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ABSTRACT In the past few years, there has been a growth in Unmanned Aircraft Systems (UAS) numbers in
segregated airspace. However, although there is an interest in integrating large UAS in the National Airspace
System (NAS), safety challenges regarding this insertion arise from the inclusion of new ways of reaching
unsafe states. Although UAS may be used in different situations and brings several advantages to the airspace
(e.g., efficiency), it may bring uncertainties due to the lack of familiarity of Air Traffic Controllers (ATCos)
in these operations. Furthermore, the Terminal Maneuvering Area (TMA) is a critical control area generally
established at the confluence of Air Traffic Service (ATS) routes in which the aircraft tend to be closer to each
other. Besides, defining a final arrival segment for a set of aircraft in a complex environment is challenging.
Thereupon, the main objective of this research is to propose a parallel swarm-based method for optimizing
final aircraft arrival segment design (i.e., routes that connect the final sector to the Initial Approach Fix - IAF)
considering the presence of aircraft of multiple Technology Maturity Levels (TML) - including the UAS. This
is conducted from two perspectives: ATCo workload (which is related to safety) and sequencing duration
(which is related to efficiency). Furthermore, different phases of UAS integration are considered using the
Technology Maturity Levels (TMLs). Finally, the solutions consider airspace restrictions (e.g., minimum
separation between aircraft and bad weather conditions). The experiments conducted show that this approach
can build safe and efficient solutions, even in situations with many aircraft.

INDEX TERMS Evolutionary computing, particle swarm optimization, unmanned aircraft systems (UAS),
air traffic controller (ATCo), ATCo workload, airspace efficiency.

I. INTRODUCTION

Air transportation is essential for society, and it is increasing
steadily due to its importance [31]. The growth in flights
number leads to higher revenue despite making the airspace
more complex. In fact, there are many challenges to be
faced by authorities in the following years regarding safety
and efficiency of airspace. In this context, Air Traffic Con-
trol (ATC) plays a vital role in optimizing airspace, especially
considering that safety and efficiency are critical aspects of
airspace operation [15]. The ATC is divided into ATC units,
which represent ‘“area control center, approach control unit or
aerodrome control tower” [19]. These units are organized to
accommodate all airspace users creating sectors. The role of

The associate editor coordinating the review of this manuscript and

approving it for publication was Li Zhang

112372

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

controlling aircraft in each control sector is currently played
by Air Traffic Controllers (ATCo). The ATCo responsible for
a given sector must communicate with ATCos responsible
for other sectors to provide smooth conduction of aircraft
throughout their flights.

The ATCo aims to offer appropriate safety and effi-
ciency levels and solve issues present in complex situa-
tions. Moreover, ATC provides Air Traffic Services (ATS)
to flights through ATCo instructions. These services’ main
goals include avoiding mid-air collisions, collisions with
obstructions and optimizing and maintaining an orderly flow
of the air traffic [20]. The ATCo conducts the aircraft in
the sector or in the set of sectors he/she is responsible for,
applying techniques to improve safety and efficiency, such
as aircraft vectoring. Indeed, many of these professionals act
collaboratively on each flight. As these flights evolve through
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their plans and reach the sectors’ limits, new ATCos are
assigned for controlling them. However, a challenge currently
faced is to maintain the workload' level below an acceptable
threshold.

Moreover, UAS plays an important role due to the advan-
tages they bring to the airspace (e.g., efficiency) [13]. These
systems have been considered a relevant topic in the engineer-
ing community [11] and are composed of subsystems. For
example, Unmanned Aerial Vehicle (UAV), payloads, control
station, and communications sub-systems [4], [11]. As there
are different types of UAS (e.g., Autonomous Aircraft - AA -
and Remotely Piloted Aircraft Systems - RPAS), there are
subsystems that compose some types but not others. For
example, the ground station at which the pilot communicates
with RPAS is not part of AA, which is a fully autonomous
aircraft.

The Terminal Maneuvering Area (TMA), which composes
the controlled airspace, is a critical control area generally
established at the confluence of Air Traffic Service (ATS)
routes in the vicinity of one or more major aerodromes [17] in
which the aircraft tend to be closer to each other. In general,
TMA is the most resource-constrained component of the air
transportation system due to the number of aircraft that can
operate simultaneously and the number of airports [23]. Its
complexity increases according to the airspace configuration
(e.g., traffic density and weather conditions). Thus, opera-
tions in this particular area are performed carefully, and stan-
dard procedures are established to achieve desirable safety
and efficiency levels. For example, the Standard Instrument
Departure (SID) and the Standard Terminal Arrival Route
(STAR).

However, there are situations in which such standard proce-
dures cannot be followed (e.g., in case of high traffic density).
In these cases, a highly challenging task due to complex
maneuvers constraints performed by the ATCo is the sequenc-
ing of the aircraft during the approach, considering the arrival
segment and the final approach [1], [18]. To accomplish this,
the ATCo must conduct the aircraft in a manner to avoid
conflict, i.e., to avoid disrespect to the minimum separation
of aircraft, and to avoid flights through adverse weather con-
ditions (e.g., flight through cumulonimbus - CB -, which are
cloud formations that present a real impact on aviation [12]).
Finally, defining a final arrival segment leads a set of aircraft
from the final sector of the TMA to the final phase of their
landing procedures (i.e., the final approach), considering the
operation efficiency and safety.

Thereupon, the main goal of this research is to propose
a parallel swarm-based method for optimizing final arrival
segment design considering the presence of aircraft of mul-
tiple Technology Maturity Levels (TML) - including the
UAS. This optimization is conducted from two perspec-
tives: (1) ATCo workload (which is related to safety), and

I'Workload can be defined as a metric that represents the difficulty of
ATCo in understanding a particular situation [32] and can be expressed in
terms of seconds.
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(2) aircraft delivery duration (which is related to efficiency).
Besides, different UAS integration phases are considered,
i.e., from the early stages to a mature stage of its operation.
Finally, the solutions consider airspace restrictions such as the
minimum separation between aircraft and adverse weather
conditions, i.e., the presence of cumulonimbus (CB). Hence,
the main contributions of this research are (i) the adoption
of a novel approach to measuring the integration of UAS
in the National Airspace System (NAS), (ii) an optimization
method based on the Particle Swarm Optimization (PSO) for
designing landing trajectories considering the UAS presence,
and (iii) interfaces for applying the optimization model in
external applications.

This paper is organized as follows: Section II presents
the related works. Sections III shows the concepts related
to arrival sequencing and scheduling. After that, Section IV
presents the aspects of the Technology Maturity Lev-
els (TML) and the integration of the Unmanned Aircraft
System (UAS). Then, Sections V and VI highlight the Par-
ticle Swarm Optimization (PSO) and Final Arrival Segment
Optimization Model (FASOM), respectively. Thereupon,
Sections VII and VIII show, respectively, the case studies and
the discussions on the results achieved. Finally, Section IX
presents the conclusions of this research.

Il. RELATED WORKS

The authors in [14] present a cooperative multi-aircraft Con-
flict Resolution (CR) method based on co-evolution. The
paths are composed of sub-populations considered in a Parti-
cle Swarm Optimization (PSO) implementation. The fitness
is evaluated by the cooperation among individuals from dif-
ferent sub-populations. This approach brings advantages as
fewer parameters and computation and faster convergence.
Note that each particle is seen as a point of D-dimension
space. Further, an encoding method with an adaptive search-
ing mechanism is introduced to improve the searching effi-
ciency. Compared with Genetic Algorithms (GA) currently
used for conflict resolution and path optimization, the results
from such approach higher system efficiency, which is a
manner to measure how similar a given path is to the smallest
possible path. Considering 2, 4, and 6 aircraft, the proposed
approach outperformed the GA approach.

Sama et al. [41] deals with the TMA aircraft scheduling
problem, which requires conflict-free schedules for all air-
craft while the overall aircraft delays are minimized. Fur-
thermore, this research also deals with the aircraft landing
trajectory optimization problem, which requires a landing
trajectory that minimizes the travel time or the fuel con-
sumption for each aircraft. In this context, a framework for
the lexicographic optimization of both problems is proposed.
It solves the two problems sequentially based on defined lexi-
cographic order of importance for the performance indicators,
i.e., the most important performance indicator defines the first
problem to be optimized. Note that the second problem is
solved considering some outputs of the solution of the first
problem. The experiments, performed with simulated Milano
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Malpensa airport instances and considering different opti-
mization lexicographic orders and performance indicators,
show performance gaps between the optimized indicators of
the two problems. This highlights the multi-objective nature
of the problem when different lexicographic optimization
approaches are considered.

Ahmed et al. [1] present an evolutionary method for opti-
mizing the aircraft path planning algorithm in Terminal
Maneuvering Area (TMA). This method, which provides
near-optimal aircraft arrival sequences, aims to deliver the
aircraft to the Final Approach Fix (FAF). The paths are built
to guide the aircraft from the Initial Approach Fix (IAF) to the
FAF considering intermediate waypoints called Intermediate
Fix (IF). Furthermore, conflict-free path planning to an Air
Traffic Controller (ATC) is also obtained. One should note
that conflict between any two aircraft is detected based on
their future arrival time at the waypoint. The results show
that the proposed approach provides a near-optimal solution
compared to the traditional GA-based algorithm, which does
not consider airspace constraints (e.g., speed).

In [40], the authors proposed mixed-integer linear pro-
gramming formulations to optimize, in real-time, the take-off
and landing operations at a busy Terminal Maneuvering
Area (TMA) in case of traffic congestion by investigating
the trade-off aspects between performance indicators of prac-
tical interest. This method also considers safety constraints
with high precision. As TMAs are becoming problematic
(e.g., in the major European airports) since there is a limited
possibility of building new infrastructures, alternative solu-
tions (e.g., optimization models) are desired. The real-time
problem of effectively managing aircraft operations is chal-
lenging, especially due to the inclusion of safety regulations
into the optimization model and several performance indi-
cators. This inclusion leads to the achievement of feasible
and reasonable solutions in terms of safety and efficiency,
even considering that there is no well-recognized objective
function and traffic controllers often use simple scheduling
rules. The experiments performed considering simulated sce-
narios in the two major Italian airports, Milano Malpensa, and
Roma Fiumicino. In this context, a set of random landing and
take-off aircraft disturbances is built. In the optimization pro-
cess, practical-size instances are solved to (near) optimality
by employing a commercial solver. Finally, a computational
analysis enables selecting solutions that present consid-
erable quality in balancing the various Key Performance
Indicators (KPIs).

Alonso-Ayuso et al. [3] presents an approach that employs
amixed-integer linear approximation to a Mixed Integer Non-
linear Optimization (MINO) model for the conflict resolution
problem in air traffic management, i.e., for providing aircraft
configurations in order to avoid conflicts, which is the loss
of the minimum separation between two given aircraft. The
problem is solved by considering an initial position of a
set of aircraft and applying changes to their position, veloc-
ity, and heading angles. Thus, a multi-criteria scheme and
a Sequential Mixed Integer Linear Optimization (SMILO)
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approach are also presented. This is due to the achievement
of solutions in a short computing time. Furthermore, a com-
parison between the results from using the state-of-the-art
MINO solvers and SMILO performance in a broad testbed
is also considered, which showed that both presented similar
solutions, but the proposed approach requires a minimal com-
puting time. Finally, the authors highlight that for large-size
instances (e.g., above five aircraft), the computing time is
higher than the one required by real-life operational applica-
tions. Other meta-heuristics can minimize the computing time
without deteriorating the SMILO solution as a future research
line. However, this research does not consider the operation
of UAS into the non-segregated airspace.

Marinakis er al. [30] deal with the Constrained Shortest
Path problem, which is a well-known NP-hard problem,
by proposing a new hybridized version of Particle Swarm
Optimization (PSO) algorithm, which is a population-based
swarm intelligence method, with Variable Neighborhood
Search (VNS), which is an algorithm applied in order to
optimize the particles’ position. Although a different equation
for the velocities update of particles is considered in the
proposed algorithm, and a new neighborhood topology is
employed, an issue of applying the VNS is the identification
of the suitable local search method for a given problem. In this
sense, many continuous local search algorithms are used and
tested in many modified instances, and further comparisons
with classic versions of PSO. Finally, the experiments showed
that the proposed algorithm very satisfactory efficiency and
results. As future directions, the authors highlight the appli-
cation of this methodology to more difficult problems.

Although there are also initiatives dealing with complex
control problems in different fields (e.g., [16], [24], and [47]),
our primary goal is to propose a parallel swarm-based
method for optimizing final arrival segment design consider-
ing the presence of aircraft of multiple Technology Maturity
Levels (TML).

IIl. ARRIVAL SEQUENCING AND SCHEDULING

The sector in which the aircraft intercept the Initial Approach
Fix2 (IAF) is called the Final Sector (FS). All aircraft are
slower in this sector than in other sectors of the airspace
(about 180kts3). In fact, the height is reduced (around
6000ft*). In common operations, all aircraft are expected to
enter this sector with a considerable space between them,
enabling the ATC to conduct them more simply to the IAF.
Indeed, IAF is the fix the aircraft must reach to start the final
approach procedure.

However, in complex situations, this sector may receive
many aircraft at the same time and with nearly-minimum
separations. Also, the Final Sector (FS) may present chal-
lenges in weather conditions with cumulonimbus (CBs).

2Fix can be defined as a type of a point on the surface of the earth located
at a specific geographical location (i.e., at a specific position) that simplifies
the conduction of aircraft as well as the separation maintenance [19].

31kt = 1.852 kilometers/hour.

41ft = 0.3048m.
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These factors tend to turn the sequencing and scheduling
of these aircraft into a very challenging activity due to its
complexity and the need for quick solutions.

Regarding airspace operation, severe weather is an impor-
tant factor that results in flight delays [12], [25]. For example,
estimating the capacity of a set of sectors in a given airspace
region during weather events is an important part of air traffic
management [33]. In this context, the definition of trajectories
that avoid these adverse situations is desired. An important
player in bad weather conditions is the cuamulonimbus (CB).

CB [9] is an exceptionally dense and vertically developed
cloud type that occurs as isolated clouds or as a line or wall
of clouds in the shape of mountains or towers. Furthermore,
CB is composed of water droplets and ice crystals and con-
tains nearly the entire spectrum of flying hazards, including
extreme turbulence, and are considered the ultimate manifes-
tation of instability in terms of airworthiness and should be
avoided at all times [9], [26].

The size of these cloud formations may vary widely. How-
ever, the CB is faced as a circle in a 2D environment with a
radius of 2 Nautical Miles (nm). This size is adopted once
it is a reasonable size for a CB, according to specialists
consulted. Moreover, this value is intended to be changed
during the fine-tuning process of future works. Furthermore,
in this research, we consider the clouds to be fixed in a
specific position since, during the initial phase of the aircraft
approach, there are small variations in their positions.

Thereupon, the components of the problem faced in this
research are illustrated in Figure 1. The black point represents
the aircraft from a macro perspective. The blue circle repre-
sents the minimum separation of the aircraft - if any other
aircraft does not respect this separation, the provided solution
is unfeasible. The red circle illustrates the cumulonimbus -
i.e., a restricted region due to its severe weather con-
dition. The green square represents additional Vectoring
Points (VPs) that can be assigned to the aircraft. Finally,
the red square illustrates the Initial Approach Fix (IAF),
i.e., the aircraft’s final objective point.

IV. TECHNOLOGY MATURITY LEVEL (TML) AND
UNMANNED AIRCRAFT SYSTEM (UAS)

The Technology Readiness Level (TRL) is a ‘“‘systematic
metric/measurement system that supports assessments of the
maturity of a particular technology and the consistent com-
parison of maturity between different types of technology.”
It has been used in NASA space technology planning and
NASA Management Instruction [28]. This scale measures
how far a given technology is from its operation in the
airspace and is appropriate for supporting the integration of
new technologies smoothly by identifying at which develop-
ment level a particular technology is. From this standpoint,
new and disruptive technologies tend to present an additional
cognitive workload for ATCo due to the lack of familiarity.
The increase in the time spent on cognitive activities may
lead to an increase in the planning process. Furthermore,
the additional cognitive workload may also affect the time
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FIGURE 1. Components of the problem faced in this research.

spent in surveillance. For example, UAS is a disruptive tech-
nology that lacks operation in the National Airspace System
(NAS), which leads to a lack of liability, social acceptance,
and operational experience.

The Technology Maturity Level (TML) is a systematic
metric/measurement system that supports assessments of the
familiarity of a particular aircraft with ATCos and the consis-
tent comparison of familiarity with the ATCo between differ-
ent types of aircraft proposed by the authors [5], [37]. This
scale is based on three main factors that represent barriers
for autonomous vehicles in general to operate [2], [5], [10]:
(1) Liability; (ii) social acceptance; and (iii) operational expe-
rience. The levels vary from O up to 10 and represent famil-
iarity, which may increase throughout the years of aircraft
operation (i.e., considering the increase of liability, social
acceptance, and operational experience). Thus, the aircraft
may be referred to as its TML to simplify the workload eval-
uation. TML is related to the uncertainty of operations and
the fragility is a product of complexity by uncertainty [29].
In this context, TML is related to the uncertainty in operation,
whereas fragility is related to impacts on the ATCo workload
and, ultimately, on safety levels.

For example, a particular case of the TML concept appli-
cation relies on the insertion of the Unmanned Aircraft Sys-
tem (UAS) in the National Airspace System (NAS). The
UAS represents a vital business direction considering its
potential and applications [11]. This is a system composed
of sub-systems (e.g., Unmanned Aircraft Vehicle (UAV),
payload, control station, and communications sub-systems
[4], [11]) and has been employed in different scenarios. Many
advantages can also be achieved from the UAS operation
(e.g., reducing the operation risks) [13], and some mission
requires its insertion in the National Airspace System (NAS).
However, this integration may present issues such as impacts
on safety levels. Thereupon, the ATCo workload is defined
and measured by the interaction of several factors [35], [37]
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and represents the difficulty of ATCos in dealing with a par-
ticular situation [32]. Indeed, elevating the ATCo workload
might lead the airspace to unsafe states [7], [27], [48].

V. PARTICLE SWARM OPTIMIZATION (PSO)

Particle Swarm Optimization (PSO) is a method for
optimization of continuous nonlinear functions related to arti-
ficial life (A-life), bird flocking, fish schooling, and swarm-
ing theory [22]. This research adopts the PSO due to its
high-performance and flexibility. This method has become
a candidate for many optimization problems with successful
applications [6], [42], [45]. The movement of each particle
during the PSO execution considers their current velocity,
the current best solution found by the particle (cognitive influ-
ence, i.e., the influence of the experience of the particle itself),
and the current best solution found by the swarm (swarm
influence, i.e., the influence of the experience of the whole
set of particles) [6]. In this context, two attributes drive the
PSO operation: pbest (particle best), which is an attribute of
each particle and represents the current best solution achieved
by that particle, and gbest (global best), which is an attribute
of the PSO and represents the current best global solution,
i.e., the best solution achieved by all particles. Thus, the con-
cept of fitness, employed in all evolutionary computation
paradigms, is adopted [22].

The process of updating the velocities and the positions
of each particle are respectively presented in Equations 4
and 5 [43]. To update the velocity for a given decision variable
of a given particle p;, three aspects are considered: inertia
(Equation 1), cognition (Equation 2) and the social aspect
(Equation 3). In this sense, parameter i identifies which
particle is being considered, whereas the d represents the
dimension of the particle considered.’ Note that rand() rep-
resents a function that generates a random number between
0 and 1 from an uniform distribution.

Aid = W X Vig €))
%/_J
Inertia

aig = c1 X rand() x (pbestiq — Xiq) 2)
Cognitive

0ia = ca x rand() x (gbesty — Xiq) 3)
Social

Vid = hig + dig + 6ia 4

Xid = Xid + Vid )

The solutions exploration process is illustrated in Figure 2.
These approach uses special features alongside the tradi-
tional PSO version. The first state considers all aircraft flying
directly to the IAF - i.e., a solution without searching. In this
context, a generation is a set of states composed of the same
number of decision variables in total. The first state composes

5As the position of the particles is composed of a vector different values,
d represents which value is being considered in the updating process. For
example, if a particle in set in a three dimensional space, the vector that
describes the position of a given particle is composed of three element and,
consequently, d varies from 1 to 3.
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the generation 1, which does not present decision variables.
If this is a feasible solution in terms of airspace constraints
(minimum separation and CBs), the PPSO execution is fin-
ished with an optimal solution.

Number of | Number of]| Number of
i (aircraft1) (aircrafi2) (aircraft3) |
' A

¥

decision

=
2

2
i
=

n

2
decision
variables

FIGURE 2. State generations and their decision variables.

In a situation where the position of the CB forces the
aircraft to consider an alternative trajectory, additional VPs
are required. The new generation (generation 2) is composed
of three elements. All the states of generation 2 present two
decision variables to be considered in the PPSO operation.
Along with the parallel processing of critical steps within
the PPSO execution, the evaluation of each state is also
performed in separate threads. Hence, the algorithm creates
new state generations considering the limit of the VPs and the
search execution within each state must respect a time limit,
i.e., if the deadline for a given state is reached, the search
process stops and starts again considering a different state.

Furthermore, the position of the particle is updated (Equa-
tion 5). The current position x; of particle p; is added to
the new velocity v;,° considering all the components of this
vector, i.e., this sum is conducted considering all decision
variables d. The execution of PSO is based on the follow-
ing steps: Firstly, the required parameters are set. Secondly,
the initial positions and velocities of each particle are ran-
domly generated, and the iteration count (g) is set to 0. Then,
if the current solution is non-dominated’ considering the
objective function, this is added to the Pareto-optimal solu-
tions set. This step is optional and may vary widely depending
on the objective function. For example, one may consider
all feasible solutions to be added to analyze the proposed
solutions further. Finally, if the integration count (g) equals
the iteration limit, the set of solutions found is returned.

Moreover, the Parallel Particle Swarm Optimization
(PPSO), or Synchronous PPSO, is a method based on the

SNote that, in PSO, the velocity represents how a particle changes its
position in a given iteration and is an abstraction of the physical velocity,
i.e., as this is a dimensionless value, it can be summed to the current position.

7A given solution x; is non-dominated if there is not a solution x that (1)
is better than x; all objectives or (2) solution x; is not strictly better than xj
in at least one objective [36].
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traditional PSO but considers parallel processing for reducing
the execution time [46]. This manner of implementing the
PSO is adopted herein once there is a need for short response
times in the problem faced. As it may take some time to
process all particle characteristics, especially if the number
of particles is large, parallel processing enables the search to
be performed quickly. In this sense, the achievement of the
benefits provided by parallel execution depends on the com-
puter’s processing power, i.e., a computer that cannot process
multiple threads may not present significant improvements in
performance if executing a parallel application. To implement
parallel algorithms in Java language, one should consider
using the Java Threading Application Programming Interface
(API) [38]. This API enables the user to build and process
different threads (using Thread class) in a parallel fashion.

The PPSO execution process is very similar to the tradi-
tional PSO implementation. However, two steps are executed
in parallel: (i) the quality (or fitness) evaluation (“Objec-
tive value evaluation’) and (ii) the positions and velocities
update (“‘Get the new positions and velocities of particles).
These two stages are bottlenecks of the PSO execution and
the employment of multiple threads for conducting inde-
pendent computations in parallel may reduce the algorithm
response time considerably. Finally, other architectures can
be explored in future works, such as parallel processing
islands.

VI. FINAL ARRIVAL SEGMENT OPTIMIZATION MODEL
(FASOM)

In this Section, we introduce the Final Arrival Segment
Optimization Method (FASOM) for optimizing aircraft
sequencing in the final sector, considering the UAS pres-
ence and different Technology Maturity Levels (TMLs).
Firstly, considerations on the Final Arrival Segment Opti-
mization (FASO) are presented. Secondly, the architecture of
the FASOM is shown. Finally, a discussion on topics related
to the solution selection module is presented.

A. CONSIDERATIONS

In this section, we present the considerations that must
be highlighted regarding the optimization process. Firstly,
we present the problems that may occur in the airspace and,
consequently, should be avoided in the solutions provided in
the optimization process. Finally, the definitions of feasible
and infeasible solutions are provided.

1) THE PROCESS OF OPTIMIZING AIRCRAFT SEQUENCING
The main goal of the optimization process is to provide safe
and efficient solutions for given situations in the airspace.
Figure 3 shows the characteristics of the problem faced.
Firstly, the aircraft may enter the sector from different points.
After that, all aircraft have objective positions to reach (IAF)
at a time interval (deadline). In some cases, the final sector
may have more than one IAF and aircraft coming from dif-
ferent directions may be assigned to different [AFs.
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Figure 4 depicts the difference between two given scenar-
ios that might be faced in the airspace. The first is composed
of four aircraft that share the same IAF. The second case
presents a more complex environment. The number of air-
craft is increased to seven and a there is a CB nearby the
IAF. These scenarios become complex due to the number of
aircraft and the factors that harden the their delivery to the
highlighted IAF.

Considering that the minimum separation must be
respected and that the aircraft are not allowed to fly through
CBs, there are many possible manners to solve the sequencing
problem. Possible solutions for both scenarios can present
different levels of ATCo workload depending on the Tech-
nology Maturity Level (TML) of each aircraft.

In fact, the priority of each aircraft presents a considerable
impact on sequencing solutions. From the ATCo workload
standpoint, the TML of each aircraft indicates which of
them must be prioritized. For example, if an aircraft presents
a lower TML (e.g., UAS currently operating in the NAS)
and the situation presents other aircraft with higher TML
(e.g., Manned Aircraft operating nowadays), the best solu-
tions in terms of workload is assigning a direct final arrival
segment to the aircraft with lower TML and establishing
vectoring points for the others, which present a higher TML.
Establishing additional VPs for aircraft with higher TMLs
tends to present a lower ATCo workload than establishing
additional VPs for aircraft with lower TMLs. Indeed, this
observation is taken from the workload perspective, i.e., the
balance between sequencing duration and workload level
may change the most appropriate solution depending on the
priority assigned to the workload and the efficiency (respect-
ing the safety constraints, such as minimum separation).

2) SOLUTION DEFINITION

In order to build feasible solutions, respecting the airspace
constraints is essential. Despite the challenges these restric-
tions bring to the final arrival segment design, vectoring
points must be assigned to the aircraft to define the paths,
i.e., the final arrival segments are defined in terms of vector-
ing points.
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FIGURE 4. Comparison between two scenarios of different complexities.

Moreover, the representation of solutions in these envi-
ronments can be expressed as in Equations 6, 7 and 8. The
sequencing solution, i.e., the set of final arrival segments,
is presented in Equation 6. A final arrival segment for a
given aircraft can be defined as a collection of Vectoring
Points (VPs) that guides the aircraft from the final sector’s
entry to the IAF.

S = [segment|, segment,, . .., segment,,], (6)

The segments are defined in terms of the number of aircraft
in the situation, i.e., m represents the index of the last aircraft
and, consequently, the number of aircraft. The segments are
presented in Equation 7. The segment of a given aircraft k,
which varies from 1 up to the total number of aircraft m,
is composed of a list of vectoring points given that 1 <
k < m, np, > 0, vp],jk = IAF}. Each vectoring point is
expressed as a tuple (x,y) into the Cartesian plane and the last
vectoring point assigned to each aircraft (vpﬁk) represents the
IAF assigned to it.

Segment, = [vpllc , vpé, e, vplflk] (7)

Finally, Equation 8 represents the state of a given solution,
i.e., the number of vectoring points assigned to each aircraft.
Note that each aircraft receives at least one vectoring point,
which guides it to the IAF.

state = [ny,ny, ..., Nyl ®)

An effective manner for representing the number of VPs
assigned to all aircraft is by using states, which can be defined
as a collection of the number of VPs (including the IAF)
composing the aircraft segment in a given situation. Each
element of the state refers to the number of VPs assigned to
each aircraft. In this context and from the workload evaluation
standpoint, it is reasonable to consider IAF as VP since the
ATCo must act, communicate with, and monitor the aircraft
conducted to the IAF. In fact, in vectoring, the ATCo must
guide the aircraft to this point using an additional VP.
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Finally, the problem faced in this research considers that:
(1) pilots (human or not) are capable of executing the
instructions provided by the ATCo; (2) one important metric
apart from ATCo workload is the sequence duration; (3) the
airspace constraints are respected. This problem can thus
be faced as a machine schedule problem, which has been
proved to be NP-hard in [44]. Furthermore, it is reason-
able to consider that our proposal deals with an NP-hard
problem [21], [30], [39].

B. ARCHITECTURE

To appropriately achieve the desired results in the optimiza-
tion process, different responsibilities should be assigned to
different modules. For example, the optimization process is
different from the process of input reading and should be per-
formed in different parts of the system. In order to accomplish
this, Figure 5 depicts the FASOM architecture.

The following three subsections respectively present the
Airspace Building Module, the Optimization Module, and
the Solution Selection Module. Each module is discussed in
an in-depth approach, considering the implementation of the
functions.

1) AIRSPACE BUILDING

The first module of FASOM is the Airspace Building Module.
Its main goal is to receive external data and transform it into
a format the Optimization Module can understand, i.e., this
module acts as an interface. Firstly, a JSON file is provided
with the data needed to build the airspace (i.e., the JSON file
describes the scenario), considering the positions of aircraft,
CBs, and IAFs. Finally, this data is converted into a Java
object (airspace) that is further accessed and manipulated by
the Optimization Module.

2) OPTIMIZATION
The second and intermediate module is the Optimization
Module, in which the actual optimization process is executed.
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FIGURE 5. Architecture of the final arrival segment optimization model
(FASOM).

It aims to offer feasible solutions in terms of aircraft sequenc-
ing, considering the input data provided. The optimization
method adopted in this research, the Parallel Particle Swarm
Optimization (PPSO), is employed to achieve this set of feasi-
ble solutions considering parameter variation. This method is
adopted due to its high-performance in several applications
(optimization tasks) and its advantages in comparison to
other techniques, such as Evolutionary Algorithms (EA) and
Genetic Algorithms (GA) [6], [8], [43], [45]. Indeed, PSO has
presented good results, but this depends on the characteristics
of the problem and the parameters’ configuration. In some
problems, EA and GA may outperform the PSO in terms of
the solution’s quality and search efficiency.

In order to apply the PPSO into the Final Arrival Segment
Optimization (FASO) problem, adjustments and abstrac-
tions must be considered. Firstly, we include the additional
parameters:

o Search Duration: Limits the duration execution in mil-
liseconds of the search within a state. This enables the
particles to move around different areas into the search
space. Note that this parameter represents the stopping
criteria of the search process;

« Iteration Slice: iterations for particle shuftling;

« Vectoring points per aircraft: Limit for the path build-
ing in terms of VPs.

One suitable manner of performing the optimization pro-
cess is using states, which are collections of the number of
VPs composing the aircraft segments in a given situation,
as presented in Section VI-A2. Regarding a state-driven opti-
mization process, the search must consider a different state
at the time, i.e., the number of VPs assigned to each aircraft
must remain the same during part of the PSO execution. For
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example, considering the state [1, 2] for a situation with two
aircraft, different solutions (feasible or not) can be provided.
In this sense, we search for solutions maintaining the state
according to a time interval. If at least one feasible solution
is provided in the search considering a given state, the search
process stops after the time interval. However, other states are
considered in the search if there are no solutions provided by
the method. There is a need for a short response search to
explore different states to find feasible solutions. Apart from
the time spent in the processing of each state, there is a need
for a short response time in the problem faced in this research,
i.e., defining a specific deadline is necessary to ensure unsafe
states are not reached due to latency in the solution provision.

Thus, the first additional parameter is the duration of
search in a given state, which limits the duration execution
in milliseconds of the search within a state. This parameter is
considered for all the states explored. The second parameter is
the iteration slice, representing the number of iterations of the
PSO for shuffling the positions and velocities of all particles.
The traditional PSO and PPSO do not include this shuffling
process, but we include it to avoid local optima. Sometimes,
reasonable solutions may retain particles around a specific
region into the search space. However, better solutions may
also be found in other regions. For example, suppose all
particles are located around an area distant from 0 in all
the axes with a set of good solutions. In that case, even if
much better solutions are located around the beginning of all
axes (i.e., an area near to O in all axes), the cognitive factor,
the inertia, and the social factors tend to act in a manner to
retain the particles within that area. The shuffling process
prevents the particles from moving around a limited region in
the search space and facilitates exploring different areas (that
may present better solutions than those already discovered).
This process consists of changing the position and velocities
of the particles considering random values. Thus, the particle
tends to search in different regions of the search space.

Furthermore, the search space is limited to the boundaries
of the final sector, i.e., the PPSO aims to suggest VPs inside
a geographically limited area. Thus, the shuffling method is
stochastic, i.e., particle positions and velocities are random.

The optimization process evolves accordingly to the pro-
cess depicted in Figure 2. In this case, the feasibility and
quality of the proposed solutions are evaluated by the FSST,
as illustrated in Figure 5. For each solution provided, ver-
ification of its quality and feasibility is performed. This
figure shows the PPSO approach within an orange box. This
indicates that the PPSO could be replaced by other methods
(e.g., Genetic Algorithms). This highlights that extensions
of this research might consider different techniques. Finally,
a set of feasible solutions is provided in appropriate data
structures to the next module (i.e., the solution selection
module).

C. SOLUTION SELECTION
In order to select one solution within a set, an order must be
defined. Indeed, an important metric in this definition is the
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sequencing duration, which is related to efficiency. However,
including the UAS into the National Airspace System (NAS)
may make the controlling process more difficult, impacting
the workload and, ultimately, the safety levels. Thereupon,
safety (represented by the ATCo workload) and efficiency
(represented by the sequencing duration) are the metrics con-
sidered to measure the quality of different solutions.

In this context, Equations 9 and 10 shows the objective
functions (f; and f>) adopted in this research. The former
indicates the minimization of the ATCo workload as a goal.
The index i of the aircraft varies from 1 to the total number
of aircraft m. Function fi is thus defined in terms of the
numbers of VPs (nVP;) assigned to the aircraft (i) and the
workload associated with the VP definition for a particular
aircraft (W), which varies according to the TML of the
aircraft i.

m
Minfi = ZnVPi x WrmL, 9)
i=1
The latter refers to the sequencing duration. Function f> is
defined in terms of distance d; traveled by the last aircraft
delivered [. A speed of 180 knots is considered for all aircraft
since the operation takes place within the final sector.

. d

Minf = goras (10
Finally, the process of ordering the solution in the solu-
tions set and then picking the most appropriate solution is
conducted considering Equation 11. In this equation, o and
B respectively represent the weight associated with the mini-
mization of f; (workload) and the weight associated with the
minimization of f> (duration). These values vary from 0 to
1 (¢ + B = 1). Besides, these values are defined by the
user of the optimization tool, i.e., the end-user may priori-
tize workload or efficiency in the solution selection. Finally,
the f3 enables to choose one solution combining Equations 9
and 10. Furthermore, the value of f; and f> of a given solution
instance k as independent variables are normalized using the
Min-Max normalization method [34] to be used in the same
equation. Note that weights « and 8 are assigned by the user
of our proposal, i.e., this method is adaptable to situations in
which safety is prioritized, to situations in which efficiency
is prioritized and, finally, in situations in which both have the
same priority (in the case in which « = 8 = 0.5) and an
adaptation of the Min-Max normalization method (which is
characterized by the sum of 1 to the denominator) in order
to prevent the result from being infinite in cases in which the

maximum value is equal to the minimum value.

k.
Minf; =« S = min(fi ),
1 + (max(f1) — min(f1))
k-
gLy (11)

1 + (max(f2) — min(f2))

VII. CASE STUDIES
This Section presents the experiments conducted in this
research. The case studies show the applicability of our

112380

approach in different situations, which may include a
considerably high number of aircraft and bad weather
conditions. The proposal presented herein can solve sev-
eral situations in the final sector, considering the airspace
constraints. For all the case studies, the objective function
illustrated in Equation 11 is used.

As we aim at adopting the optimization process in a bal-
anced way, in which « and 8 are set to 0.5, i.e., they have
the same priority for the solution selection.® This approach
is considered for achieving solutions with good results in
both objectives, but these values can be adjusted according
to the user’s preferences (e.g., regulatory authorities). Thus,
/1 is related to the ATCo workload, whereas f> is related to
the sequencing duration. For example, if two solutions are
proposed, and both present the same workload, the solution
with the lowest duration is selected. Similarly, considering
that two solutions are proposed, and both present the same
duration, the solution with the lowest workload is selected.

However, the goal herein is to show the applicability of
the proposed strategy. Thus, parameters cy, ¢ and w of PSO
are all set to 1. This highlights that all aspects have the same
priority during the particles’ position and velocity update.
Besides, the influence of each PSO parameter is also in the
scope of future works. Moreover, the number of particles
within the swarm increases by 50 for each additional decision
variable.

The evaluation of the solutions provided is performed using
the Final Sector Simulation Tool (FSST) [37]. This simula-
tion platform aims to evaluate the ATCo workload and effi-
ciency in aircraft sequencing in the final sector considering
the UAS presence. This tool also considers the Technology
Maturity Level (TML) for measuring the workload related
to each aircraft, which is evaluated based on the number of
Vectoring Points (VPs) assigned to each aircraft and its TML.
Furthermore, the feasibility of the solutions is also verified,
considering the minimum aircraft separation requirements
and CB avoidance. In this research, the minimum aircraft
separation adopted is SNM, and the CB is considered to be
a circle in a 2-dimensional space with a radius of 2NM.

The evolution of TML throughout ages is presented
in Table 1. Each age represents a specific era in terms of UAS
acceptance, i.e., this does not represent one single year, but a
period reasonably longer than that. The values present in this
Table are parameters to our method validated with specialists,
i.e., in future works, these values may be precisely adjusted
(e.g., by regulatory authorities).

Finally, 800ms is the time limit searching for each state,
which seems to be a reasonable response time once the
aircraft in this time interval change their position slightly
from the perspective of the whole final sector. Indeed, this
reduced and feasible value is compatible with the need
for real-time solutions. The experiments are performed in

8This approach aims to show the applicability of our method in a balanced
scenario, in which efficiency and safety present the same priority. The
analysis of the differences in the solutions provided considering variations
in « and B is a future direction of this research.
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TABLE 1. Ages (in terms of TML evolution) considered in this research.

Age | MA | RPAS | AA

1 10 6 0
2 10 10 6
3 6 6 10

a High-Performance Computer (32 virtual CPUs 2.2Ghz,
128GB RAM).

The first case study presents a simpler scenario in which
the weather conditions are favorable and considers three air-
craft. The second case study aims to show the applicability
of our proposal in a more challenging situation, in which
the number of aircraft increases in comparison to the first
case study (4) and the weather presents adverse conditions.
Finally, the third case study focuses on showing the applica-
bility of our proposal in a complex environment, composed
of 5 aircraft operating in the airspace with adverse weather
conditions.

A. CASE STUDY I

The first case study of this research considers a simple sce-
nario illustrated in Figure 6. In this scenario, three aircraft are
considered (MA, RPAS, and AA). The RPAS is set in position
(5, 25), whereas the MA and the AA are respectively set in
the positions (15, 15) and (5, 5). Finally, the Initial Approach
Fix (IAF) is set at (5, 15).

To build the final arrival segments for these aircraft,
FASOM is employed. Considering age 1, the feasible solution
provided by this optimization method is illustrated in Table 2.
In this solution, the MA (aircraft 1, TML10) is assigned to
an additional VP, which is set in the position (9.19, 20.7),
as well as the RPAS (aircraft 2, TML6), which is assigned to
an additional VP in position (11.8, 28.5). Finally, the aircraft
with the lowest TML (aircraft 3, which is an AA with TML 0)
is not assigned to an additional VP, i.e., this aircraft flies
directly to the IAF.

TABLE 2. Description of the solution provided by FASOM in case study |
(age 1).

Aircraft [ Type | TML | Additional VPs

1 MA 10 (9.19,20.7)
2 RPAS 6 (11.08,28.5)
3 AA 0 —

Considering age 2, the solution (described in Table 3) is
similar to that proposed considering age 1, i.e., aircraft 1
(MA, TML 10) and aircraft 2 (RPAS, TML 10) are assigned
to an additional VPs ((6.5, 19.79) and (6.5, 29.11), respec-
tively), whereas aircraft 3 (AA), which still presents the
lowest TML (6), flies directly to the IAF.

The solution provided at age 3 (depicted in Table 4) for
this scenario is different. Aircraft 3 (AA) achieved the highest
TML (10) and is assigned to an additional VP set in the
position (11.2, 10.2), whereas aircraft 2 (RPAS) presents a

VOLUME 9, 2021

. RPAS

IAF
n

¥ Axis

FIGURE 6. Scenario adopted in case study I.

TABLE 3. Description of the solution provided by FASOM in case
study I (age 2).

Aircraft [ Type | TML | Additional VPs

1 MA 10 (6.5,19.79)
2 RPAS 10 (6.5,29.11)
3 AA 6 —

reduction in its TML (6) and is assigned to an additional
VP set at (7.61, 27.75). In turn, aircraft 1 (MA), which also
presented a reduction in the TML (6), is not assigned to an
additional VP, i.e., this aircraft flies directly to the IAF.

TABLE 4. Description of the solution provided by FASOM in case
study I (age 3).

Aircraft [ Type | TML | Additional VPs

1 MA 6 —
2 RPAS 6 (7.61,27.75)
3 AA 10 (11.2,10.2)

The solutions presented for all ages (highlighted
in Tables 2, 3 and 4) presented the results, in terms of duration
(of delivering all aircraft to the IAF), workload and elapsed
time (of processing time) presented in Table 5. These results
are similar in terms of processing time, whereas the duration
varies slightly.

TABLE 5. Results from case study I.

Age | Duration (s) | Workload (s) | Elapsed Time (s)

1 503 186 4.523
2 474 158 3.015
3 429 174 4.616

Moreover, the solutions adopted in this experiment con-
sidering TML age 1 delivered the aircraft with the lowest
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TML (AA, TML 0) with higher priority. However, the second
aircraft to be delivered (MA) presents a higher TML (10) in
comparison to the third aircraft to be delivered (6). This is
because the optimization process is not conducted in terms of
the sequence in which the aircraft will be delivered. Instead,
the optimization process considers the number of additional
VPs each aircraft is assigned to. In this case, regardless of
the sequence in which the aircraft are delivered, the solutions
focus on reducing the number of VPs assigned to each aircraft
(prioritizing the aircraft with lower TMLs). Indeed, the same
sequencing is achieved, even considering the differences in
TMLs between these two ages. Finally, the solution provided
for TML age 3 considered a different sequence due to the
changes in the TML of each aircraft. The MA (TML 6) is
the first to be delivered, followed by the AA (TML 10)
and the RPAS (TML 6). Regarding the results from Case
study I, presented in Table 5, the workload levels are similar
at all ages. This illustrates that, regardless of the TML age
(i.e., regardless of the aircraft’s TML variation), the solu-
tions provided maintained the workload level stable. Finally,
the elapsed processing time is considerably short for real-time
applications once the highest duration presented (4.6s) rep-
resents a short distance traveled by aircraft, i.e., all aircraft
do not move dramatically in 4.6s, highlighting this is a short
response time.

B. CASE STUDY II

The second case study of this research considers a more
challenging scenario illustrated in Figure 7. In this scenario,
four aircraft are considered (MA, RPAS, and two AA). The
two AA are set in positions (23.9, 35.34) and (20.5, 29.95),
respectively. The RPAS is set in position (19.6, 1.2) and the
MA is set in the position (24.55, 4.7). The IAF is present in
the position (4.6, 14.9). This scenario also considers the pres-
ence of two cumulonimbus (CBs) with centers at positions
(14.95,21.3) and (14.8, 8.15).

IAF
y

¥ Axis

FIGURE 7. Scenario adopted in case study Il
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The solution provided by FASOM for this scenario, con-
sidering TML age 1, is described in Table 6. In this feasi-
ble solution, aircraft 2 (AA with TML 0) flies directly to
the IAF, whereas the other three are assigned to one extra
VP each. Aircraft 1 (AA, TML 0), 3 (RPAS, TML6) and 4
(MA, TML 10) are assigned to VPs set, respectively, in posi-
tion (23.0, 35.3), (14.7, 16.9) and (23.0, 18.5) before going
to the IAF.

TABLE 6. Description of the solution provided by FASOM in case study Il
(age 1).

Aircraft [ Type | TML | Additional VPs

1 AA 0 (23.9,35.3)
2 AA 0 —

3 RPAS 6 (14.7,16.9)
4 MA 10 (23.0,18.5)

The solution presented in age 2 is detailed in Table 7.
Aircraft 2 (AA, TML 6) goes directly to the IAF. However,
aircraft 1 (AA, TML 6) is assigned to one additional VP set
at (15.5, 12.0). Similarly, the aircraft 3 (RPAS) and 4 (MA)
present the highest TML (10) and are assigned to one addi-
tional VP each, set, respectively, in positions (20.0, 13.7) and
(26.1,19.4).

TABLE 7. Description of the solution provided by FASOM in case study I
(age 2).

Aircraft [ Type | TML | Additional VPs

1 AA 6 (15.5,12.0)
2 AA 6 —

3 RPAS 10 (30.0,13.7)
4 MA 10 (26.1,19.4)

Considering the TML age 3, the solution provided is con-
siderably different. In this solution, described in Table 8, both
AA (TML 10) are assigned to additional VPs before going to
the IAF, set in positions (26.6., 14.4) and (6.28, 37.9), as well
as the MA (TML 6) with the additional VP set at (19.0, 0.8).
Finally, the RPAS (TML 6) is conducted directly to the IAF.

TABLE 8. Description of the solution provided by FASOM in case study Il
(age 3).

Aircraft [ Type | TML [ Additional VPs

1 AA 10 (26.6,14.4)
2 AA 10 (6.28,37.9)
3 RPAS 6 —

4 MA 6 (19.0,0.8)

The results from the solutions provided in this case study,
considering TML ages 1, 2 and 3, are illustrated in Table 9.
Thus, all metrics are similar considering the different ages,
i.e., the optimization method proposed herein can adapt the
search for finding solutions with reduced ATCo workload
regardless of the age considered (which changes the ATCo
workload related to each aircraft).
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TABLE 9. Results achieved in case study Il

Age | Duration (s) [ Workload (s) | Elapsed Time (s)

1 844 286 9.687
2 887 234 10.014
3 803 234 9.454

Furthermore, the solutions change considerably in terms
of the TML age variation. In fact, in this scenario, there is the
possibility of delivering only one aircraft without additional
VPs?: the RPAS or one of the AA. In this sense, considering
TML ages 1 and 2, one AA is delivered without additional
VPs due to its low TML (0 and 6 for the respective ages), and
the other aircraft are delivered considering additional VPs.
However, in TML age 3, the TMLs of AAs (10) are higher
than the TML of the RPAS (6). This leads the RPAS to fly
to the IAF without any additional VPs, differently from the
other aircraft. The experiments conducted in Case study II
(Table 9) illustrate the similarity in terms of workload levels
that the solutions present considering the TML age variation.
This shows that FASOM provided feasible solutions main-
taining the workload levels and considering similar solutions
duration. Finally, the processing time is a bit higher, achieving
up to 10.014s, because this scenario is more challenging than
the scenario presented in the case study I.

C. CASE STUDY Il

The last case study of this research consider a complex
scenario, illustrated in Figure 8, in which five aircraft (two
MA, two RPAS and one AA) are present. The two RPAS
are set in positions (27.5, 27.95) and (17.45, 29.95), whereas
the two MA are set in (16.2, 0.6) and (16.5, 15.05), respec-
tively. The only AA present is this scenario is set in position
(27.35, 2.25). Furthermore, the IAF is set at (1.55, 14.95),
whereas there are CBs in positions (8.9, 14.2), (14.95, 21.8)
and (24.6, 13.95).

In order to deliver the set of aircraft presented in this sce-
nario, considering TML age 1, FASOM proposed the solution
described in Table 10. In this feasible solution, aircraft 2
(AA, TML 0) and 4 (RPAS, TML 6) flies directly to the IAF.
Aircraft 1 (RPAS, TML 6) is assigned to position (16.5, 1.4)
before going to the IAF. Similarly, aircraft 3 and 5 are respec-
tively assigned to positions (12.9, 21.8) and (7.4, 19.9) before
reaching the objective point (IAF).

The solution provided considering TML age 2, illustrated
in Table 11, selected aircraft 2 (AA) and 3 (MA) to fly
directly to the IAF. The two RPAS present in this scenario,
aircraft 1 and 4, respectively fly to positions (35.5, 24.0) and
(33.5,27.1) before going to the IAF. Finally, the aircraft 5,
which is a MA, is directed to the additional VP located in
position (21.3, 28.1).

91f both aircraft are delivered without one additional VP, the solution is
not feasible once the separation of these two aircraft in the region near to the
IAF is lower than Snm.
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FIGURE 8. Scenario adopted in case study III.

TABLE 10. Description of the solution provided by FASOM in case study
111 (age 1).

Aircraft [ Type | TML | Additional VPs

1 RPAS 6 (16.5,1.4)
2 AA 0 —
3 MA 10 (12.9,21.8)
4 RPAS 6 —
5 MA 10 (7.4,19.9)

TABLE 11. Description of the solution provided by FASOM in case study
111 (age 2).

Aircraft [ Type | TML [ Additional VPs

1 RPAS 10 (35.5,24.0)
2 AA 6 —
3 MA 10 —
4 RPAS 10 (33.5,27.1)
5 MA 10 (21.3,28.1)

Finally, the last experiment, which considers TML age 3,
considers the solution described in Table 12. In this solu-
tion, the AA (aircraft 2) and one of the MA (aircraft 3) are
guided to the IAF directly. In this context, both RPAS (air-
craft 1 and 4) are conducted indirectly, i.e., to additional
VPs located in positions (13.7, 38.0) and (20.7, 2.7). Thus,
the other MA (aircraft 5) flies in the direction of position
(6.2, 31.2) before going to the IAF.

TABLE 12. Description of the solution provided by FASOM in case study
111 (age 3).

Aircraft [ Type | TML [ Additional VPs

1 RPAS 6 (13.7,38.0)
2 AA 10 —
3 MA 6 —
4 RPAS 6 (20.7,2.7)
5 MA 6 (62,31.2)
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The quality of the solutions proposed by FASOM for this
case study, considering the TML age variation, is depicted
in Table 13. Similarly to case studies I and II, each metric’s
results (duration, workload, and elapsed time) are similar
considering all ages.

TABLE 13. Results from case study IIl.

Age | Duration (s) [ Workload (s) | Elapsed Time (s)

1 991 284 10.406
2 1107 248 10.074
3 1039 296 9.954

Moreover, this experiment provided different solutions
throughout the TML age variation. In this scenario, the solu-
tion leads two out of three aircraft (one of the RPAS, one
of the MA, and/or AA) to the IAF without additional VPs.
AtTML age 1, the AA (TML 0) and one of the RPAS (TML 6)
are conducted directly to the IAF, whereas the others are
assigned to one additional VP. However, considering TML
ages 2 and 3, the AA (TMLs 6 and 10) and one of the
MA (TMLs 10 and 6) are chosen to be delivered directly.
Finally, the other aircraft are assigned to additional VPs.
In terms of the results from Case study III, although the
workload is similar throughout the TML ages, a certain level
of instability is verified compared to the results of the other
case studies (i.e., differences regarding the workload level).
This is because this is a more complex scenario in which
changes in the TML of the aircraft may change the sequence
considerably. Finally, the elapsed time reached up to 10.4s,
which is similar to the elapsed time achieved in case study II.
Note that in 10.4s, the aircraft fly approximately 0.05SNM
whether the speed is close to 180kts. This highlights that
this is a feasible calculation time once the aircraft will not
dramatically change its position in this period.

VIil. DISCUSSION

The duration of the solution, considering the TML ages
variation, for each case study, is illustrated in Figure 9.
This chart shows that the results from different case studies
are considerably different, but considering the age varia-
tion, each case study presented slight differences in each
experiment.

The workload of case studies II and III are similar, as illus-
trated in Figure 10. At TML age 1, the workloads of both
cases are very similar and they start to spread out throughout
the TML age variation. Furthermore, the case study I presents
a lower workload level. The variations of the results achieved
within the same case study are slight, i.e., the optimization
method proposed can adapt the search for finding solutions
with reduced ATCo workload regardless of the age consid-
ered (which changes the ATCo workload related to each
aircraft).

Finally, Figure 11 shows a comparison of the elapsed
time achieved in each case study considering the TML age
variation. This chart shows that the elapsed time of case
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FIGURE 9. Comparison of the sequencing duration achieved in case
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FIGURE 11. Comparison of the elapsed time achieved in case studies I,
11 and 111 considering the TML age variation.

studies II and III are very similar due to the complexity faced
in both scenarios, which is different from the elapsed time
achieved in the case study I (i.e., the case study I represents a
simpler scenario). The results showed that the FASOM pro-
vided feasible and good solutions, which are adapted accord-
ing to the TML of each aircraft to maintain the workload and
duration levels stable. This stability is also illustrated in the
comparison of the results from each case study.
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IX. CONCLUSION

Since air transportation is essential for society, it is steadily
increasing, and new technologies (e.g., UAS) are being pro-
posed and integrated into the National Airspace System
(NAS), making methods for optimizing their operation and
enabling a smooth integration important. In this context,
in order to introduce the UAS into challenging scenarios
(e.g., those which consider adverse weather conditions), it is
reasonable to consider that the ATCo may be not familiar with
this technology and may be careful, which tends to increase
the workload level and, ultimately, impact the safety levels of
the airspace.

In fact, controlling aircraft in TMA considering adverse
weather conditions and the UAS presence is a complex task.
To overcome this challenge, supporting tools must consider
airspace restrictions, different aspects of each aircraft, and the
role of the ATCo in this context. This research proposed a par-
allel swarm-based method for optimizing final aircraft arrival
segment design considering the UAS presence, performed
from the ATCo workload and sequencing duration stand-
points. The main contributions presented are (i) the adoption
of a novel approach to measuring the integration of UAS in
the National Airspace System (NAS), (ii) an optimization
method based on the Particle Swarm Optimization (PSO) for
designing landing trajectories considering the UAS presence,
and (iii) interfaces for applying the optimization model in
external applications. The solutions consider airspace restric-
tions (e.g., minimum separation between aircraft and adverse
weather conditions) and are provided at short response times
(e.g., 4.6s in case study I, 10s in case study II, and 10.4s in
case study III in our experiments).

Although this work aims to address specific topics toward
the UAS operation, there are many possibilities of extending
this effort. Some future directions are:

o Performing several experiments to highlight the opti-
mization boundaries: One possible direction is to per-
form several experiments (e.g., thousands of scenarios)
using a high-end data center and considering different
parameters (e.g., different speed intervals and different
sectors of the airspace). This will highlight the patterns
that compose simple and challenging situations. This
would also support the airspace complexity evaluation;

o Analysis of the trade-off between workload and effi-
ciency: This refers to the further investigation on how
the efficiency and workload levels are affected if differ-
ent weights are assigned to each metric. This will high-
light the thresholds between efficiency and workload as
well as identify the appropriate interval for the weight
assignment procedure;

o Measuring the TML evolution of different aircraft
types throughout the years: In this research, TML
ages are considered in the experiments. Although the
ages are different from each other, one challenge and
future direction is how to measure the evolution of
the TML throughout the year from many perspectives
(e.g., operational and regulatory);
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+ Measuring the impacts of parameters changes in the

FASOM results: As the focus of this research is to
propose a method for optimizing the operation of UAS
in the Final Sector, one future direction is to analyze the
parameter variation in order to find the best parameters
combination for each scenario. This variation considers
the parameters of PPSO, such as the number of particles
and values of ¢y (cognitive aspect), c» (social aspect) and
w (inertia);

Employing different architectures of optimization in
FASOM: As FASOM supports the implementation of
different meta-heuristics (e.g., Ant Colony Optimization
and variations of Genetic Algorithms), other architec-
tures may be employed in future work, such as the
combination of meta-heuristics (e.g., an implementation
of different meta-heuristics that act in parallel);
Applying variations in airspace constraints and
parameters: Another future direction is the develop-
ment of flexible structures, such as: variable CB sizes
and shapes; CB movements; and changes in the min-
imum separation of the aircraft depending on their
types as well as on the characteristics of airspace
(e.g., complexity);

Arrival Segment Design Considering Failures in the
C2 Link: This research considers the RPAS presence
but does not include failures in the C2 link, which
are failures in the communication between the remote
pilot and the aircraft. According to the contingency
operations proposed by ICAO, considering a failure in
the communication within the final sector, conducting
all aircraft considering the presence of an independent
aircraft (i.e., an aircraft that cannot be controlled) is
a challenge. Thus, one of the future directions of this
research lies in how the set of aircraft can be guided
to the IAF considering this issue. The optimization of
arrival segments considering a problematic aircraft in the
final sector is a challenging task;

Priority Establishment of UAS sequencing in the
National Airspace System (NAS) Airspace: Our opti-
mization approach, in the safety context, is driven by
the number of VPs assigned to each aircraft. However,
an alternative approach may be considered, such as
conducting the aircraft to the IAF with different prioriti-
zation rules. Instead of controlling aircraft from famil-
iarity (TML), one alternative approach is to consider
the priority level. One example of prioritized aircraft is
the emergency aircraft. Furthermore, a challenge is to
identify the priority of the UAS in the context of the
list of priorities assigned to the aircraft types currently
employed;

Optimization of UAS operation in TMA: Although
our proposal is developed to be applied to the final sec-
tor, which is part of the TMA, there are several situations
faced in larger scenarios that may be considered in future
works. For example, as the area is considerably larger,
it is reasonable to consider many aircraft. Examples of
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applications are airspace resilience (e.g., problems in
airports) and impacts of weather conditions in a long
period (e.g., decades). The main idea is to extend the
research conducted in the final sector to a larger and
more complex area, the TMA;

Automation of Air Traffic Control (ATC): One of
the challenges of the future directions of this research
is the automation of the ATC and ATCo. For exam-
ple, approaches such as ATC Maturity Level (AML),
which represents the level of maturity and autonomy
of a system in terms of acting in controlling manned
and unmanned aircraft (e.g., different approaches for
modeling the relationship between the autonomous ATC
with UAS and between the autonomous ATC and MA
can be developed).

Non-linear scaling for Vectoring Points (VPs) defini-
tion: In this investigation, the workload associated with
the definition of VPs for a given aircraft is the same
regardless of the number of VPs. However, future works
could also focus on different models that compute differ-
ent workload levels depending on the configuration of
the airspace (e.g., number of VPs, weather conditions,
and number of aircraft);

Optimization of final arrival segments for UTM and
Urban Air Mobility (UAM): The application of the
proposed approach in a critical task has the potential
to support the future decision-making process in the
airspace. Similarly, this concept can be extended to dif-
ferent contexts, e.g., UTM and UAM.

ACKNOWLEDGMENT

The authors would like to thank Boeing Research&
Technology-Brazil (BR&T-Brazil) for its institutional sup-
port to the Safety Analysis Group (GAS) of the School of
Engineering of the University of Sdo Paulo (Poli-USP).

REFERENCES

[1]

[2]

[3]

[4]

[51

[6]
[71

[8]

[91

M. S. Ahmed, S. Alam, and M. Barlow, “An evolutionary optimization
approach for path planning of arrival aircraft for optimal sequencing,” in
Intelligent and Evolutionary Systems. Cham, Switzerland: Springer, 2017,
pp. 1-16.

B. Alkire et al., Applications for Navy Unmanned Aircraft Systems. Santa
Monica, CA, USA: Rand National Defense Research Institute, 2010.

A. Alonso-Ayuso, L. F. Escudero, and F. J. Martin-Campo, ““Multiobjective
optimization for aircraft conflict resolution. A metaheuristic approach,”
Eur. J. Oper. Res., vol. 248, no. 2, pp. 691-702, 2016.

R. Austin, Unmanned Aircraft Systems: UAVS Design, Development and
Deployment, vol. 54. Hoboken, NJ, USA: Wiley, 2011.

D. M. Baum, E. C. P. Neto, J. R. De Almeida, J. B. Camargo, and
P. S. Cugnasca, “A mindset-based evolution of unmanned aircraft system
(UAS) acceptance into the national airspace system (NAS),” IEEE Access,
vol. 8, pp. 30938-30952, 2020.

P. H. Chen, ‘‘Particle swarm optimization for power dispatch with pumped
hydro,” in Particle Swarm Optimization. Rijeka, Croatia: InTech, 2009.
A. Dervic and A. Rank, “ATC complexity measures: Formulas measuring
workload and complexity at Stockholm TMA,” Ph.D. dissertation, 2015.
[Online].  Available: http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-
114534

R. C. Eberhart and Y. Shi, “Comparison between genetic algorithms and
particle swarm optimization,” in Proc. Int. Conf. Evol. Program. Berlin,
Germany: Springer, 1998, pp. 611-616.

Adbvisory Circular—Aviation Weather, FAA, Washington, DC, USA, 2016.

112386

(10]

(11]

[12]

[13]

[14]

(15]

[25]

[26]

(27]

(28]

[29]

[30

[t

[31]

(32]

(33]

(34]

D. J. Fagnant and K. Kockelman, “Preparing a nation for autonomous
vehicles: Opportunities, barriers and policy recommendations,” Transp.
Res. A, Policy Pract., vol. 77, pp. 167-181, Jul. 2015.

G. Fasano, D. Accado, A. Moccia, and D. Moroney, ““Sense and avoid for
unmanned aircraft systems,” IEEE Aerosp. Electron. Syst. Mag., vol. 31,
no. 11, pp. 82-110, Nov. 2016, doi: 10.1109/MAES.2016.160116.

M. Fromm, R. Bevilacqua, R. Servranckx, J. Rosen, J. P. Thayer,
J. Herman, and D. Larko, ‘“Pyro-cumulonimbus injection of smoke to the
stratosphere: Observations and impact of a super blowup in northwestern
Canada on 3—4 August 1998, J. Geophys. Res., Atmos., vol. 110, no. DS,
pp. 1-16, 2005.

S. R. Ganti and Y. Kim, “Implementation of detection and tracking mech-
anism for small UAS,” in Proc. Int. Conf. Unmanned Aircr. Syst. (ICUAS),
Jun. 2016, pp. 1254-1260, doi: 10.1109/ICUAS.2016.7502513.

Y. Gao, X. Zhang, and X. Guan, “Cooperative multi-aircraft conflict
resolution based on co-evolution,” in Proc. Int. Symp. Instrum. Meas.,
Sensor Netw. Automat. (IMSNA), vol. 1, Aug. 2012, pp. 310-313.

N. Girdner, “An integrated system safety model of the national airspace
system,” in Proc. Annu. Rel. Maintainability Symp. (RAMS), Jan. 2016,
pp. 1-6.

F. Hafiz, M. A. Awal, A. R. D. Queiroz, and I. Husain, ‘“Real-time stochas-
tic optimization of energy storage management using deep learning-based
forecasts for residential PV applications,” IEEE Trans. Ind. Appl., vol. 56,
no. 3, pp. 2216-2226, May 2020.

Air Traffic Services—Annex 11, ICAO, Montreal, QC, Canada, 2001.
Aircraft Operations—Doc 8168, ICAO, Montreal, QC, Canada, 2006.

Air Traffic Management—Doc 4444, ICAO, Montreal, QC, Canada, 2016.
IVAO. Air Traffic Services. Accessed: Aug. 2021. [Online]. Available:
https://mediawiki.ivao.aero/index.php?title=Air_traffic_services

X. Ji, J. Fang, and R. Yan, “An online method for the real-time aircraft
arrival sequencing and scheduling problem,” in Proc. 11th World Congr.
Intell. Control Automat. (WCICA), 2014, pp. 1067-1070.

J. Kennedy and R. Eberhart, “Particle swarm optimization,” in Proc. Int.
Conf. Neural Netw. (ICNN), vol. 4, 1995.

H. Khadilkar and H. Balakrishnan, “Integrated control of airport and
terminal airspace operations,” IEEE Trans. Control Syst. Technol., vol. 24,
no. 1, pp. 216-225, Jan. 2016.

Y. Li, D. W. Gao, W. Gao, H. Zhang, and J. Zhou, ‘“Double-mode energy
management for multi-energy system via distributed dynamic event-
triggered Newton-raphson algorithm,” IEEE Trans. Smart Grid, vol. 11,
no. 6, pp. 5339-5356, Nov. 2020.

Y. Liu, C. Han, H. Qi, and Z. Zhu, “Aircraft rerouting decision-making
model under severe weather,” in Proc. 3rd Int. Conf. Inf. Sci. Control Eng.
(ICISCE), Jul. 2016, pp. 814-818.

F. Ludlam, “Cumulonimbus,” OSTIV publications, 1956, pp. 145-148,
vol. 4.

A. Majumdar and W. Ochieng, “Factors affecting air traffic controller
workload: Multivariate analysis based on simulation modelling of con-
troller workload,” Transp. Res. Rec., J. Transp. Res. Board, vol. 1788,
pp. 58-69, Jan. 2002.

J. C. Mankins et al., “Technology readiness levels,” NASA, White Paper,
Apr. 1995, p. 1995, vol. 6, no. 1995. [Online]. Available: https://aiaa.
kavi.com/apps/group_public/download.php/2212/TRLs_MankinsPaper_
1995.pdf

J. Marczyk, A New Theory of Risk and Rating. New Tools for Surviving in
a Complex and Turbulent Economy. Editrice UNI Service, 2009.

Y. Marinakis, A. Migdalas, and A. Sifaleras, “A hybrid particle swarm
optimization—Variable neighborhood search algorithm for constrained
shortest path problems,” Eur. J. Oper. Res., vol. 261, no. 3, pp. 819-834,
Sep. 2017.

S. Marquart, M. Ponater, F. Mager, and R. Sausen, “‘Future development of
contrail cover, optical depth, and radiative forcing: Impacts of increasing
air traffic and climate change,” J. Climate, vol. 16, no. 17, pp. 2890-2904,
Sep. 2003.

C. Meckiff, R. Chone, and J. P. Nicolaon, “The tactical load smoother for
multi-sector planning,” in Proc. 2nd USA/Eur. Air Traffic Manage. Res.
Develop. Seminar, 1998, pp. 1-12.

J. Mitchell, V. Polishchuk, and J. Krozel, “Airspace throughput analysis
considering stochastic weather,” in Proc. AIAA Guid., Navigat., Control
Conf. Exhib., vol. 19, Aug. 2006, p. 6770.

T. Mitsa, Temporal Data Mining (Chapman & Hall/CRC Data
Mining and Knowledge Discovery Series). Boca Raton, FL, USA:
CRC Press, 2010. [Online]. Available: https://books.google.com.
br/books?id=4P_7ydvW7cAC

VOLUME 9, 2021



E.C.

Pinto Neto et al.: Swarm-Based Optimization of Final Arrival Segments Considering UAS Integration in NAS

IEEE Access

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

R. H. Mogford, J. A. Guttman, S. L. Morrow, and P. Kopardekar, “The
complexity construct in air traffic control: A review and synthesis of the
literature,” CTA Inc., McKee City, NJ, USA, 1995. [Online]. Available:
https://apps.dtic.mil/sti/citations/ ADA297433

G. Narzisi, Multi-Objective Optimization. A Quick Introduction. New York,
NY, USA: New York Univ. Lectures, 2008.

E. C. P. Neto, D. M. Baum, J. R. Almeida, J. B. Camargo, and
P. S. Cugnasca, “Evaluating safety and efficiency in aircraft sequencing
in final approach considering the UAS presence,” in Proc. Anais do 31st
Congresso de Pesquisa e Ensino em Transportes. Recife, Brazil: ANPET,
2017, pp. 1-12.

S. Oaks and H. Wong, Java Threads. Sebastopol, CA, USA: O’Reilly
Media, Inc., 1999.

M. Sama, A. D’ Ariano, F. Corman, and D. Pacciarelli, ‘“‘Metaheuristics for
efficient aircraft scheduling and re-routing at busy terminal control areas,”
Transp. Res. C, Emerg. Technol., vol. 80, pp. 485-511, Jul. 2017.

M. Sama, A. D’Ariano, P. D’Ariano, and D. Pacciarelli, “Scheduling
models for optimal aircraft traffic control at busy airports: Tardiness, pri-
orities, equity and violations considerations,” Omega, vol. 67, pp. 81-98,
Mar. 2017.

M. Sama, A. D’Ariano, D. Pacciarelli, K. Palagachev, and M. Gerdts,
“Optimal aircraft scheduling and flight trajectory in terminal control
areas,” in Proc. 5th IEEE Int. Conf. Models Technol. Intell. Transp. Syst.
(MT-ITS), Jun. 2017, pp. 285-290.

S. Sennan, S. Ramasubbareddy, S. Balasubramaniyam, A. Nayyar,
M. Abouhawwash, and N. A. Hikal, “T2FL-PSO: Type-2 fuzzy logic-
based particle swarm optimization algorithm used to maximize the lifetime
of Internet of Things,” IEEE Access, vol. 9, pp. 63966-63979, 2021.

R. C. Eberhart and Y. Shi, “Particle swarm optimization: Developments,
applications and resources,” in Proc. Congr. Evol. Comput., vol. 1,
May 2001, pp. 81-86.

Y. N. Sotskov and N. V. Shakhlevich, “NP-hardness of shop-scheduling
problems with three jobs,” Discrete Appl. Math., vol. 59, no. 3,
pp. 237-266, May 1995.

K. Tang, T. M. Chan, R. J. Yin, and K. F. Man, Multiobjective Optimization
Methodology: A Jumping Gene Approach. Boca Raton, FL, USA: CRC
Press, 2012.

W. Wei, Q. Du, and N. H. Younan, “Parallel optimization-based spectral
transformation for detection and classification of buried radioactive mate-
rials,” in Proc. IEEE Nucl. Sci. Symp. Conf. Rec. (NSS/MIC), Oct. 2011,
pp. 373-376.

N. Zhang, Q. Sun, J. Wang, and L. Yang, “Distributed adaptive dual
control via consensus algorithm in the energy internet,” IEEE Trans. Ind.
Informat., vol. 17, no. 7, pp. 4848-4860, Jul. 2021.

J. Ztotowski, K. Yogeeswaran, and C. Bartneck, “Can we control it?
Autonomous robots threaten human identity, uniqueness, safety, and
resources,” Int. J. Hum.-Comput. Stud., vol. 100, pp. 48-54, Apr. 2017.

EUCLIDES CARLOS PINTO NETO received the
degree in computer science from the Federal Rural
University of Pernambuco (UFRPE), in 2016, and
the M.Sc. and Ph.D. degrees in computer engineer-
ing from the Digital Systems Department, Univer-
sity of Sdo Paulo (Poli-USP), Brazil, in 2018 and
2021, respectively. He is currently a member of
the Safety Analysis Group, Poli-USP. His research
interest includes applications of artificial intelli-
gence techniques on safety-critical systems.

DERICK MOREIRA BAUM received the M.Eng.
degree in aeronautical infrastructure from the
Aeronautical Technology Institute (ITA), in 2009.
Since 2016, he has been working with the Safety
Analysis Group (GAS), Poli-USP, as a Researcher
on risk, safety analysis, and complexity models
applied to aeronautical structure. Besides, he has
worked as a professional Air Traffic Controller
(ATCo), for over 28 years, with Brazilian Air
Force (FAB).

VOLUME 9, 2021

JORGE RADY DE ALMEIDA received the degree
in electronic engineering from the School of
Engineering, University of Sao Paulo (Poli-USP),
Brazil, in 1981, and the M.Sc. and Ph.D. degrees
from Poli-USP, in 1989 and 1995, respectively.
He is currently an Associate Professor with
the Computer and Digital Systems Engineering
Department, Poli-USP, where he is also a mem-
ber of the Safety Analysis Group, Poli-USP. His
research interest includes reliable and safe compu-

tational systems for critical applications.

JOAO BATISTA CAMARGO (Member, IEEE)
received the bachelor’s degree in electronic engi-
neering and the M.Sc. and Ph.D. degrees from the
School of Engineering, University of Sao Paulo
(Poli-USP), Sao Paulo, Brazil, in 1981, 1989,
and 1996, respectively. He is currently an Asso-
ciate Professor with the Department of Computer
and Digital Systems Engineering (PCS), Poli-USP,
where he is also the Coordinator of the Safety
Analysis Group (GAS). He has 30 articles in sci-

entific journals, five organized books, six published book chapters, and
115 complete works published in proceedings of conferences. From 2002 to
2014, he was an IEEE Member. He is also a Reviewer in different scientific
journals, such as IEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS,
Journal of Intelligent & Robotic Systems, Risk Analysis, Journal of Advanced
Transportation, Reliability Engineering & System Safety, Transportation
Research—C: Emerging Technologies, and IEEE Software.

~

\

b

[4..7

PAULO SERGIO CUGNASCA received the
degree in electronic engineering from the
School of Engineering, University of Sdo Paulo
(Poli-USP), Brazil, in 1987, and the M.Sc. and
Ph.D. degrees from Poli-USP, in 1993 and 1999,
respectively. He is currently an Assistant Profes-
sor with the Computer Engineering and Digital
Systems Department, Poli-USP, where he is also
a member of the Safety Analysis Group. His
research interest includes reliable and safe com-

putational systems for critical applications.

112387



