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ABSTRACT

The current growth in the use of Unmanned Aerial Vehicles has brought to attention the need to develop a
corresponding new infrastructure. One of those is the Carousel Inspired Virtual Circulation method, which
consists on having Unmanned Aerial Vehicles represented as virtual blocks circulating alongside a virtual
closed circuit. The purpose of this paper is to model and simulate this method in a landing configuration
for large Unmanned Aerial Vehicles and evaluate its efficacy. Compared to previous works, this simulation
will take into account more restrictive parameters and consider a randomized disruption, as well as an
emergency landing situation. The results obtained after three runs of the simulation showed that, for each
simulation, at least one virtual block landed after running out of battery. Thus, the limits of the method
have been identified and further optimization of the landing sequence will be required for future works.

1 INTRODUCTION

Recent years have seen the advent and growth of unmanned aircraft systems (UAS). Drone deliveries, air
taxi... the possibilities of potential applications currently envisioned are numerous and elaborate exciting
prospects for the future of Urban Air Mobility (UAM). However, while the demand is gradually growing,
the infrastructure enabling Unmanned Traffic Management (UTM) is still under development.

Furthermore, new concerns and perspectives regarding this development are also emphasized by
respective authorities who are currently elaborating new frameworks to incentivize UTM stakeholders to
seriously consider this development. For example, SESAR Joint Undertaking has launched the U-space
program (SESAR Joint Undertaking 2017) to define such framework, which consists of gradually enabling
services to all users while maintaining high levels of safety inside a highly digitalised environment. Following
this, principles and considerations have been carefully elaborated in order to help giving guidance to research
related to UAM (Thipphavong et al. 2018; SESAR Joint Undertaking 2019).

The need for such an infrastructure has been emphasized over the last decade. Indeed, Weibel and
Hansman (2006) discussed considerations in this regard and proposed potential architectures while taking
into account early safety concerns. More recently, NASA developed a Concept of Operations for their
UTM research initiative (Kopardekar et al. 2016). Consequently, a set of principles were drafted based on
earlier works on on-demand mobility (Mueller et al. 2017) which include a minimal Air Traffic Control
(ATC) infrastructure, minimal workload for controllers, minimal interactions with other airspace users,
compliance to safety regulations, resilience, economic efficiency regarding high-demand operations and a
high flexibility of use combined with a structure change only when necessary (Thipphavong et al. 2018).
As a matter of fact, newly designed structures have started to emerge. For example, the Metropolis project
discussed the relationship between capacity and structure in prospective of a highly developed urban airspace
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(Sunil et al. 2015). In particular, this paper introduces several concepts for future airspace structures, which
are: a free flight focused mixed airspace, a layer based airspace, a zone based airspace and a tube network.

One particular area of note would be the landing procedure. In a congested airspace, several restrictions
and new methods will be required in order to regulate the landing flow of vehicles. For example, Air
Traffic Management has widely accepted the Point Merge method (Favennec et al. 2010) to organize the
arrival flow. There is a need to explore new ideas in order to build an efficient system which complies
with the principles defined in (Thipphavong et al. 2018), maintains high levels of safety, and delivers the
demanded services.

The objective of this paper is to simulate the Carousel Inspired Virtual Circulation (CIVC) method for
an arrival scenario for large Unmanned Aerial Vehicles (UAV) which require a runway. This method was
introduced in Ky et al. (2020) and is based on the uniform movement of consecutive horses who all follow
the same predefined line. As a matter of fact, the Carousel concept has already been used as a source of
inspiration in diverse research areas. For example, it has been used for digital video broadcasting (Crinon
1997), as well as optimization problems by combining it with greedy algorithms (Cerrone et al. 2017).
Regarding UTM, this method consists of having UAVs enter a virtual slot which will then circulate alongside
a virtual closed circuit. The advantage of this approach helps combining both the landing sequencing and
the hovering around several runways. In the eventuality that future droneports will each possess multiple
landing points, this perspective offers an innovative way of sequencing the arrival of UAVs, which simplifies
the landing procedure while keeping an harmonized traffic around the droneport. The purpose of this paper
is to showcase such a possibility through a case study and consequently challenge the limits of this method
by simulating it.

Indeed, this paper will present a simulation of the aforementioned CIVC to an arrival procedure with
two distinct runways and run several simulations in a similar fashion to what was done in earlier works (Ky
et al. 2020), which demonstrated the flexibility of the method’s geometry as well as successfully simulated
it for an arrival procedure on a single runway while taking into account randomized parameters, namely
a randomly chosen remaining battery life and a randomized time spent on the runway. This paper will
introduce new restrictions to the earlier simulation. Firstly, as opposed to the circular circuit in Ky et al.
(2020), the geometric configuration will take into account two runways and consequently, the circuit will
be designed by a piecewise arc. Figure 1 illustrates the geometrical design that was chosen for this purpose.
Furthermore, additional random-based restrictions will also be added. Indeed, a disruption will be simulated
by randomly reducing the overall circulation speed for short time intervals. Another restriction which will
be considered is the emergency landing of a randomly chosen vehicle, at a randomly chosen time. Those
new restrictions were chosen in order to simulate a more realistic scenario which will challenge the limits
of the CIVC method. Section 2 will first provide an extensive analytical description of the geometry, and
then describe the randomized events chosen. Thus, Section 3 will go through the details of the simulations
as well as illustrate the results obtained. Finally, Section 4 will discuss the possibilities opened by the
method and the limits introduced by it, before giving a few ideas regarding its compatibility with methods
that either already exist, or are in the development pipeline.
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Figure 1: Conceptual depiction of the design chosen for the case study.

2 DESCRIPTION OF THE PROBLEM

As the demand grows, the airspace capacity needs to adapt. As such, a flexible airspace structure is required.
Consequently, several studies have applied shortest path planning algorithms to a UAV oriented airspace
and simulated different methods for conflict detection and resolution (Chakrabarty and Ippolito 2020; Ho
et al. 2018; Tan et al. 2019). On the other hand, Bosson and Lauderdale (2018) simulated a structure more
similar to current ATM in which the routes are directly linking each landing points to each other. However,
in the eventuality of a dense traffic around a single droneport, especially in the presence of large UAVs
which require a runway, a structure will be needed in order to provide a landing sequence and regulate the
arrival flow. The CIVC is a potential idea in order to do so.

Air Traffic Management is a safety-critical environment and that extends to UTM as well. As such,
before any field trial, carefully planed simulations are required to prove feasibility. Furthermore, the CIVC
was originally designed to be operated in a highly automated environment and thus, the concept is not
mature enough to be eligible for a field trial. Consequently, this paper focuses on the simulation of the
CIVC in order to study its current efficacy under specific constraints and identify its potential early limits.

Complementary to what was done in Ky et al. (2020), this study will take into account a more complex
environment. Indeed, the first consideration will be to have two runways instead of one, thus enabling the
simultaneous landing of two virtual blocks. Furthermore, the case study in Ky et al. (2020) considers a
circuit made of a single circle, while this study considers a more complex design, which is built using a
piecewise parameterized arc. Subsection 2.1 will thus describe this new circuit in both a geometrical and
analytical way, while Subsection 2.2 will switch from a geometrical parameter to a time perspective in
order to implement two random events, which are a general disruption and an emergency landing.

2.1 Geometric Design

The new circuit considered for this study will be divided into four different parts, two half circles with the
same radius, and two parallel lines of the same length. Figure 2 illustrates this circuit.

In order to simplify the description of this circuit for later on, compass directions will be used to identify
the different parts and coordinates. Consequently, part 1 from (xW,yS) to (xW,yN) will be the western circle,
part 2 from (xW,yN) to (xE,yN) the northern line, part 3 from (xE,yN) to (xE,yS) the eastern circle and part
4 from (xE,yS) to (xW,yS) the southern line. All coordinates mentioned in this paper will be described in
distance terms. It is also worthwhile to note that both runways and the center of both circles were chosen
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Figure 2: Geometrical description of the circuit.

to be at the same y-coordinate yC. Thus the following relations between the coordinates: d = xE − xW ,
2R = yN− yS, yC = yS +R = yN−R

Additionally, the starting point of the arc (u = 0) is chosen to be at the southwestern point (xW ,yS) and
the blocks are directed to follow the circuit in a clockwise fashion. Considering all of those coordinates,
it is now possible to write the analytical description of each arc. However, in order to obtain a continuity
regarding the geometric parameter, a variable is necessary in order to translate the original formulations
to the wanted interval. Furthermore, in order to concretise the periodicity of the circuit, the geometric
parameter u has been fixed to the interval [0,2π]. Thus the analytical expression of the parameterized arc:(

x(u) = xW +Rcos(−2u− π

2 )
y(u) = yC +Rsin(−2u− π

2 )

)
f or 0≤ u≤ π

2
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π
(π−u)xW + 2

π
(u− π

2 )xE
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π

2
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2
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Finally, the four exit roads connecting the circuit were computed using a third-degree polynomial
interpolation between the access points to the runways, and four points on the circuit which were chosen at
the parametric positions: u = π

8 (southwest exit), 3π

8 (northwest exit), 9π

8 (northeast exit) and 11π

8 (southeast
exit). Furthermore, the simulation will also take into account an altitude zC at which the circuit will stay
constant.

2.2 Randomized Events

Now that the circuit has been built, the randomized events can be defined. The first step subsequently
required is to switch from the geometric parameter to a time perspective. Alongside the two new events,
the remaining battery and the time spent on the runway from Ky et al. (2020) will also be retained. The
remaining battery will be described as the remaining time before running out. Since the circuit is composed
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of two half circles with the same radius, as well as two straight lines of the same length, the total arc length
of the circuit can be directly deduced: LC = 2πR+2d.

In a similar way to what has been done in Ky et al. (2020), it is necessary to introduce the speed v
that each virtual block is circulating at. The total time required to travel across the whole circuit can then
be obtained: ttotal =

LC
v .

The next step consists of fractionating the arc length formula (Weisstein 2010). However, since the
circuit is composed of four different pieces, it is necessary to separate the cases depending on the position.
From a time perspective, it is thus required to introduce partial times representing the time to travel across
one of the circuit’s piece at speed v. Since the circuit is composed of two similar straight lines and two
similar half circles, the subsequent times can be deduced: tcircle =

πR
v , tline =

d
v , ttotal = 2tcircle +2tline

The final relationship between the geometric parameter u and the time t, can then be obtained using
the fractionated arc length formula from Ky et al. (2020):

u =
LC

2R
t

ttotal
for 0≤ t < tcircle (5)

u =
π

2d

(
LC

t
ttotal

−πR+d
)

for tcircle ≤ t < tcircle + tline (6)

u =
1

2R

(
LC

t
ttotal

+πR−d
)

for tcircle + tline ≤ t < 2tcircle + tline (7)

u =
π

2d

(
LC

t
ttotal

−2πR+2d
)

for 2tcircle + tline ≤ t < ttotal (8)

It is worthwhile to note that those equations are restricted to the time interval [0, ttotal]. As such, there
is a need to adjust the time by changing it from t to t modulo ttotal .

Now that the problem formulation has been switched to a time perspective, the implementation of
randomized events in the simulation can be discussed. The first event will represent a disruption, which
has been modeled by reducing the overall circulation speed. Indeed, a random percentage will be chosen
every five minutes, which will then modify the speed subsequently. Consequently, all time variables in
equations (5) to (8) will be numerically altered.

Algorithm 1: Pseudo-code process for the emergency landing

Index number of virtual block requiring an emergency landing: ie;
Exit closest to virtual block ie: e j;
Index number of virtual block currently in a landing procedure: il;
if Block il on the circuit then

Cancel clearance for block il;
Block il to continue circulation;
Block ie cleared for landing at exit e j;

else if Block il on an exit road then
Block ie to continue circulation until block il reaches the runway;
if Block ie bypasses exit e j then

e j = e j+1
end

else if Block il on the runway then
Block ie cleared for landing at exit e j;

end
Result: Virtual block ie requiring an emergency landing has successfully landed
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The second event which will be taken into account for the simulations is the addition of an emergency
situation, in which one randomly chosen virtual block will, at a randomly chosen time stamp, enter into a
critical state, thus requiring immediate landing clearance. Algorithm 1 describes the programmed procedure
in this case.

The time stamp at which Algorithm 1 triggers is randomly chosen first. Once reached, the block to
have an emergency landing (ie) will also be randomly chosen among the remaining blocks at that time.
Furthermore, Algorithm 1 has been written while only taking a single runway into account. In the eventuality
that the emergency landing is delayed enough for the runway to change, Algorithm 1 will be applied in
the same way, with the exception of il which will be modified consequently.

3 THE SIMULATION

Considering everything that has been mentioned in Section 2, all the required elements are now prepared
for the simulations. The landing sequence itself has been defined in Ky et al. (2020) and consists of first
identifying the vehicle with the least remaining battery time, then proceed to the closest exit point and
follow the exit road until the corresponding runway, on which the vehicle will spend a previously randomly
allocated time. Figure 3 depicts a flowchart explaining how the landing sequence has been programmed
for a single runway simulation.

Figure 3: Landing process for a single runway.

A virtual block is defined as a three dimensional rectangle whose center is located on the circuit at all
time and has one centerline tangent to the circuit at the center. Each of their respective positions are initially
computed using the geometric parameter u = 2π

Nb
k for virtual block k, with 1≤ k≤Nb−1. The extension of

Figure 3 to a two runways design is obtained by separating the virtual blocks in two categories, depending
on which runway is the closest to each block according to their positions on the circuit. For the eastern
runway, it concerns the virtual blocks whose geometric parameter is within the interval u ∈]3π

8 , 11π

8 ], while
for the western runway, the virtual blocks have their geometric parameter in u ∈ [0, 3π

8 ]∪]11π

8 ,2π]. After
this separation, the process is exactly the same as in Figure 3.

Putting Figure 3 into perspective, the landing process can thus be decomposed into two intertwined
functions: the clearance providing, as well as the virtual block landing trajectory. The former being a
simplified single-server queuing system, as presented in Law and Kelton (2000), while the latter focuses
on the trajectory of each virtual blocks.

This trajectory function operates depending on where the virtual blocks are located. If on the circuit,
the function uses equations (1) to (4), a third degree polynomial interpolation for the four exit roads, and
a linear time-decrease for the runway depending on the randomly allocated time spent on the runway.
Furthermore, the function also takes into account two transitions, one from the circuit to the exit roads, and
one from the exit roads to the runway. Both transitions occur when the virtual block cleared for landing
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reaches the vicinity of the transit point. The first transition (circuit to exit road) will trigger once the virtual
block enters a vicinity sphere centered around the exit point with a radius arbitrarily chosen at 5 m. The
second transition (exit road to runway) happens in the same fashion as the first one, the difference being
the radius of the vicinity sphere which has been arbitrarily fixed at 2m.

Additionally to the random elements introduced in Subsection 2.2, the ones from Ky et al. (2020), such
as the time spent on the runway and the remaining battery, will also be kept. Remaining battery for each
virtual block will be randomly chosen between 15 min and 90 min, while the time spent on the runway
will be randomly chosen between 30 s and 5 min for each virtual block. The battery consumption rate
is supposed fixed. Those random variables were further restrained in order to challenge the limits of the
CIVC method. All random elements are generated using MATLAB’s rand function, which is a uniform
random distribution whose default random number generator is a Mersenne twister.

The geometric parameters were then selected as such:

• xW = 40 m
• xE = 120 m
• yS = 10 m
• yN = 70 m
• Access point to the western runway: (30 m,40 m)
• Access point to the eastern runway: (130 m,40 m)

Considering those values, the other geometric parameters can thus be deduced:

• R = 30 m
• d = 80 m
• LC = 348.5 m
• yC = 40 m

The vicinity of the transition points has been defined as the sphere centered at the transition point in
which the virtual block switches between two distinct parts of the circuit. The radius of such sphere has
been fixed at 5 m for the circuit to exit road transition, and 2 m for the exit road to runway transition.

Furthermore, the number of virtual blocks was arbitrarily fixed at Nb = 15, with a block length of 5
m and a separation length of 19.5 m (Ky et al. 2020). Consequently, it is possible to write an analytical
formula (9) which describes the position of each virtual blocks, at all time, and is directly computed from
equations (5) to (8):

uib = u
(

t +(ib−1)
2π

Nb

)
for ib = 1...Nb (9)

Additionally, the simulation will also take into account an altitude zC = 50 m above ground level for
the circuit. All of those elements were implemented on MATLAB in order to run a simulation. Figure 4
represents the three dimensional considered circuit and the chosen repartition of virtual blocks as it results
from the program.

Up to this point, the simulation will flow in a similar manner than the one in Ky et al. (2020). Compared
to the results obtained in Ky et al. (2020), the implementation of two runways instead of one enables the
simultaneous landing of two virtual blocks. The next step will be to implement the additional random
events. However, the implementation of a randomly generated disruption brings an additional constraint
which will greatly slow down the whole process. Figure 5 shows the generated disruptions translated into
a speed decrease percentage.

Furthermore, as can be inferred from equations (5) to (8), this speed decrease will directly influence
the time required to travel across a single lap ttotal , which will then directly change the relation between the
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Figure 4: Three dimensional representation of the simulated circuit.

Figure 5: Distribution of the disruption computed for each run.

geometric parameter u and the time t. Figure 6 displays this subsequent change for the three simulations,
by computing the new profiles for each change.

In order to maintain the continuity of those profiles, an offset was added at each change. Those two
figures put into perspective the impact the modeled disruptions cause on the whole process. Indeed, the
average speed decrease and standard deviation for each run is:

1. 50.12%, σ = 0.3066, for a total running time of 1 h 07 min 34 s
2. 52.43%, σ = 0.2946, for a total running time of 1 h 18 min 52 s
3. 48.68%, σ = 0.2745, for a total running time of 1 h 26 min 31 s

The trivial conclusion from those values combined with both Figures 5 and 6 is that the greater the
speed decrease is, the longer it will take for all blocks to land. It is also worthwhile to note that those three
simulations also took into account the emergency landing event.

To identify the landing sequence, the program simply detects the virtual block with the least remaining
battery and provides a clearance depending on which runway is the closest to its current position, while
taking into account the direction of the circulation: u≤ 3π

8 and u > 11π

8 for the western runway, u≤ 11π

8
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Figure 6: Distribution of the disruption computed for each run.

and u > 3π

8 for the eastern runway. The clearance for landing is only provided when there are no other
virtual blocks on both the corresponding runway and exit roads. Considering all those settings, Tables 1-3
compiles all the initial and resulting time data for each respective simulation. In each table, the virtual
block which was randomly selected for the emergency procedure is written in read. For each simulation,
the virtual block which had an emergency landing is:

1. Virtual block 11 after 38 min 06 s
2. Virtual block 14 after 25 min 42 s
3. Virtual block 15 after 27 min 57 s

Table 1: Initial and resulting times for the first simulation.

Result time (all times are in hh:mm:ss format.)
Index number of
virtual block

Remaining bat-
tery expectancy at
starting time

Remaining bat-
tery expectancy
after landing

Time spent on the
runway

Elapsed time
between starting
time and landing

1 00:36:07 00:06:16 00:48 00:28:33
2 00:15:31 00:08:27 02:20 00:06:45
3 00:52:11 00:12:40 01:34 00:37:48
4 01:29:08 00:18:46 02:42 01:07:18
5 01:10:20 00:07:15 04:07 01:00:22
6 00:38:18 00:23:34 02:12 00:14:06
7 01:00:01 00:10:03 02:50 00:47:48
8 01:13:37 00:09:54 00:56 01:00:58
9 00:23:21 00:15:22 04:35 00:07:39
10 00:58:26 00:30:29 01:26 00:26:45
11 00:26:01 01:44:12 02:13 00:51:55
12 01:06:44 00:00:00 03:28 01:07:34
13 00:33:13 00:16:30 03:54 00:16:00
14 00:40:42 00:03:54 01:16 00:35:12
15 00:55:54 00:00:00 02:49 00:55:13
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Table 2: Initial and resulting times for the second simulation.

Result time (all times are in hh:mm:ss format.)

Index number of
virtual block

Remaining bat-
tery expectancy at
starting time

Remaining bat-
tery expectancy
after landing

Time spent on the
runway

Elapsed time
between starting
time and landing

1 01:19:34 00:00:00 03:21 01:18:52
2 00:43:28 00:10:39 04:09 00:31:24
3 01:08:24 00:00:00 02:31 01:08:10
4 00:54:16 00:02:40 04:14 00:49:21
5 00:42:16 00:23:55 01:04 00:17:33
6 00:47:36 00:05:19 02:49 00:40:27
7 01:06:34 00:10:44 03:43 00:53:25
8 00:32:01 00:20:09 01:37 00:11:21
9 01:28:26 00:14:21 02:53 01:10:52
10 01:28:11 00:30:15 02:13 00:55:25
11 00:36:43 01:44:12 04:06 00:29:12
12 00:40:23 00:06:11 03:31 00:21:39
13 01:29:44 00:09:23 04:55 01:16:52
14 01:14:10 00:30:50 04:43 00:41:27
15 01:14:37 00:10:35 03:06 01:01:16

Table 3: Initial and resulting times for the third simulation.

Result time (all times are in hh:mm:ss format.)

Index number of
virtual block

Remaining bat-
tery expectancy at
starting time

Remaining bat-
tery expectancy
after landing

Time spent on the
runway

Elapsed time
between starting
time and landing

1 00:23:11 00:00:00 04:47 00:58:31
2 01:02:36 00:00:00 02:39 01:09:46
3 00:21:04 00:12:42 03:13 00:08:00
4 00:45:51 00:03:39 03:10 00:40:21
5 01:08:27 00:00:00 01:31 01:17:31
6 00:22:32 00:09:12 03:30 00:12:45
7 01:15:45 00:00:00 01:12 01:26:31
8 01:02:50 00:01:59 03:59 00:58:13
9 01:22:21 00:09:32 01:28 01:09:40
10 01:01:38 00:17:25 01:16 00:42:18
11 00:46:06 00:30:12 03:46 00:15:12
12 01:03:34 00:11:08 01:39 00:50:10
13 00:51:42 00:19:55 01:14 00:30:24
14 00:11:02 00:00:07 03:19 00:20:57
15 01:02:48 00:24:51 01:38 00:36:18

An interesting perspective from the result tables is that for each simulation, at least two of the vehicles
ran out of battery. It can thus be inferred that further refinement will be needed in future works.

4 DISCUSSION AND FURTHER CONSIDERATIONS

The objective of this paper was to apply the CIVC method to a more complex configuration than what was
done in Ky et al. (2020), while adding further constraints in the form of randomized events. Furthermore,
restraining the battery range definitely assisted in identifying the limits of the method. Although the initial
results obtained at this point were not satisfactory from an operational perspective, several points can
already be considered for future developments. The fact that several virtual blocks systematically ran out
of battery in each simulation proves that there is an optimization problem in the process.
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Two potential directions stand out from this point. The first one relies on the relation between capacity
and efficiency of the method and more particularly, the impact the geometrical configuration has on the
problem. Considering the results obtained in Section 3, it can be discussed that, for the same amount of
virtual blocks, a smaller circuit or an additional runway could guarantee the safe landing of all virtual
blocks. An interesting approach for future work would thus be one based on the relation between the
circuit’s capacity and the geometrical configuration and its optimization.

On the other hand, the second guideline lies on the sequencing program itself. Indeed, the approach
used in this study only makes use of MATLAB’s default minimum function. A proper sequencing algorithm
which could implement, for example, data driven techniques, thus greatly enhancing the efficiency of the
method.

An important consideration of this study is regarding the finite aspect of the simulation, which proceeds
for the landing of a fixed number of vehicles. Future work should take into account the addition of new
vehicles onto the circuit while the system is still operating, thus enabling a simulation for a continuous
flow of traffic. For example, a comparison can be made with the Point Merge method (Favennec et al.
2010). While both methods share a few similarities on generating a landing sequence, they are also fairly
different. On one hand, the CIVC has a high geometric flexibility and thus easily enables landing on
multiple runways. On the other hand, while it is also possible to have multiple runways with the Point
Merge method (Liang et al. 2017), its main advantage over the CIVC comes from enabling the arrival of a
continuous traffic flow. However, those two methods may actually be compatible with each other. Indeed,
a potential idea combining the two methods for UTM would be to have Point Merge sequence the UAVs
onto the CIVC circuit, which will then dispatch the vehicles onto the multiple runways of, for example, a
drone port the circuit is surrounding. In this configuration, the Point Merge would then become the link
connecting the drone port to the airspace, while the CIVC would thus be the UTM equivalent of the Airport
Surface Movement.

To conclude, this paper illustrates the capabilities of the CIVC method, while also finding its limits.
Consequently, while there are still many challenges to overcome, tentative prospects for the development
of the method have been identified. Even if those initial results did not give complete satisfaction, they
nevertheless provided real progress and new perspectives towards the future of the CIVC, as well as possibly
towards the future of Urban Air Mobility.
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