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Abstract—In this article, we extend the 2D-framework in-
troduced in 2016 to implement a horizontal defect and avoid
algorithm for UASs flying in Terminal Control Areas. First, we
introduce a model able to detect conflicting trajectories in 3D
and select combined horizontal and vertical maneuvers, taking
the urgency of the conflict into account.

We use a large data set of recorded real commercial traffic
trajectories to evaluate the ability of our improved algorithm
to avoid any loss of separation with commercial airliners. We
test two different types of UASs, flying at 80 kt or 160 kt, with
six different missions: constant heading or turning and leveled,
climbing or descending. We consider both heading change and
vertical maneuver so that UASs have more freedom to avoid
conflicts, but keep the speed constant as they mostly have poor
speed-up performance.

The article investigates the influence of the various parameters
on the separation achieved and the amount of maneuvers
required, especially the strategy used to select the best maneuver
among the allowed headings. The analysis of our results shows
that, amid two “basic” and “extreme” strategies that respectively
favor minimal heading and vertical changes or the expectation
to escape the conflict, the combination of both, switching from
the first one to the second whenever the time before the conflict
falls under a given threshold, gives the best results with very few
remaining close encounters, while keeping low the amount and
amplitude of maneuvers.

Index Terms—UAS, self-separation, conflict resolution, geomet-
rical algorithm.

I. INTRODUCTION

Civilian UASs are used for diverse missions (ranging from
fire detection and river bed surveillance to small items delivery,
agriculture, etc). The demand for opening spaces to them is
very high [1]. Most of Civilian UASs will fly in lower airspace
(under FL180) and sometimes close to airports where com-
mercial aviation traffic is dense. Developing new algorithms
to help separating UASs from the rest of the traffic is critical
for safety reasons. In this context, different approaches are
investigated.

In a centralized approach, separation could be entirely
managed by Air Navigation Service Providers. Experimental
results [2] have shown that mixing UASs with conventional
traffic creates difficult situations for Air Traffic Controllers
because their performances and time responses are different.

In an autonomous approach, the separation task could be
shared by both commercial aircraft and UASs. However, in
such a context, air traffic controllers would have to validate
the maneuvers of commercial aircraft before they are executed.

It seems more reasonable to let UASs deal with their
separation with the commercial traffic. This requires that the
positions and speeds of surrounding aircraft are available
(through ADS-B for example) and that the performances of
UASs enable them to react early enough to handle the whole
separation task.

In a previous article [3], we showed that a self-separation
algorithm used in robotics in the horizontal plane could be
adapted to our problem and we checked different scenarios on
thousands of real commercial traffic samples to validate our
model. In a small percentage of cases, our approach failed,
despite a mixed strategy that focused either on keeping the
maximal distance with the traffic (Safesr) or tried to minimize
the separation (Closest).

We then made our approach more realistic by adding noise
to the detection signal recorded by the UASs [4]. We were able
to show that our approach is generally robust to uncertainties.

In this article, we generalize our approach by adding vertical
maneuvers to UASs. Our approach is close to Snape et al.’s [5]
who first introduced a geometrical approach for self-separation
for aircraft conflict resolution. We model the forbidden zones
with cylinders instead of spheres or ellipsoids in order to
comply with various separation standards. We also adapt the
hybrid strategy presented in our horizontal separation model
that switches between the Safest and Closest modes. We also
use a fallback strategy to minimize the constraint violation in
case the separation standards are not satisfied.

A first detect and avoid algorithm was designed by van
den Berg et al. [6] and tested with different speed constraint
hypotheses by Durand et al. [7] in the context of autonomous
air conflict resolution. In [3] we tailored van den Berg’s
geometrical approach to model the performances of UASs and
consider specific fallback strategies to handle cases for which
the first approach failed to maintain separation.

As in our previous approach:

o The UAS assumes the whole avoidance maneuver.

o UASs considered fly with low speeds compared to sur-
rounding commercial aircraft. The ratio used in this arti-
cle can go from 1.5 to 5. We focus on the lower airspace
where the aircraft speed is theoretically limited at 250 kt,
but recorded data show that in practice some aircraft fly
much faster (up to 400 kt). More specifically, we consider
as in [3] two types of UASs: Fast UASs flying at 160 kt
and Slow UASs flying at 80 kt. However, we now also



allow UASs to climb at a rate up to 2200 ft min~! and
descend at a rate up to 4200 ft min—?!.

o Because most civilian UASs have very poor speed-up
performances compared to conventional aircraft, we only
consider maneuvers at constant speed for UASs. Our
approach could easily be generalized with variable speed,
but relaxing this constraint would have little effect on the
resolution process with realistic traffic.

e Commercial aircraft flying in the lower airspace are
generally climbing or descending and their speeds are
constantly changing, either increasing when climbing or
decreasing when descending, and changing direction as
well. This factor has a great influence on the detect and
avoid strategy in order to ensure that a reasonable distance
to the encountered traffic can be maintained. Using real
traffic data is therefore essential to validate a resolution
algorithm for such evolving and intricate traffic.

1) Related Works: The Free-flight concept emerged in the
early 90s. In Europe, the main idea was then to equip every
aircraft with a detect and avoid algorithm able to ensure
separation with the rest of the traffic.

Approaches inspired by physical laws were tested. Zeghal
used sliding forces to coordinate maneuvers between air-
craft [8]. Potential or vortex fields [9], as well as a model
based on an analogy with electrical particle repulsion [10],
were also used. In 2001, we proposed a token allocation
strategy combined with an A* algorithm to solve conflicts with
realistic maneuvers [11], [12]. Even if some maneuvers could
be simultaneously decided, a complete ranking of aircraft was
necessary and finding an optimal ranking has been shown
to be problem-dependent [13]. We also tried artificial Neural
Networks on the two-aircraft problem [14] but they could not
be generalized to handle more aircraft. All these approaches
have been tested on en-route traffic, mainly with leveled
aircraft.

Geometrical algorithms have also been widely studied in
robotics [5], [6], [15], [16]. ORCA, the powerful technique
developed by van den Berg et al. [6] to coordinate maneuvers
in a distributed fashion, can handle thousands of agents in a
small space. It was applied to aircraft by Snape et al. [5], but
the hypotheses of the algorithm require simultaneous vertical
and horizontal speed changes. We also tested them [7] in the
horizontal plane with speed constraints and showed that this
algorithm is unable to deal with high densities of traffic when
the speed norm cannot be changed.

More generally, conflict resolution has been proven to be
a highly combinatorial optimization problem [17]. Most cen-
tralized approaches that have been proposed to solve conflicts
can be broadly divided into two main categories. The first
ones [18]-[20] use greedy sequential algorithms to optimize
trajectories one by one after ranking the aircraft (ordering
aircraft is however very challenging [13]). The others try
to find the global optimum without the need to prioritize
aircraft. Among this second category, many models define
aircraft trajectories through simple analytic expressions that
introduce strong limits on the type of situations that can be
dealt with, as the ones described in [21]-[26]. In [27], [28],
we proposed a model to solve multiple aircraft conflicts based

ICRAT 2018

on Metaheuristics (Genetic Algorithm and Tabu Search) using
trajectory simulation with uncertainties. However, these works
mainly targeted en-route traffic control and used simulated
traffic only with the BADA model on real flight plans.

2) Outline: In this article, we focus on a realistic traffic
environment. We consider UASs flying in the lower airspace
(under FL.180) and design various conflict scenarios with real
recorded commercial aircraft trajectories in TCAs (Terminal
Control Area). The aim of the study is to assess the perfor-
mances of a “3D - detect and avoid” strategy for UASs to
maintain a reasonable horizontal and vertical separation with
commercial traffic. We first consider conflicts involving one
UAS and one commercial aircraft only, then we introduce
multiple aircraft encountering the UAS.

In section II of this article, we detail our geometrical
approach inspired by the concept of Velocity Obstacles [29]
in the case of a single UAS avoiding non cooperative aircraft.
We show how our previous 2D algorithm can be adapted
to handle arbitrary separation volume in 3D by discretizing
the maneuvers space. In section III-A, we describe how the
conflict scenarios were built from real traffic data and the
hypotheses that were chosen for the UAS. In section III-B,
we give some results obtained on the different scenarios and
show the influence of the various parameters on the quality of
the results in terms of separations achieved and amounts of
maneuvers imposed on the UAS. The last section draws some
conclusions about the results obtained with the simulations
and highlights directions for future work.

II. DETECT AND AVOID MODEL IN 3D

Building upon the 2D horizontal model of conflict resolution
between a UAS and intruding aircraft described in [30], we
present a somewhat simpler geometric view which can be
naturally extended in 3D. This new model allows to efficiently
discriminate conflicting maneuvers among a discrete set of
alternatives and find the best one according to the current
strategy.

We present as well a new maneuver selection strategy
improving on the distance-based one described in [30] to take
into account the time before conflict to switch between the
so-called Closest and Safest modes.

As the former one, our new model can be easily generalized
to handle multiple aircraft.

A. Single Aircraft

In [30], we presented an adaptation of the ORCA algo-
rithm [6] tailored to the context of the integration of a UAS
with limited speed change ability in a TCA with evolving
airliners. Instead of equally dividing among the two aircraft
an arbitrary maneuver that avoids the conflict, we constrained
the scheme such that only the UAS is assigned a maneuver
and the norm of its speed is kept constant. In the following,
we resort to the more simple concept of Velocity Obstacles
introduced by [29] and at the core of the ORCA algorithm [6].

As depicted in figure 1, let dj, be the standard separation in
the horizontal plane between UAS A and intruding aircraft B
with respective velocities v4 and vg, v, = v4 — vUp their



relative speed and 7 the look-ahead time. Whereas ORCA
represents the future conflicting zone at time 7 by a homothetic
transformation of center A and ratio % of the B-centered
protection disc, we simply scale the relative velocity v, by 7.

In the former, a conflict would occur within the 7 look-
ahead time-window whenever the endpoint of v, lies in the
rounded cone formed by the protection disc and its transform.
However, in our equivalent version, we only need to check
if the scaled vector 7v, crosses the protection disc around
B, avoiding the need to check intersections with a composite
shape. Indeed, as can be seen on the top of figure 1, the
position of a point p along the line defined by A and ¥, can
be parameterized by the time t¢:

p=A+tu,

The time-window [t}b, t,%] of the horizontal conflict, if any, can
therefore be computed by the values of ¢ at the intersection
between this line and the protection circle. Thus, a conflict
will occur in the horizontal plane within 7 iff:

[0, 7] N [th, 7] # @ (1)

To extend our approach to the third dimension, the same
reasoning is applied in the vertical plane where the protection
volume is defined as a minimal vertical separation d, (usually
1000 ft). The 3D protection volume is therefore a cylinder
of radius d; and height d,, but any shape for which an
intersection function can be provided could be used instead.
As shown on figure 1, the intersection time-window [t}, 2] in
the vertical plane is computed, if any.

In 4D, a conflict will occur iff [t} ,¢7] and [t}, 2] intersects
within [0, 7]:

[0, 71N [t tI N [ty 8] # @ 2

ORI

To avoid the conflict within 7, a maneuver must then be chosen
such that this intersection is empty.

In the following, we note cf(A, B,va,vp) a boolean
function corresponding to the negation of inequality (2), i.e.
indicating that the UAS A with a speed v4 is free of conflict
until 7 with the aircraft B at the speed vp.

B. Maneuvers Range

In our former 2D approach [30], the whole set of constant
norm maneuvers could be easily computed as a union of
allowed angle ranges for the new velocity v4’. With the com-
plex geometry of dynamic cylinders, the non-convex surface
of all conflict-free combinations of heading and path angle
is much more difficult to compute. Therefore, we chose to
discretize the set of maneuvers to check, trading complex
geometric computations with brute force intersection checks
(which could easily be done in parallel with several cores or
a GPU).

To assess the performance of this new 3D model over
the previous one, the norm of the UAS speed is maintained
constant — even if this constraint could easily be relaxed at
the price of multiplying the intersection checks described in
the previous section. The maneuvers are therefore described
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Fig. 1. Horizontal (above) and vertical (below) projections of the geometric
model in 4D: a conflict will occur within time 7 if and only if the relative
speed v, scaled by T crosses the protection volume.

by two parameters, the heading 6 and the path angle ¢. Hor-
izontally, the heading deviation is symmetrically constrained
by Omax on both side:

0/ € [0 — O, 0 + Omax] = ©

(with 0, = 30° typically for a 10s time step) whereas
the vertical angle must be constrained both absolutely and
relatively around the current path angle to roughly model the
capacities of typical medium-size UAS:

¢ € [Din P N[0 — Prain 0 + Pra] = @
In the end, the possible maneuvers is a set PM containing

all the speeds obtained after a deviation has been applied to
VA

PM = {ﬁ/ | mlheading S 67’0_A>/path S (1)7 ||174>,|| = ||1T4)||}

These maneuver alternatives are then approximated by dis-
cretizing the aforementioned ranges with angular steps 7y
and 7,, leading to a worst-case O(% x 2 intersections
computation (e.g. around 1000 with typicaT 60° and 20°
of horizontal and vertical angular openings respectively, and
nr = 1n» = 1°). Note that once an angular deviation is fixed on
one of the parameters ¢’ or ¢, if the intersection with the look-
ahead time window [0, 7] is empty (e.g. violating inequation 1
for the horizontal plane), then the intersection processing in
the other dimension can be spared (as inequation 2 will be
necessarily violated as well).

C. Heading Change Strategies

With the previous sections, we can easily compute the set
of conflict-free maneuvers noted CF. More specifically, this
set can be defined by using the boolean function cf defined



in Section II-A. This function indicates that the aircraft B and
the UAS A are free of conflict within 7 minutes. With this
function, the mathematical definition of CF is easy:

CF ={vx' € PM | of (A, B,v3,v8)}

We need to chose one maneuver in CF. To do so, there
are a number of strategies. As observed in our previous study
( [30]), one strategy alone does not offer a good compro-
mise between conflicts avoidance and maneuver quantity (cf.
section III-B). But a hybrid strategy able to switch between
minimal maneuvering and fastest escaping when the conflict
becomes dire seems to be the most promising. To determine
the current strategy, we present a new criterion that takes the
dynamic of the conflict into account instead of the distance
alone.

If the current speed does not generate a conflict within 7
minutes (i.e. v4 € CF) then the UAS can keep its current
speed. If the current speed generates a conflict at a date
Leonflice < T (€. va ¢ CF), then we have to choose a
maneuver. If we can escape the conflict in one maneuver
(i.e. CF # @) then we may have enough time to escape the
conflict with a minimal deviation if ¢ o, f1c: is large (Closest).
If tconfiics 1s small then the actual conflict is imminent and we
chose the fastest escaping maneuver among the conflict-free
maneuvers (Safest). If the conflict cannot be escaped in one
maneuver (i.e. CF = @) then the situation is dire and we opt
for the fastest escaping maneuver (Fallback).

The difficulty in the conception of this hybrid strategy is
to build a balanced criteria used to switch from strategy to
one another. As a consequence this hybrid strategy is param-
eterized by a parameter . The value of 7 is the threshold
that decides if the conflict is imminent (i.e. tconfict < YT ).
Therefore, this parameter allows to continuously slide from
a pure Closest strategy for v = 0 to a pure Safest strategy
for v = 1. The influence of parameter v is discussed in
section III-B.

To summarize, the hybrid strategy choosing v4’ is parame-
terized by v € R which varies from 0 to 1:

vA ifvs € CF
S Closest it y7 < teonfiicr < 7 and CF # @
A7 Safest if tconfiict < y7 and CF # @
Fallback otherwise (i.e. CF = @)

This hybrid strategy uses different strategies that are de-
scribed in the following sub-sections:

1) Closest: In order to minimize the maneuver burden
assigned to the UAS when the threat is low, the conflict-free
maneuver closest to the UAS current velocity is chosen. In
2D, it was sufficient to minimize the heading deviation, but
in 3D, the euclidean distance between current and new speed
must be minimized:

Closest: argmin ||vg — va' || 3)
v4'€CF

where v, is defined by a feasible conflict-free maneuver in
CF, i.e. for which inequation 2 is false.
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Fig. 2. Safest maneuver and underlying escape angle.

As the only global minimum of this distance trivially is the
current speed v 4 (or any reference velocity), the search for the
best conflict-free maneuver could consider them by increasing
distance and select the first admissible one encountered to
speed up the sampling process.

Note that this criterion can be used as well if the speed
norm is allowed to change.

Other criterion, for example biased towards horizontal or
vertical maneuvers to emphasize the least costly change, or
taking into account the flight plan of the UAS with a reference
velocity, could be used in the same fashion.

2) Safest: When the conflict is imminent or when unex-
pected changes of the intruding aircraft trajectory are worsen-
ing the threat, the Closest strategy is not always able to solve
the conflict. More radical maneuvers should then be selected
to maximize the expectation of escaping the conflict. In [30],
we proposed to choose the most “robust” maneuver defined
as the maneuver authorized by the turn rate of the UAS that
is the closest to the middle angle of the largest conflict-free
angle range (without taking maneuverability into account).

With discretized 3D maneuvers, we could define a similar
criterion based on the conflict-free maneuvers graph regardless
of the UAS maneuverability, where nodes are maneuvers
defined by (', ¢') € [—m, 7] x [—7/2, /2] and edges connect
nodes that exactly differ of one discretization step on one
component, i.e. the spherical grid graph that discretizes (8’, ¢’)
space. We could then select the center of its largest connected
component as the analog of the most robust maneuver in the
horizontal plane.

However, it may prove too costly to compute the set of
all conflict-free maneuver over [—m, 7] X [—m /2,7 /2] and we
resort to a much more simple criterion to avoid the worst
threats: the escape angle between v,’ and AB, which should
be chosen to avoid the conflict. Therefore, the Safest maneuver
can be selected as the one that minimizes the cosine of the
escape angle, which can be computed by:

—>/ =1
Safest: arg min % “)
e ]
This is illustrated in figure 2 with an UAS at position A and
an intruding aircraft at position B.



Similarly to the Closest strategy based on a distance from a
reference vector, the search for the optimal maneuver w.r.t. the
Safest one could be sped up by starting with potential minima,
regardless of the conflict constraints. However, as the 3D dot
product involves two cosine functions, there can be up to four
local minima from which the search should start to find the
global optimum.

Moreover, these schemes can easily be generalized for a
UAS with variable speed and the graph-based one naturally
extends to the multiple intruding aircraft case.

3) Fallback: If the conflict-free maneuvers set CF is empty,
it means that no turning angle nor vertical move can guarantee
the horizontal and vertical separation distance dj and d,, for
the next 7 minutes.

In such a case, the hybrid strategy resorts to a fallback strat-
egy consisting in choosing the maneuver among PM which
gives the biggest escape angle between v, and AB. Thus, the
maximal escape angle among the possible maneuvers PM is
chosen:

ey
. v -AB
arg min

Fallback: T
s el

®)

D. Multiple Aircraft

In real traffic situations, conflicts involving more than
two aircraft often occur and cannot always be solved pair-
wise in sequence, but should be globally handled. Fortu-
nately, our geometrical model can be easily extended to take
into account several aircraft. For n intruding aircraft B;,
we just need to compute the intersection of all individual
CF; = {va' € PM | ¢f (A, B;,v41',v5,)} to obtain the
global conflict-free maneuvers set CF:

CF = ﬂ CF;
=1

For the Closest strategy, the selection of the best maneuver
is then identical to the single aircraft case with this new
definition of CF. It is not so straightforward for the Safest
strategy as the criterion depends on v,” and AB, so will change
for each intruding aircraft B; considered.

Various techniques could be used to solve this “multi-
objective” optimization problem. For example the best
conflict-free maneuver for the aircraft involved in the most
dire conflict could be selected. The “direness” of a conflict
could be estimated by the time before collision for closing
trajectories:

=

0. - AB;
or by the size of the conflict-free maneuvers set CF for each
intruding aircraft B;.

III. EXPERIMENTS

Our geometrical model has been implemented and thor-
oughly tested for the single aircraft case on recorded real TCA
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UAS Speed  Max. climb rate  Max. descent rate  Turn rate

UAS1 80kt 700 ft min—1! 2100 ft min—1! 30571

UAS2 160kt 2200 ft min~?! 4200 ft min—?! 30571
TABLE I

UAS SPECIFICATIONS FOR SIMULATION.

traffic enhanced by injecting various conflicting UASs scenar-
ios. The following section describes the data and scenarios
generation, and the next one reports the results and analysis
of our experiments.

A. Description of simulations

Simulations have been carried out on recorded traffic data
from a terminal maneuvering area in the south-west of the
French airspace on 2013/09/14. The use of recorded tracks
in TCA provides a most realistic picture of the trajectories
that UASs might be confronted to in operations, as many
UAS missions are flown in the lower airspace. Besides, such
scenarios put the detect and avoid algorithm to stress because
the trajectories of surrounding aircraft are convoluted and
exhibit more complex 3D profiles than en-route traffic. The
traffic sample contains 478 flights, evenly shared between
departures and arrivals.

The simulated trajectories for UASs are derived from
recorded tracks of aircraft with similar performances. Two
types of UAS have been tested in our experiments, repre-
senting a small UAS with relatively poor flying performance
and a more maneuverable UAS respectively. The specifications
used in the simulations are described in table I. For each
UAS model, six missions are implemented, corresponding to
all possible combinations of two horizontal profiles (constant
heading or circle around a fixed point) and three vertical
profiles (constant altitude, climb or descent). Thus, for a given
set of parameters and a given UAS, 2868 simulation scenarios
are simulated. Each of these scenarios is built in such a way
that, if no maneuver is issued at all, a collision would occur
between aircraft and UAS.

A fast-time simulator enables us to play the trajectories
(both recorded and built) and to modify them by sending
maneuver messages consisting of a heading change and a turn
rate for horizontal maneuvers, and a flight level change and a
climb (or descent) rate for vertical maneuvers. Those messages
are sent to UASs only, other aircraft are left unchanged.

To evaluate the outcomes of our experiments, we use several
separation volumes around the aircraft corresponding to differ-
ent objectives of the detect and avoid function, as illustrated in
figure 3. The smallest one (in red) is the collision volume, in
which the UAS should never enter. It is defined by ICAO [31]
as a cylinder of radius 500 ft and height 200 ft centered on
the aircraft position. The second volume (in green) around the
collision volume corresponds to the remain well clear function
as defined in [32]. This volume is also an aircraft-centered
cylinder, with radius 4000 ft and height 900 ft. Finally, we use
a third cylindrical volume (in blue) corresponding to the target
separation of our algorithm. The dimensions of this target
volume vary, in this study, from the dimensions of the well



ST1 ST2 ST3 ST4

Radius 4000 ft 1NM 2NM 3NM

Height 900ft 1000ft 1400ft 2000 ft
TABLE IT

SEPARATION TARGETS (ST) VOLUMES USED IN SIMULATION. ST1
CORRESPONDS TO THE WELL CLEAR VOLUME AND ST4 CORRESPONDS TO
ATC SEPARATION IN TCA. ST2 AND ST3 ARE INTERMEDIATE VALUES.

STh

500 ft

—
1200 ft I 900 ft

4000 ft

Fig. 3. Description of the aircraft-centered separation volumes: in red the
collision volume, in green the well clear volume and in blue the target
separation volume. ST} and ST, are the horizontal and vertical separation
targets respectively.

clear volume up to 3NM and 2000 ft (which corresponds to
ATC separation in TCA in France). The various values used for
the target separation are provided in table II. For each scenario
where the algorithm could not avoid it, we keep track the fact
that the UAS entered the well clear volume or the collision
volume.

We also record the number of maneuvers given by the
algorithm, as well as the cumulated quantity of deviation from
original flight direction (both in horizontal and vertical planes).

For each set of parameters (i.e. v and the separation target)
and for each UAS and mission, we perform three different
simulations, allowing only horizontal maneuvers, only vertical
maneuvers or both horizontal and vertical maneuvers (these
are referred to as H, V and 3D respectively in the following
results).

B. Results and analysis

In this section, we analyze the outcomes of many simula-
tions: two UASs, eight values for v and four target separation
volumes have been tested. For each set of parameters, all 2868
traffic scenarios are played, leading to a total of more than
180000 single simulations.

1) Impact of v on the maneuvers: In order to quantify
the impact of + on the maneuvers, we have summed all the
deviations (both vertical and horizontal) given to the UAS.
This sum is then divided by the number of scenarios giving
us the average maneuver quantity. This value is depicted in
figure 4, which also depicts the average number of maneuvers.
v is increased from O to 1, which corresponds to a shift from
a Closest-only strategy to a Safest-only strategy.

We see that the average maneuver quantity increases slowly
with v, with a higher rate low ~ values and for the 3D
maneuvers. This is expected, as the Safest maneuvers tend
to produce be more intense than Closest maneuvers.

Interestingly, the average number of maneuvers decreases
with . This means that, even if the Safest strategy gives
larger deviations than the Closest strategy, the maneuvers tend
to be more efficient at maintaining separation, thus needing
less further corrections in the following time steps. With the
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Fig. 4. Average number of maneuvers and average maneuvering quantity
w.r.t. hybridization parameter ~y.

closest strategy, however, minimal deviations are applied that
will more likely need to be adapted.

2) Separation and Deviation: The main objective of the
detect and avoid algorithm is to maintain a given separation
distance between the UAS and surrounding aircraft. Besides,
the deviation of the UAS from its mission also matters
significantly for the sake of efficiency. However, these two
criterion are often antagonistic.

Our hybrid method is parameterized by ~ and the separation
volume. These parameters must be tuned to find the best
combination. As two opposed criterion must be taken into
account, it is not possible to find a parameter combination that
is best for both criterion. Actually, we observe that several sets
of parameters lead to solutions that are not dominated for both
criteria.

These non dominated criteria constitute a Pareto frontier,
which is depicted in figures 5 and 6. More specifically, figure 5
depicts the percentage of success of “remain well clear” with
respect to the quantity of maneuver that is necessary to achieve
this result.

On figure 5, we can see that we can remain well clear
in 95% of the scenarios if the parameters are well chosen.
This can be achieved with a maneuver quantity inferior to 40°
except for UAS1 when only heading changes are authorized.

On figure 6, we can see that we can avoid the collision
volume in 99.8 % of the scenarios if the parameters are well
chosen. This can be achieved with a maneuver quantity inferior
to 40° except, again, for UAS1 when only heading changes are
authorized. This corresponds to only a handful of situations
(one or even zero depending on the parameters with 3D
maneuvers, compared to the 2868 scenarios), that need further
analyze to adapt our algorithm.
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For both figures, the best results were obtained with UAS2,
the fastest UAS. This can be explained by the fact that a
deviation on the heading or the path have a different impact on
the new relative speed depending on the speed of the UAS.
The higher the UAS speed, the higher is the impact on the
relative speed.

Also, the vertical maneuvers are more efficient to solve the
conflicts than the horizontal maneuvers. This is especially true
for UAS2. This can be explained by the fact that the vertical
norm is smaller than the horizontal one. In terms of separation
success percentage, the 3D maneuvers are the most efficient.
In that respect, the use of vertical maneuvers seems mandatory
for UAS1, the slowest UAS.

After analyzing our results with respect to both separation
and efficiency objectives, we found that targeting a separation
volume 50 % larger than the well clear volume and setting
to 0.2 was a particularly interesting setting. This enables for
an achievement of well clear separation of 95% for UASI
and almost 99 % for UAS2, while keeping the deviation to a
very low level. Also, v = 0.2 corresponds, in our settings, to
triggering a maneuver only one minute before the potential
loss of separation.
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I'V. CONCLUSION AND FUTURE WORK

In this study, we proposed a three-dimensional detect and
avoid algorithm for UAS integration in air traffic, based on
previous work on a 2D approach. This algorithm aims at
providing separation between a UAS and commercial traffic at
departure or arrival, but proved to be efficient for short-term
collision avoidance as well.

The possible maneuvers for the UAS, either horizontal,
vertical or both, are sampled and each one of them is geo-
metrically confronted to the constraint induced by the intruder
aircraft, in order to obtain a set of feasible trajectories. Then,
two strategies have been defined and then combined to choose
the best maneuver. The first strategy (Closest) follows the
mission as close as possible, while the second one (Safest) tries
to escape from the conflicting area in the fastest possible way.
The algorithm is set up to switch between strategies depending
on the seriousness of the situation.

This approach has been intensively tested in simulations
involving real traffic recorded in a French TCA. With the
proper set of parameters, the required separation was provided
with a very high success rate, and collision avoidance was
ensured at almost 100 %. The underlying trajectory deviations
are kept at an operationally acceptable level, and the algorithm
can be set up so that the maneuvers are triggered only one
minute before the predicted loss of separation.

In further works, we plan to increase the possibilities of
the UAS by authorizing speed changes, which might help in
finding solutions with less deviations from the mission.

One of the pitfalls of our method is that it only takes into
account the current state, so that any further change in the
aircraft state could break the resolution. In order to improve
the robustness of the maneuvers, we plan to try and anticipate
better, both on the aircraft intentions and the UAS capabilities.

Knowing the past positions of the aircraft, it is possible to
build a short-term predicted trajectory, based on the analysis
of the derivatives of its speed and turn angle. For example,
the beginning or the end of a turn, a climb or a descent could
be inferred. Particular care would have to be taken during
the calibration phase, especially when choosing the number
of past states to consider: too much states would create some
latency in the prediction, whereas too few states would yield
unreliable ones.

If the aircraft trajectory could be predicted this way, then it
becomes particularly interesting to anticipate several maneu-
vers for the UAS. This could be planned optimally with an A*
or Dijkstra algorithm, using the geometrical algorithm at each
step to prune the search tree or validate the existence of partial
solutions, at the cost of a significantly longer computation. It
could also be performed geometrically by an approximation
of a few maneuvers aggregated into a single one.
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