to be applied at t + 1 should provide the
best scenario

(
Ce∗r

)
evaluated by the model within the search

space. At a given time, the search space is made up of the
scenarios Celr , l = 1, . . . , nCer (t), where l corresponds to
the l-th scenario determined by the model. Each scenario Celr
is a vector that stores a possible flight level change action for
each aircraft Ai ∈ Cr

t−1. The maximum number of scenarios
produced from the combinations of these actions (maintain,
raise or lower a flight level) among all Ai ∈ Cr

t−1 defines the
size of the search space:

nCer (t) = 3nC
r
t−1 (17)

Note that nCer (t) increases exponentially with the num-
ber of controlled aircraft

(
nCr

t−1

)
. This suggests the use

of a heuristic method (such as a GA) capable of finding
the optimal solution in a large variable space that increases
significantly with the number of aircraft involved in each
cluster.
The optimal solution (Ce∗r ) at a given time is obtained

through the following optimization problem:

Ce∗r = min(Q1
r (t + 1) , Q2

r (t + 1) , . . . ,QnCer (t)r (t + 1))

(18)
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TABLE 3. Altitude constraints.

where

Qlr (t + 1) =
∑nCrt−1

i=1
clAi,Ai+1x (t + 1)l = 1, . . . , nCer (t)

(19)

and clAi,Ai+1x (t + 1) > 0.0
Qlr (t + 1) is the sum of all positive conflict lev-

els
(
clAi,Ai+1x (t + 1) > 0, i = 1, . . . , nCr

t−1

)
obtained from

the positions defined for each new scenario Celr (l =
1, . . . , nCer (t)), considering the aircraft Ai ∈ Cr

t−1.
The optimal solution is the one that provides the lowest

global positive conflict level Qlr (t + 1).
After defining and sending the actions to each Ai, the clus-

ter Cr
t−1 is eliminated from the process. The aircraft belong-

ing to the cluster Cr
t−1 initiates the flight level change

procedure, which consists of applying a vertical speed(
vAiy = ∓1000ft/min

)
until the desired level is reached.

Then, the aircraft is released to join new clusters to be defined
by ACD and ARC (Table 1 and Table 2).

3) OBJECTIVE FUNCTION EXTENDED WITH PENALTIES
For each cluster Cr

t−1, the optimization method (GA) will
produce different scenarios with actions that simulate aircraft
flight level change. In this section, constraints that evaluate
each scenarioCelr produced by the GA and that will influence
the choice of the optimal solution

(
Ce∗r

)
will be defined.

Some actions related to a certain scenario Celr may violate
aircraft altitude constraints, lead to increased conflict levels,
or involve flight level changes that affect aircraft safety.
For these types of actions, constraints will be defined. Hard
constraints make the respective scenario unfeasible, while
other constraints (soft constraints) can penalize the scenario,
reducing the choices among the scenarios defined by the GA.

As shown in (16), FLAimax is the maximum flight level that
can be reached by the aircraft Ai; it varies according to the
features of each aircraft. Within the airspace analyzed in this
study, flight levels range from FL 250 to FL 410, and the ver-
tical separation of aircraft is 1000 ft (DECEA, 2017; ICAO,
2016). Within the analyzed airspace, each aircraft has a solu-
tion search space comprising the interval

[
FLAimin,FL

Ai
max

]
.

For example, Table 3 shows the altitude constraints of the
aircraft present in Figure 10 and the corresponding actions
Ac

Crt−1
Ai (t + 1) that can be attributed to a given aircraft Ai ∈

Cr
t−1, performed from the current flight level of Ai

(
FLAi (t)

)
.

FIGURE 9. Adjacent aircraft to Ai .

Aircraft A2 has FLA2min = 250 and FLA2max = 270, and the
actions for this aircraft are limited to keeping it at the current
flight level

(
Ac

Crt−1
A2

(t + 1) = 0
)

or moving it to a lower

flight level
(
Ac

Crt−1
A2

(t + 1) = −1
)
. Therefore, the following

constraints should be considered:

Ac
Crt−1
Ai (t + 1) = +1 if FLAi (t+ 1) ≤ FLAi

max (20)

Ac
Crt−1
Ai (t + 1) = −1 if FLAi (t+ 1) ≥ FLAi

min (21)

The combination of actions for each Ai ∈ Cr
t−1 will

yield new scenarios
(
Celr

)
. The best scenario chosen by the

optimization model
(
Ce∗r

)
(18), which will be applied at

t + 1 considers the conflict level between each Ai and its
adjacent aircraft (AdjAi - Figure 9). The positive conflict
level between Ai and its new succeeding aircraft Ai+1 for
time t + 1

(
clAi,Ai+1x (t + 1) > 0.0, i = 1, . . . , nCr

t−1

)
will

have an effect on the global positive conflict level (objec-
tive function (18)). For example, suppose that the conflict
level between A1 and its succeeding aircraft A3 (Figure 9)
at the same flight level

(
FLA1 = FLA3 = 280

)
is equal to

0.3
(
clA1,A3x (t) = 0.3

)
. During the search for the optimal

scenario, if the GA defines the actions Ac
Crt−1
A1

(t + 1) = −1

and Ac
Crt−1
A9

(t + 1) = 0 for the aircraft A1 and A9, respec-
tively, the new succeeding aircraft to A1, previously A3, will
now be aircraft A9. In this case, the conflict level between
A1 and A9 will be equal to 0.7

(
clA1,A9x (t + 1) = 0.7

)
and

as clA1,A9x (t + 1) > clA1,A3x (t), this will make the proposed
scenario

(
Celr

)
unfeasible, representing a hard constraint in

this case.
In order to obtain the conflict levels betweenAi and the new

preceding (Ai−1) and succeeding (Ai+1) aircraft, a simulated
vertical projection is performed for each scenario Celr pro-
posed for time t + 1

(
clAi,Ai∓1x (t + 1)

)
(Figure 8), enabling

the prediction of aircraft positioning for the new scenarios.
Equations (20) and (21) represent hard constraints within

the analyzed problem. Similarly, a scenario will also not be
feasible for application in t + 1 if:

Qlr (t + 1) ≥ Qr (t) (22)

where Qr (t) is the global positive conflict level regarding the
initial scenario

(
Ce0r (t)

)
. The initial scenario

(
Ce0r (t)

)
is the

real situation at time t of all aircraft belonging to the cluster
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FIGURE 10. Aircraft with altitude constraints.

TABLE 4. Action mapping between Ai and its adjacent aircraft.

Cr
t−1 and their respective flight levels. Each new scenarioCelr

is derived from Ce0r (t).
Based on Figure 9, Table 4 presents the possible actions

involving Ai and its adjacent aircraft, which may result in a
change or maintenance of its flight levels. For this analysis,
the adjacent aircraft AdjAi are divided into three clusters,
namely, preceding and succeeding aircraft present at the same
flight level as Ai

(
A0i∓1 ∈ FL

Ai
)
, preceding and succeeding

aircraft present at the first level immediately above and below
Ai
(
A∓10i∓1 ∈ FL

Ai ∓ 10
)
and preceding and succeeding air-

craft present at the second level immediately above and below
Ai
(
A∓20i∓1 ∈ FL

Ai ∓ 20
)
. The actions of Ai are only those

related to its adjacent aircraft present in the clusterCr
t−1. Only

adjacent aircraft that are similar to Ai will participate in the
cluster to which Ai belongs.

For those adjacent aircraft that are at the same flight level(
A0i∓1 ∈ FL

Ai
)
and perform the same action as the aircraft Ai

in t+1 (blue cells, Table 4), the following can be verified:(
Ac

Crt−1
A0i∓1

(t + 1) = Ac
Crt−1
Ai (t + 1)

)
(23)

The conflict level between these aircraft will be changed
only as a result of actions involving horizontal speed adjust-
ment as described in section 3.2, since these aircraft will
remain at the same flight level. Although this type of flight

level change does not lead to a rapid decrease in the conflict
level between these aircraft, it may interfere with the assess-
ment of the scenario Celr (Q

l
r (t + 1)), releasing flight levels

so that other aircraft can be reallocated and their conflict
levels reduced. On the other hand, if(

Ac
Crt−1
A0i∓1

(t + 1) 6= Ac
Crt−1
Ai (t + 1)

)
(24)

then Ai and A0i∓1 will occupy different flight lev-
els in t + 1 (Figure 11), preceding or succeeding
Ai
(
A0i∓1(t) 6=A

0
i∓1(t + 1)

)
. It is necessary to decrease the

conflict level between Aiand A0i∓1(t + 1) so that the selected
scenario to be applied at t + 1

(
Ce∗r

)
satisfies (24), i.e.:

clAi,Ai∓1x (t + 1) < clAi,Ai∓1x (t) (25)

Otherwise, the scenario will be unfeasible. Equation (25)
causes Ai to minimize the global positive conflict level,
according to (18), and at the same time, it prevents its con-
flict level from rising. Equations (24) and (25) are hard
constraints. The white cells in the column defined by FLAi

(Table 4) present the combinations of actions between Ai and
A0i∓1 leading to the behavior defined in (24).
The orange cells shown in Table 4 represent actions per-

formed by A∓10i∓1 that, in combination with the actions of Ai,
lead both to occupy the same flight level in t + 1. This
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FIGURE 11. Adjacent aircraft belonging to the same flight level performing different actions.

FIGURE 12. Flight level change between adjacent aircraft.

behavior is defined by:If Ac
Crt−1
A∓10i∓1

(t + 1) 6= Ac
Crt−1
Ai (t + 1)

and A∓10i∓1 (t) = A0i∓1 (t + 1)
(26)

Ai will have a new preceding or succeeding aircraft in
t + 1

(
A0i∓1 (t + 1)

)
that is a preceding or succeeding aircraft

present at the next upper or lower level at time t
(
A∓10i∓1 (t)

)
.

Equation (26) also includes a hard constraint and will be
violated if (25) is not satisfied.

The conflict level with the aircraft preceding and suc-
ceeding Ai that are at the same flight level

(
A0i∓1 (t)

)
influ-

ences the definition of its horizontal speed [vAix (t+ 1)] (11).
When a change in the flight level of these aircraft occurs(
A0i∓1 (t + 1) 6= A0i∓1 (t)

)
, the horizontal speed of Ai will

be defined based on these new aircraft (preceding and suc-
ceeding). When Ai initiates a flight level change action, its
horizontal speed [vAix (t+ 1)] is adjusted based on the con-
flict level of these new aircraft

(
A0i∓1 (t + 1)

)
. For example,

in Figure 12, aircraft A3 and A4 are performing ascend-
ing and descending procedures, respectively, to the levels
immediately adjacent to where they were at time t , after
the new scenario Ce∗r for t + 1 is defined The defined
horizontal speed of A3 (11) had as a reference, among other
variables, the conflict level with A2 and A6, the preceding
and succeeding aircraft at time t. The same is true for A4,
which had A1 and A5 as its preceding and succeeding aircraft
at time t. From the actions presented in Figure 12, during the
flight level change between A3 and A4, their new preceding
and succeeding aircraft, indicated by the red arrows, are
those allocated at the flight levels designated for A3 and
A4
(
FLA3 (t+ 1) = 270;FLA4 (t+ 1) = 260, respectively

)
.

The speeds of A3 and A4 will be adjusted by (11) to adapt to
the new preceding and succeeding aircraft, with no control
of the conflict level between them during flight level change,
putting the aircraft at risk.

FIGURE 13. Flight level change between non-adjacent aircraft.

The red cells (Table 4) represent combinations of actions
between Ai and A

∓10
i∓1 indicating this type of situation during

flight level change (Figure 12); such actions can be executed
because:

If Ac
Crt−1
A∓10i∓1

(t + 1) 6= Ac
Crt−1
Ai (t + 1) and

FLAi (t+ 1) = FLAj (t) and
FLAj (t+ 1) = FLAi (t) and

cl
AiAj
x (t) 6= 0.0

(27)

Aj is an adjacent aircraft belonging to AdjAi , and the con-
flict level betweenAi and its adjacent aircraft must be negative
or null for a change of flight level to occur. Equation (27) is a
hard constraint, and Figure 12 shows an example that violates
this constraint.

The expected behavior involving the flight level change
between aircraft, defined by (27), extends to any aircraft
A∓10k ∈ Cr

t−1 (Figure 13) for which
If Ac

Crt−1
A∓10k

(t + 1) 6= Ac
Crt−1
Ai (t + 1) and

FLAi (t+ 1) = FLAk (t) and
FLAk (t+ 1) = FLAi (t) and
clAiAk
x (t) 6= 0.0

(28)

Thus, (28) extends the flight level change behavior
described in (27) to all aircraft belonging to Cr

t−1 that are

at the flight level immediately above or below Ai
(
A∓10k

)
and have a positive conflict level

(
clAiAk
x (t) > 0.0

)
with Ai

(Figure 13). Equation (28) is a hard constraint. Figure 13
shows an example that violates this constraint.

For aircraft adjacent to Ai located at the second flight
level immediately above or below

(
A∓20i∓1

)
, some combined

actions (gray cells – Table 4) may cause them to occupy
the same flight level at t + 1 and become aircraft preceding
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or succeeding Ai
(
A∓20i∓1 (t) = A0i∓1 (t + 1)

)
. This situation is

equivalent to:If Ac
Crt−1
A∓20i

(t + 1) 6= Ac
Crt−1
Ai (t + 1)

and A∓20i∓1 (t) = A0i∓1 (t + 1)
(29)

Ai will have as its new preceding or succeeding aircraft
at t + 1

(
A0i∓1 (t + 1)

)
a preceding or succeeding aircraft

present at the second immediately upper or lower level at time
t
(
A∓20i∓1 (t)

)
. Equation (29) also comprises a hard constraint

and will be violated if (25) is not satisfied.
It is expected that in the optimal scenario

(
Ce∗r

)
selected

by the model (18), flight level changes of aircraft that do not
have positive conflict levels at time t will be avoided. This
prevents conflict-free aircraft from making frequent changes
to their flight levels, that is:If Ac

Crt−1
Ai (t + 1) 6= Ac

Crt−1
Ai (t)

and
(
max

(
clAi,Ai+1x ; clAi,Ai−1x

)
≤ 0.1

) (30)

Equation (30) defines a soft constraint that penalizes the
choice of the scenario at t + 1 among the other feasible ones(
Celr , l = 1, . . . , nCer

)
in which

Qlr (t + 1) < Qr (t) (31)

This is contrary to what (22) establishes, which makes the
scenario Celr unfeasible.

Given all the constraints presented (hard and soft), the opti-
mization problem initially defined by (18) can be expanded
through the inclusion of penalties that allow the incorporation
of hard and soft constraints:

Ce∗r = min(Q1
r (t + 1) , Q2

r (t + 1) , . . . ,QnCer (t)r (t + 1))

(32)

where

Qlr (t + 1) =
∑nCrt−1

i=1
clAi,Ai+1x (t + 1)+ ρ1lr + ρ2

l
r

l = 1, . . . , nCer (t + 1) (33)

and clAi,Ai+1x (t + 1) > 0.0 where
ρ1lr and ρ2lr represent the penalties attributed to the l-th

scenario
(
Celr

)
associated with the cluster Cr

t−1.
If any of the hard constraints (Equations (20), (21), (24),

(25), (26), (27), (28) or (29)) are violated, the penalty ρ1lr is
determined by:

ρ1lr = N + Qr (t) (34)

making the proposed l-th scenario unfeasible (Equation (22),
i.e., Qlr (t + 1) ≥ Qr (t)). Here, N denotes the number of
aircraft that have violated any of the constraints set for the
penalty ρ1lr . The higher the value of N , the more unfeasible
the scenario. This establishes a classification ranking among
the unfeasible scenarios, which, in turn, can produce feasible
scenarios in the next iteration through the operations (combi-
nation and mutation) that constitute the search algorithm of
the optimal scenario Ce∗r .

FIGURE 14. Example for the relaxation of penalty ρ1l
r .

Throughout the search process for the scenario that will be
applied in +1

(
Ce∗r

)
, the hard constraint represented by (24)

can be excluded from the penalty ρ1lr , representing a relaxed
version of the present problem. This relaxation can be applied
when the constraint defined by (24) makes it impossible
to find new feasible scenarios to be applied in t + 1. For
example, in Figure 14, all aircraft presented have positive
conflict levels, FLA3max = FLA4max = FLA5max = 280 and A1 and
A2 cannot simultaneously descend to level FL 260 to release
level FL 270 so that at least one of the aircraft A3, A4 or
A5 can descend. In this case, A1 and A2 would be violating
Equation (24) (non-relaxed problem). If A1 descends to level
FL 260 and A2 remains at level FL 270, they would not be
violating (24). However, due to other constraints such as (25),
which requires clAi,Ai∓1x (t + 1) < clAi,Ai∓1x (t), it would be
impracticable for A4 or A5 to descend to level FL 270; thus
they would be obliged to continue at level FL 280, thereby
continuing to violate (24). Thus, any flight level change
action that produces a new scenario from the initial scenario
(Figure 14) will become unfeasible as it will violate Equa-
tion (24). Therefore, the preceding and succeeding aircraft
should be allowed to move to the same flight level at t + 1,
simultaneously liberating their flight levels so that other
aircraft can be reallocated (23). In this case, the constraint
represented by (24) should be ignored.

As conflicts are eliminated, a greater number of noncon-
flicting aircraft may be included in the cluster. The penalty
ρ2lr will be applied when the soft constraint defined in (30) is
violated; the application of this penalty prevents actions that
lead to a high number of flight level changes in aircraft that
are already free of conflict:

ρ2lr = M .
Qr (t)
nCr

t−1
(35)

where M is the number of aircraft Ai that are free of con-
flict

(
max

(
clAi,Ai+1x ; clAi,Ai−1x

)
≤ 0.0

)
and that will perform

actions Ac
Crt−1
Ai (t + 1) ∈ {1;−1} that will lead to a flight level

change.
Note that ρ2lr will always be lower than Qr (t) because

within a cluster, there will be at least one aircraft that is in con-
flict and that will not be taken into account in the calculation
of ρ2lr . Although ρ2

l
r is always lower thanQr (t), adding it to

the global positive conflict level (33) may cause (22) to be sat-
isfied, making theCelr scenario impracticable. Thus, an initial
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FIGURE 15. Operation scheme of GA applied in C r
t−1.

FIGURE 16. Actions performed from the scenario Ce∗r .

scenario with many conflict-free aircraft could lead to many
unfeasible scenarios, and it is necessary that ρ2lr be part of
the relaxed problem. Unlike ρ2lr , whenever ρ1

l
r is infringed,

the scenario Celr will be unfeasible. When both hard and
soft constraints are not violated, ρ1lr and ρ2

l
r will be set to

null, satisfying (31). In such cases, the lower the value of
Qlr (t + 1), the higher the quality (fitness) of the scenario to
be applied at time t + 1 will be.

4) DEFINITION OF Cel
r SCENARIOS AND SEARCH FOR THE

OPTIMAL Ce∗r SCENARIO
The optimization problem defined in (32) is heuristi-
cally solved in each cluster Cr

t−1 ∈ Gt−1 through the

GA (Figure 15), which is used as a search method to define
the scenario Ce∗r to be applied at a future moment in time
(t + 1).
Figure 15 shows the operation scheme of the GA applied in

eachCr
t−1. Initially, (Figure 15a), the GA obtains information

from each aircraft Ai ∈ Cr
t−1 on positioning, speed, conflict

levels and altitude limits to be used for the calculation of the
objective function (32). The initial scenario (Ce0r - Figure 16a)
is evaluated by Qr (t) and serves as a reference for evalu-
ating the evolution of the GA. Once speed control, as pre-
sented in section 3.2, acts in parallel with the GA, the global
positive conflict level (Qr (t)) of the initial scenario

(
Ce0r

)
is updated at each GA iteration until the stop condition is
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satisfied (Figure 15d). In the same way, all scenarios Celr ,
with actions that are applied at t+1will have their global pos-
itive conflict levels

(
Qlr (t + 1)

)
updated at each GA iteration.

While the optimal scenario Ce∗r (Figure 16b) is not defined,
there will be no vertical movements involving the flight level
change of any Ai ∈ Cr

t−1.

a: GENERATION OF THE INITIAL POPULATION
The GA population consists of a set of chromosomes,
and each chromosome represents a scenario Celr , l =
1, . . . , nPopr (t), where nPopr (t) is the size of the population
defined for the GA (36), referring to the r-th cluster Cr

t−1 ∈

Gt−1. Each chromosome consists of genes that represent the
actions

(
Ac

Crt−1
Ai (t + 1), i = 1 . . . , nCr

t−1

)
that each aircraft

Ai ∈ Cr
t−1 will perform at time t + 1. Figure 16 shows

the scenario Ce∗r defined by the GA to be applied at t + 1
(Figure 16b).

Population size directly affects GA performance. If the
size of the population is very small, there will be no room
for sufficient genetic variety within the population, making
the GA unable to find good solutions. The algorithm will
become slow and will approach an exhaustive search [46].
According to (17), the size of the search space defined by
nCer (t) exponentially increases with the number of aircraft
belonging to Cr

t−1. The search space represents all the possi-
ble scenarios that aircraft may assume at t + 1 (feasible and
unfeasible). After some tests, it is found that more than five
aircraft

(
nCr

t−1 > 5
)
generate an exhaustive search condition

for the algorithm, making the heuristic solution of the prob-
lem unfeasible. Therefore, population size is a function of
the number of controlled aircraft, but with a predefined upper
limit:

nPopr (t) =

{
3nC

r
t−1 + 1, if nCr

t−1 ≤ 5
244, otherwise

(36)

Unlike nCer (t), nPopr (t) restricts the size of the search
space, preventing the process of finding the optimal scenario(
Ce∗r

)
from becoming an exhaustive search. GA crossovers

always occur with two chromosomes, so the positive integer
+1 is added to (36), so that nPopr (t) is even if nFLCr (t) ≤ 5.
In the initial population of chromosomes (scenarios

Celr , l = 1, . . . , nPopr (t)), each gene (or action) is randomly
defined (Figure 15b). Therefore, there is no preselection of
the genes that will be defined for each chromosome, and a
single population may contain only feasible scenarios, only
unfeasible scenarios, or both.

b: FITNESS CALCULATION AND SELECTION STRATEGY
The fitness calculation associated with each chromosome
(Qlr (t + 1), Figure 15c) comprises the evaluation (33) of each
scenario Celr that is part of the GA population.
The fitness-proportional selection strategy (Figure 15e)

(roulette wheel selection, RWS) is used to choose potentially
useful solutions for recombination [46]. As it is a mini-
mization problem, inverse proportionality is used; that is,

the smaller the individual fitness is, the greater its chance of
being chosen. The process used to determine the probability
that the ‘‘l-th’’ individual (scenario) is selected is:

Prob (l) =

1
Qlr (t+1)+ε∑nPopr (t)

i=1
1

Qir (t+1)+ε

(37)

To avoid division by zero in (37), a small positive value
(ε = 10−5) is added to each global conflict value associated
with a given scenario (Qlr (t + 1), l = 1, . . . , nPopr ).

Even in populations with unfeasible scenarios
(
Qlr (t + 1)

≥ Qr (t) , Eq. 16), the individuals that represent them can be
selected for crossover. This is because even less fit individuals
may have genetic features that are favorable to the creation of
a better qualified individual [46].

c: CROSSOVER AND MUTATION
After selecting the parents through RWS, the crossover pro-
cess (Figure 15f) of a point is executed. For every two parents
selected, a cut-off point that constitutes a position between
two genes of a chromosome is randomly defined. Each indi-
vidual of size nCr

t−1 contains nC
r
t−1−1 cut-off points. In turn,

the mutation operator acts on each gene present in each
new offspring chromosome with a 1% mutation rate. Each
gene is assigned a random value between 0 and 1, and if
this value is lower than 0.01, the gene in question will have
its value changed. The gene coding represents the actions(
Ac

Crt−1
Ai (t + 1) ∈ {−1; 0; 1}

)
to be performed by the respec-

tive aircraft. The new value of the gene will be randomly
chosen from the other two actions that do not correspond to
its current value. For example, if the value of the gene is equal
to −1, the new value after the mutation will be randomly set
to 0 or 1.

The mutation operator is necessary for the introduction
and maintenance of the genetic diversity of the population
by arbitrarily altering one or more components of the chosen
structure, thereby providing a means for introducing new
elements into the population. Therefore, the mutation ensures
that the probability of reaching any point in the search space
will never be zero, in addition to circumventing the local
minimum problem [46].

d: STOPPING CRITERION
The stopping criterion is responsible for interrupting the rep-
etition loop of the evolutionary process. The most common
criterion comprises a maximum number of generations or
the obtaining of a satisfactory solution that meets a defined
condition for the optimization problem [46].

Each population popmr will have its best chromosome

Cel
(m)
r identified by the lowest value

(
Ql

(m)
r (t + 1)

)
of

Qlr (t + 1) (33) (m represents the m-th population or iteration

of the search process). EveryCel
(m)
r will be compared toCe−r ,

which refers to the best chromosome (scenario) among all the
m-th populations generated by the algorithm whose fitness is
Q−r (t + 1).
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FIGURE 17. Life cycle of two clusters C r
t−1.

If(
Ql

(m)
r (t+1)<Q−r (t+1)

)
and

(
Cel

(m)

r 6=Ce
−
r

)
, (38)

the best chromosome generated will be updated to Cel
(m)

r .
During the search process, there may be a worsening of the
scenarios Cel

(m)

r identified for the populations generated after
the population whose best chromosome is Ce−r , so that (38)
is not satisfied. Even if (38) is not satisfied in the next GA
iterations, the best scenario

(
Ce−r

)
will be stored and can be

applied if, and only if, its global positive conflict level is in
accordancewith (31) (Figure 15g), thus indicating a reduction
in relation to the initial scenario Ce0r (Qr (t)). In this case,
Ce−r will becomeCe∗r and will be applied at t+1. For the first
population generated by the GA, Ce−r = Cel

(m)

r is considered.
The GA stop (Figure 15d) will occur if at least one of the

following conditions is satisfied:

1) The minimum point
(
Qlr (t + 1) = 0.0

)
is obtained,

indicating that the global positive conflict level will be
zero with the application of the scenario Ce∗r at t + 1.

2) The initial scenario
(
Ce0r

)
, initially with Qr (t) > 0,

reaches a global level of positive conflicts equal to
zero (Qr (t) = 0 over the search process. This may
occur when the positive conflict levels of all Ai ∈
Cr
t−1 are eliminated

(
clAi,Ai+1x ≤ 0.0

)
through actions

defined by speed control (section 3.2), which operate
simultaneously with the search carried out by the GA.

3) Scenario Ce−r is without changes in five consecu-
tive populations (iterations) without the condition set
by (38) being true.

If any of these three conditions is satisfied, the algorithm
will determine whether (31) is satisfied (Figure 15g). If it is,
Ce−r will become Ce∗r , and its actions will be transmitted to
each Ai ∈ Cr

t−1 (Figure 15h). Otherwise, the scenario Ce−r
will not be applied since the GA did not converge to a feasible
solution. Finally, the cluster formed by all Ai ∈ Cr

t−1 will be
discarded, and the aircraft will be released to be part of new

clusters (Figure 15i), independent of the solution obtained by
the GA.

The relaxed problem (elimination of the penalty ρ2lr and
removal of (24) from penalty ρ1lr ) will be activated for a given
cluster Cr

t−1when it contains an aircraft Ai ∈ Cr
t−1 that has

participated in any cluster Cr
t−1 ∈ Gt−1 controlled by the GA

at the immediately previous instant (t − 1). At this previous
instant, the third stop condition was verified, resulting in GA
failure in the search for the scenario Ce∗r . The relaxed form of
the problem does not put aircraft at risk and prevents certain
actions from rendering the generated scenarios unfeasible.

D. SAMPLING PERIODS AND CLUSTER LIFE CYCLE
The life cycle of a given cluster is equivalent to its period of
operation throughout the iterations. The life cycle of a cluster
is initiated with its creation by ACD (Table 1 – line 10) and
finishes when the cluster is discarded (Figure 15i) when any
stop criterion (section 3.3.4.4) is satisfied.

In Figure 17a and b, the red bars represent the life cycles of
clusters C1

t−1 and C
2
t−1, respectively. A GA cycle (Figure 15)

comprises the total search period for the optimal scenario
Ce∗r . In turn, each cycle consists of iterations, and each iter-
ation is represented by Itrt∗ , where t

∗ is the time at which
airspace data are obtained so that up-to-date information on
aircraft belonging to the clusterCr

t−1 will be used in the calcu-
lation of Qlr (t + 1) and Qr (t). Let nrItdenote the total num-
ber of iterations performed during a cluster life cycle Cr

t−1.
Depending on the complexity of the optimization problem
handled by the GA (Figure 15), factors such as the number
of aircraft in a given cluster Cr

t−1 and computational capacity
may influence the processing time of each iteration Itrt∗ and,
consequently, the life cycle of each cluster Cr

t−1. Therefore,
the life cycle of a cluster is not uniform. The life cycle of
cluster C1

t−1 shown in Figure 17a is approximately 5 s, which
is shorter than the life cycle of cluster C2

t−1 (Figure 17b).
In Figure 17a, the time of each iteration

(
It1t∗
)
of cluster

C1
t−1 is lower than the time of the iteration

(
It2t∗
)
of cluster
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C2
t−1 (Figure 17b) because a greater number of aircraft are

controlled by this second cluster. In turn, the period of each
iteration determines the period of sampling or capture of
airspace data by each cluster Cr

t−1(Figure 17). Each clus-
ter Cr

t−1

(
r = 1, . . . , nCr

t−1

)
will have a variable sampling

period that will be a multiple of the standard sampling period:

1trt∗ = nt∗ ·1t + 1 (39)

where 1trt∗ is the sampling period of cluster Cr
t−1 from

instant t∗ and nt∗ is a positive integer denoting the number of
standard sampling periods (1t = 1 s) completed from instant
t∗. For each cluster Cr

t−1, the next action (immediately after
t∗) is defined for time

(
t∗ +1trt∗

)
s.

IV. CASE STUDIES AND THE SIMULATION PROCEDURE
This section presents three case studies to evaluate the pro-
posed strategy. The first two cases present the recognition
process of the clusters. The third test case presents the elim-
ination process of longitudinal conflicts through actions that
involve a change in horizontal speed and flight level. The
simulator was developed in JAVA andworks as a training plat-
form, allowing the air traffic controller to set the target speed
and flight level in real time from a conflict level estimate. The
simulation tests were performed using a single basic machine
(AMD FXTM- 8350 Eight – core processor (2.81 GHz) and
8 GB RAM).

A. CASE STUDIES AND CLUSTERING RECOGNITION
Two case studies are presented, illustrating the recognition
of clusters Cx

t ∈ Gt performed by ACD and ARC (Table 1
and Table 2) from each Ai ∈ Vconf . Each of these clusters
will be added to the set Gt−1, and then the flight level change
actions will be defined by the GA (Figure 15). In the first
case study (Figure 18), 29 aircraft were used, labeled as
Ai, i = 1, . . . , 29 with the cluster to which they belong noted
in brackets. The value zero indicates that the aircraft is not
allocated to any cluster (A14 and A15). It is assumed that
the model receives information at regular intervals (1t = 1s)
from all aircraft present in the airspace (whether or not in
conflict). Of the 29 aircraft, six are not in conflict (blue
aircraft); the others have a positive conflict level (red aircraft),
with either the preceding or the succeeding aircraft (14). The
simulation took 180 seconds.

The first case study presents four clusters defined by ACD
and ARC, which gave rise to the clusters Cr

0 (r = 1, . . . , 4).
The purpose of the first case study is to demonstrate

that nonconflicting aircraft (14) may, in some situations,
be included in clusters. In cluster 1

(
C1
0

)
(aircraft A1 to A9),

the aircraft A8 and A9 are not conflicting. Because aircraft A1
to A7, allocated at level FL 330, may occupy the next upper
level (FL 340) at instant

(
t∗ +1trt∗

)
s, where A8 is allocated,

there is similarity between these aircraft (A1 to A8) according
to the conditions set in lines 4 and 5 of ARC (Table 2).
Aircraft A9 may also be in conflict if A8 is directed to level

FL 350. This implies that there is similarity between A8 and
A9, making A9 part of this first cluster

(
C1
0

)
.

In cluster C2
0 , the aircraft A10 to A13 have their maxi-

mum flight level set to FL 330
(
FLA10max = FLA11max = FLA12max

= FLA13max = 330
)
, and therefore, actions defined by the GA

will not instruct these aircraft to move to the next upper level
(FL340). Aircraft A14 (FL 340) and A15 (FL 350), present at
the two immediate upper levels, are not in conflict andwill not
be adversely affected, nor will they contribute to a decrease
in the conflict levels between aircraft A10 and A13; therefore,
they are not part of the cluster C2

0 .
The cluster C3

0 is a variant of the cluster C2
0 , having an

additional aircraft at the level FL 350 (A22), which creates
a positive conflict level between aircraft A21 and A22. Air-
craft A16 to A19 have their maximum flight level set to
FL 330

(
FLA16max = FLA17max = FLA18max = FLA19max = 330

)
; thus,

any flight level change action defined by the GA at(
t∗ +1trt∗

)
s will not lead any of these aircraft to assume the

level FL340 in which A20 is allocated. On the other hand,
A20 can move to level FL330, where aircraft A16 to A19
are allocated, leaving the level FL340 free to be occupied
by A21 or A22. These actions would force the aircraft at
level FL330 down to level FL320. Thus, there is similarity
between aircraft A16 and A22, and they must belong to the
same cluster

(
C3
0

)
.

The cluster C4
0 derives from cluster C3

0 . Aircraft
A23 to A26 have their maximum flight level defined
as FL410

(
FLA23max = FLA24max = FLA25max = FLA26max = 410

)
and

may therefore assume the level FL340, where aircraft A27
is allocated, at

(
t∗ +1trt∗

)
s. Actions defined for aircraft

A28 and A29 may lead them to move to level FL340 at(
t∗ +1trt∗

)
s; therefore, all aircraft (A23 to A29) are part of

the same cluster
(
C4
0

)
.

Figure 19 presents the second case study, which is a variant
of the first (Figure 18); aircraft A8, A14, A20 and A27 were
taken from the simulation. The second case study illustrates
the similarity analysis between aircraft that are separated by
a flight level (FL340).
Aircraft A9, which in the first case study (Figure 18) is

allocated in cluster C1
0 , does not belong to any clusters in this

new situation (Figure 19). Aircraft A9 is not in conflict (14),
and any flight level change set to the instant

(
t∗ +1trt∗

)
s

involving aircraft A1 to A7 will not influence the conflict
level of A9

(
pos

Ai,Aj
FL = 0, Equation 11

)
. Aircraft A15 also

does not belong to any cluster since the maximum flight level
of aircraft A10 to A13 continues to be level FL330, making it
impossible to reach the flight level of A15 in the next instant.

Aircraft A16 to A22, which participated in a single cluster
in the first case study (Figure 18, C3

0 ), were divided into two
clusters in the second case study (Figure 19), namely, cluster
C3
0 , consisting of aircraft A16 to A19, and cluster C4

0 , made
up of aircraft A21 and A22. Without the presence of A20, any
action performed at

(
t∗ +1trt∗

)
s by A21 or A22 may lead

them to level FL340, to which aircraft A16 to A19 will not
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FIGURE 18. Case study I – Clustering.

FIGURE 19. Case study II – Clustering.

TABLE 5. Third case study - aircraft, speed and altitude limits, and initial speeds, distances and conflict levels (t = 0).

be allocated because the maximum flight level set for them is
FL330.
Aircraft A23 to A29 continue in the same cluster

(
C5
0

)
in the

second case study, even with the absence of aircraft A27. Air-
craft A23 to A26 and aircraft A28 and A29 may, at

(
t∗ +1trt∗

)
s,

compete for the same flight level (FL340), because aircraft
A16 to A19 and A23 to A26 have a maximum level of FL410.

B. CASE STUDIES AND RESULTS FOR CONFLICT
DETECTION AND RESOLUTION
In this section, a case study that involves two simulations
is presented. The goal is the detection and resolution of
longitudinal air traffic conflicts in a hybrid way, that is,

by adjusting the horizontal speed and changing the flight
level. In the first simulation, the actions are defined by
the proposed hybrid model, and in the second simulation,
the actions are defined by the air traffic controller. This
comparison evaluates the performance and efficiency of the
hybridmodel in relation to what is currently practiced accord-
ing to air traffic control rules. The total simulation time in
this case study is 900 seconds. Table 5 shows the informa-
tion regarding the 28 aircraft considered in this case study
with their respective speed limits

(
vAix,min and v

Ai
x,max

)
and

altitude limits
(
FLAimin and FL

Ai
max

)
, as well as the horizontal

speed [vAix (0)], distance
(
dAi,Ai+1x (0)

)
and conflict level

169882 VOLUME 7, 2019



A. V. Lovato et al.: Hybrid Approach for Detecting and Resolving Conflicts in Air Traffic Routes

FIGURE 20. Third case study – cluster definition and conflict resolution.(
clAi,Ai+1x (0)

)
between Ai and Ai+1 in the initial instant. The

initial flight levels of each aircraft (initial scenario) are shown
in Figure 20a (t = 0 s).
Figure 20b shows the clusters C1

2 and C2
2 , defined by ACD

and ARC at 2 s. The aircraft A28 was not included in the
clusters recognized at t = 2 s from the initial scenario
(t = 0s), because it did not meet the similarity conditions
with other aircraft, as defined in lines 4 and 5 of Table 2.

Figure 21 shows the total positive conflict level throughout
the simulations. For each time,

Q+G(t) =
n∑
i=1

clAi,Ai+1x (t) ∀ clAi,Ai+1x (t) > 0.00 (40)

which represents the sum of all positive conflict levels of
all n aircraft. At the initial instant (t = 0s), both sim-
ulations (hybrid model and air traffic controller) present
Q+G (0) = 11.59.

Figure 22 shows the evaluation of the initial scenario
(
Ce0r

)
and the evaluation of the best scenario

(
Ce−r

)
obtained among

all the populations produced by the GA associated with each
cluster, in addition to the total positive conflict level (40)
throughout the simulation. The aircraft belonging to the clus-
ter C2

2 had their flight level change actions defined at instant
7 s (Figure 22a), while aircraft belonging to the cluster C1

2
had their actions defined at 11 s (Figure 22b).

At t = 2 s (Figure 22a), the initial scenario Ce02 associated
with the aircraft belonging to the cluster C2

2 has a global
positive conflict level Q2 (2) = 4.70, and the best scenario
Ce−2 obtained by the GA until t = 2 s caused a global
conflict level of Q−2 (3) = 7.83. This is unfeasible as it
does not meet the conditionQlr

((
t∗ +1trt∗

))
< Qr (t∗) (31).

Over 4 seconds of the C2
2 life cycle, 18 populations were

generated by the GA, and at t = 6, it was found that
during five consecutive populations, there was no improve-
ment in the evolutionary process; the condition established
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FIGURE 21. Total positive conflict level.

FIGURE 22. Valuation of the initial scenario, evaluation of the best scenarios obtained by the GA and total positive
conflict level.

by (38)
((
Ql

(m)

r
((
t∗ +1trt∗

))
< Q−r

((
t∗ +1trt∗

)))
and(

Cel
(m)

r 6= Ce−r
))

was not satisifed. At the end of the C2
2 life

cycle, the evaluation of the best scenario was Q−2 (7) = 1.00,
making Ce−2 the scenario Ce∗2 to be applied at t = 7 s.
The assessment of all the scenarios defined in the GA is
updated as the aircraft move. The evaluation of Ce02, which

was Q2 (2) = 4.70 at t = 2s, decreased to Q2 (6) = 4.62 at
t = 6s due to the performance of horizontal speed control
(section 3.2) (defined for each aircraft Ai). The objective
here is to decrease the longitudinal conflict simultaneously
with the actions defined by the GA for cluster C2

2 . After
the application of the flight level change actions defined by
the GA, the total positive conflict level (40) decreased from
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Q+G (0) = 11.59 at t = 0 s to Q+G (11) = 7.52 (Figure 21 and
Figure 22a).

The GA took 8 seconds to define the actions of the aircraft
belonging to cluster C1

2 (Figure 22b). At t = 3 s, the initial
scenario Ce01 of the aircraft in cluster C1

2 had its global
positive conflict level equal to 6.63 (Q1 (3) = 6.63) and the
best scenario Ce−1 obtained by the GA until t = 3 had
Q−1 (4) = 14.58, which is not a feasible scenario to be applied
in the next instant (31). Over theC1

2 life cycle, 34 populations
were generated, and at instant 11 s, it was verified that during
five consecutive populations generated by the GA, there was
no improvement in the evolutionary process. At the end of
the C1

2 life cycle, the evaluation of the best scenario
(
Ce−1

)
obtained by the GA, Q−1 (12) = 3.07 was compared with
the evaluation of the initial scenario

(
Ce01

)
, Q1 (11) = 6.56

(Figure 15g) (31), makingCe−1 the scenarioCe∗1 to be applied
at t = 12 s. Again, the action of the horizontal speed con-
trol can be observed throughout the simulation, reducing the
evaluation of the initial scenario Ce01 from Q1 (3) = 6.63 to
Q1 (11) = 6.56. After the application of flight level changes
defined by the GA, the global positive conflict level (40)
decreased to Q+G (18) = 3.81 (Figure 21 and Figure 22b).

After the definition of flight level changes for each aircraft
belonging to a cluster Cr

t−1, the flight level change process
is initiated, taking approximately 60 seconds as the aircraft
are at a vertical distance of ∓1000 ft from the designated
level and the vertical speed of each aircraft is ∓1000 ft/min.
At 72 s, after all aircraft have reached their designated flight
level, they will be able to join a new cluster.

After aircraft belonging to the clusters C1
2 and C2

2 per-
formed the flight level changes, the ACD and ARC recog-
nized a new cluster C1

72 at t = 72 s (Figure 20b) with 27
aircraft, with 6 in conflict (14). With this number of aircraft,
the optimization problem (18) comprises a search space with
7,625,597,484,987 possible combinations (17), which justi-
fies the need for a heuristic method (GA) to obtain the optimal
scenario

(
Ce∗r

)
. The initial scenarioCe01 of the clusterC

1
72 has

its global positive conflict level defined as Q1 (73) = 1.79,
and the best scenario Ce−1 until this instant had Q−1 (74) =
15.09, which is unfeasible to be applied at t = 74 s (31)
(Figure 22c). At t = 77 s, it was found that during five
consecutive populations generated by the GA, there was no
improvement in the evolutionary process. The best scenario(
Ce−1

)
provided a global conflict level Q−1 (78) = 14.86,

worse than the level Q1 (77) = 1.81 of the initial scenario
Ce01, which did not allow the application of Ce−1 at t = 78 s.
In this case, the aircraft are released again to join a new
cluster.
At t = 80 s, another cluster C1

80 is recognized (Figure 22d)
with the same aircraft set of the cluster identified at t = 72 s
(Figure 20b, cluster C1

72). Unlike the previously formed clus-
ters, the GA will cope with the relaxed problem, eliminating
the penalty ρ2lr and changing the penalty ρ1

l
r (neglecting the

hard constraint represented by (24)). This is due to fact that
C1
80 has at least one aircraft Ai that participated in the cluster

C1
72 defined at t = 72 s, in which the GA failed to search

for the optimal scenario Ce∗r . Despite the application of the
relaxed problem in the objective function (32), the GA did
not converge to a feasible scenario to be applied at t = 90 s;
therefore, the aircraft are available again to join a new cluster.
At t = 92 s, the clustering C1

92 is recognized by ACD and
ARC (Figure 22e), and at t = 123 s, the global conflict level
of the best scenario

(
Ce−1

)
is Q−1 (124) = 0.29, lower than

the assessment Q1 (77) = 1.81 of the initial scenario Ce01,
which is feasible to be applied at t = 124 s. During the C1

92
life cycle, 75 populations were generated. Over the interval
from 18 to 123 s, there is only the action of the horizontal
speed control and a decrease in the global positive conflict
level fromQ+G (18) = 3.81 toQ+G (123) = 1.73, which shows
the efficiency of the control throughout the simulation.
At t = 135 s, (Figure 21 and Figure 22e), all positive

conflicts were eliminated and Q+G (135) = 0.00. Figure 20c
shows the scenario obtained at t = 135 s after the flight
level changes were applied for each Ai ∈ C1

92. Aircraft
A6 and A7 did not remain at the same flight level, and the
conflict between them was eliminated through the actions of
the horizontal speed control.
On the other hand, the total positive conflict level arising

from actions simulated by the air traffic controller reached
zero at t = 840 s (Figure 21). The controller analyzes each
aircraft for its speed limitations, flight levels and adjacent
aircraft and defines actions individually. Thus, the greater the
volume of aircraft controlled simultaneously by the air traffic
controller is, the greater the difficulty of eliminating conflicts
in a global way. The hybrid model performed better than the
actions performed by the air traffic controller, ensuring a safer
and more orderly flow of air traffic in a better time frame.
Advance cancellation of conflicts using flight level changes
also enables aircraft to maintain their designated speed en
route, avoiding delays.
Figure 21 presents the results of the proposed model, com-

paring them with actions defined by the air traffic controller
using horizontal speed adjustment and flight level change.
Though generated by simulation, the case studies are con-
sistent with reality because the performance of the proposed
model is evaluated based on decisions made by the air traffic
controller. The number of concurrently controlled aircraft
(28 aircraft) in this case study (Figure 21) is greater than the
maximum number of aircraft controlled by a single traffic
controller in a single airspace sector [47], which represents
another potential gain obtained by the proposed approach.

V. CONCLUSION
This work presents a strategy based on a hybrid model for the
detection and resolution of longitudinal conflicts in en-route
air traffic through adjustments to the horizontal speed of the
aircraft and flight level changes using the techniques of fuzzy
logic and GA. An algorithm for the recognition of aircraft
clusters with predefined similarity criteria was developed
and was demonstrated to be able to eliminate longitudinal
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conflicts in a global and systematic way through flight level
changes. An optimization problem was proposed based on
a set of hard and soft constraints in order to minimize the
sum of all levels of positive conflicts within each identi-
fied cluster. The hybrid model represents a potential tool to
support decision-making in providing a systematic way to
quantify and resolve conflicts among aircraft that copes with
aircraft jointly and at the same time considers their features
and constraints.

Three simulations (case studies) are presented to discuss
and evaluate the hybrid model. The first two validate the
process of detecting conflicts and defining the clusters that
enable flight level changes. The third case study presents the
dynamics of the en-route flight of a set of aircraft, from the
identification of conflicts to their complete elimination.

The results show that the model behaves consistently with
the reality of air traffic and is able to perform well without
compromising safety. The use of the hybrid model results in
a performance that is superior to the actions taken by the air
traffic controller, enabling a global analysis of the scenario
in which the aircraft are inserted. The air traffic controller,
on the other hand, performs individual actions in conflict
identification and resolution with a more limited analysis of
the scenario. In addition, the proposed hybrid model seeks to
eliminate conflicts in en-route traffic through an optimization
approach that enables the identification of scenarios or opti-
mal aircraft position adjustment options, minimizing the total
sum of positive conflicts at each instant in time.

As the number of controlled aircraft increases, the number
of action combinations that define the search space for the
optimal solution grows exponentially. The choice of a heuris-
tic optimization method allowed the search for optimal and
viable solutions in a larger search region, which also explains
the good results obtained by the GA.

Furthermore, the proposed approach does not exclude the
participation of the air traffic controller. The system can be
used to systematize the actions of supervision and control
through support in the process of detecting and resolving
conflicts in airspace.
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