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Abstract

The capability to "detect and avoid" potential collisions is one of the main technical
challenges restricting widespread operations of unmanned aircraft into non-segregated
airspaces. In fact, to operate into prescribed environments, an unmanned aircraft needs an
onboard technology to replace the capability of the human pilot to "see and avoid"”
collision hazards. Such a technology is a "sense and avoid" system. This paper focuses on
the "avoid function™ of such a system and proposes a suitable solution. The approach to
the problem is to schematize a generic obstacle through a moving ellipsoid that represents
the region of space the unmanned aircraft must not violate. The obtained solution enables
situations of potential conflict to be detected and avoided through a set of possible actions
such as speed changes in magnitude and/or direction. Thousands of test cases have been
considered to validate this solution. Simulations show that the proposed algorithm is able
to detect and avoid situations of potential conflict in the three-dimensional space and in
real-time, even without the assistance of a human operator. As such, it can be considered
as a fundamental step for the development of a prototype of "sense and avoid" system for

promoting the integration of unmanned aircraft into non-segregated airspaces.
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Introduction
One of the main technical challenges restricting operations of unmanned aircraft into the
civil airspace beyond the visual line of sight is related to the capability to "detect and
avoid" situations of potential conflict,’® such as loss of separation or mid-air collision
hazards. Fundamental requirements state in fact that an aircraft shall not be operated in
such proximity to other aircraft as to create a collision hazard and vigilance shall always
be maintained to "see and avoid" potential collisions.*®
To operate into prescribed environments, both manned and unmanned aircraft have to
comply with these requirements. However, while manned aircraft have the human pilot
onboard that is also the ultimate responsible of taking actions to avoid collision hazards,
unmanned aircraft do not always have the same possibility. For example, communication
problems between an unmanned aircraft and the corresponding remote human pilot can
jeopardize the flight safety. Therefore, at least in situations of this kind, a technology is
required onboard the unmanned aircraft to replace the capability of the human pilot to
"see and avoid" potential conflicts with an "equivalent level of safety". Such a technology
is a so-called "sense and avoid" system.%10
As far as the present research is concerned, the focus is on the development of a
prototype of "avoid function”, which is a function of a "sense and avoid" system. More
precisely, a solution has been developed in terms of strategies and algorithms*2 that
enable potential conflicts to be detected and resolved even without the assistance of a
human operator.
Over the years several solutions have been proposed to automate the process of detecting
and avoiding situations of potential collision. Reviews also exist that discuss, compare
and classify different approaches for conflict detection and resolution, as well as evolving
philosophies on collisions avoidance for unmanned aircraft.3°
For example, there are methods based on the optimization of cost functions,'®*® on
potential fields,'>%° on geometric considerations that define escape directions,??® and
many other approaches.?%28
As far as the optimization methods are concerned, they generally work by combining a
model of the aircraft and a set of constraints in order to define a function that is used to
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find the optimal solution. For example, some methods make use of a node-based
discretization of the space surrounding the aircraft and try to find a path from an initial to
a final node using the minimum cost according to a specific metric. Among them, an
example is represented by the A* algorithm.’® A problem with these approaches is the
balance between the resolution of the discretized space and the computational cost to
achieve the solution. In fact, as the discretized space grows, the computational
complexity increases too. On the other hand, if the airspace is broken into fewer larger
cells, there might not be enough detail to find effective conflict-free paths.
Among the optimization methods, another powerful technique is the mixed integer linear
programming (MILP). In that case, a system of linear constraints and an objective
function must be passed to a solver software that is designed to find the solution.®
Although a MILP approach can provide feasible solutions to collision avoidance
problems, it is generally computationally expensive. Some strategies have also been
proposed to reduce the time required to achieve feasible solutions,!’ but these approaches
may also reduce the overall optimality of the MILP.
In general, the main drawback of the optimization approaches is the computational time,
which is not predictable, and the convergence to a feasible solution, which is not always
guaranteed in a finite time, or can be relatively slow. This makes such approaches tricky
for real-time applications, especially when compared to other solutions.
The use of potential fields is another option.}*°2% In this case, either a moving aircraft or
fixed obstacles are represented through charged particles and modified electrostatic
equations are used to maneuver the reference aircraft away from potential hazards
(repulsive points) while pointing to a goal (attraction point). Accordingly, a control action
is continuously available to drive the aircraft. However, several problems may arise when
these algorithms are used in practice, such as the possibility of running into local minima
and the difficulty of obtaining feasible control actions. As a result, the corresponding
maneuvers for conflict resolution are not always guaranteed to correspond to feasible
results.t*
Other diffused approaches are based on the use of geometric considerations to obtain
analytical solutions to the problem of conflict resolution.?>> Some of them provide
answers in the horizontal plane only,? others in the three-dimensional space t00,?? some
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of these make use of a cylinder to represent a hazard,?* others are based on a safety
sphere.Z In general, geometric methods make use of kinematic information to define a
condition for conflict detection, and find the corresponding actions (e.g. escape
directions) for conflict resolution. The main idea behind the geometric approaches is to
represent an intruder through a protected zone and calculate how its velocity vector
should be modified to avoid a predicted conflict. They are relatively simple to develop,
efficient and effective in proving collision avoidance solutions, and enable the constraints
related to the feasibility of the control actions to be easily integrated within the solution.
Fundamental advantages are also in the low computational effort and in the deterministic
time they require to obtain feasible solutions even within a three-dimensional space. This
feature make these methods especially suitable for real-time applications.

The analysis of the dedicated literature and the above considerations suggest the
employment a geometric approach for the problem discussed here as a first attempt to
obtain an analytical, deterministic and feasible solution for real time applications.

In particular, the proposed method may be thought of as a generalization of a solution
available in the literature.?® More precisely, the approach described in this paper is based
on the concept of a generic moving ellipsoid that delimits a forbidden region of space that
the reference unmanned aircraft cannot violate in order to avoid a situation of potential
conflict with a generic obstacle or a moving intruder. The proposed solution enables the
capability to detect and avoid situations of potential conflict to be implemented on-board
and in real-time, using different possible actions that are well defined analytically, such
as speed changes in intensity and/or direction, either with or without the assistance of a
human operator.

The rest of the paper is organized as follows. The next section introduces the general
problem considered in this work. Then, a solution is proposed to "detect and avoid"
situations of potential conflict and the simulation environment within which this solution
is implemented and validated is discussed. Finally, the results of a campaign of
simulations are presented to demonstrate the effectiveness of the proposed solution to

detect and avoid situations of potential conflict in real-time.

The "'sense and avoid'* problem



One of the main issues to be solved to integrate unmanned aircraft into non-segregated
airspaces is related to the requirement for traffic separation and mid-air collision
avoidance, also referred to as "sense and avoid" requirement.®°

Generally speaking, the "sense and avoid" problem involves the development of solutions
in terms of technologies, procedures and regulations, to make an unmanned aircraft able
to implement the process of conflict detection and resolution even without the assistance
of a human operator. More precisely, the term "sense" refers to the capability of acquiring
information to detect potential hazards, while the term "avoid" refers to the capability of
ensuring traffic separation and avoiding imminent collisions.

Several factors have to be considered to develop a "sense and avoid" solution, such as the
environment in which the aircraft operates, the applicable rules and procedures,*® the
need of using different integrated sensor solutions to develop a "sense function” that
meets different requirements,®23 the capability of an unmanned aircraft to perform
specific maneuvers. In addition, for the problem of traffic separation, an important aspect
is to identify how to share the responsibilities between the air traffic control (ATC) agent,
the pilot in command (PIC) of a remotely piloted aircraft (RPA) and the "sense and
avoid" system (SAAS) onboard. However, this is neither the most important objective
nor it is mandatory when an imminent collision is predicted. In such a case the most
important objective is the safety of the flight regardless of the flight rules and procedures.
Among these and other aspects of the problem, the present research focuses on the case in
which the responsibility for separation and collision avoidance relies on the PIC or on the
SAAS onboard the RPA. Moreover, for what concerns the main functions of a SAAS,

this paper concentrates on the development of an "avoid function™ only.

The "avoid function”

An "avoid function™ shall be able to provide assistance to the PIC of a RPA to maintain
the adequate minima of separation from the traffic. In addition, such a function shall also
enable a RPA to avoid imminent collision hazards even without the assistance of a human
operator (autonomous mode) at least in situations of emergency.

For what concerns the modes of operation of an "avoid function”, both automatic and
autonomous modes have to be considered. For example, during normal conditions of
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communication, the PIC of a RPA can use the available information to avoid a potential
conflict either by configuring an automatic pilot system to execute a conflict avoidance
maneuver, or by providing a clearance to the SAAS onboard the RPA to avoid a conflict
through the solution the SAAS proposes. Instead, in case of communication problems
between the PIC and the RPA, a SAAS onboard the RPA shall enable to operate the
vehicle in a safe manner even without the assistance of the PIC.

Different constraints shall be considered to develop an "avoid function”, such as the
region of space a RPA should be able to monitor, the required minima of separation, the
applicable flight rules and the procedures and the capability of a RPA to maneuver.

For example, a RPA should be able to monitor a region that extends £110° in azimuth
and +15° in elevation.® Moreover, it should be able to maintain a safety distance from
potential hazards, ensuring for example a miss distance from an intruder of 500 feet in the
horizontal plane and 350 feet in the vertical plane.®” Furthermore, a RPA should be able
to execute maneuvers that comply with the rules of flight that apply in the specific
situation (at least for problems of traffic separation). For example, to avoid a conflict with
another aircraft, the RPA can be required to turn on the right or to maneuver in such a
way to avoid passing in front of the other aircraft.* Finally, for what concerns the
deviation of the RPA with respect to its pre-planned flight plan, a desirable objective is to
execute maneuvers that minimize such a deviation while complying with the capability of
the RPA of executing the required maneuvers.

The above constraints represent some of the main requirements to develop an "avoid

function”. A solution that is able to comply with the above constraints is now illustrated.

Conflict avoidance solution

To develop a conflict avoidance solution in terms of algorithms, a corresponding conflict
avoidance strategy has been preliminary defined. Such a strategy takes into account the
vision of ICAO about the process of "Conflict Management™ and is based on a set of
key actions to be executed sequentially. These actions are the detection of a conflict, the
formulation of a solution, the implementation of such a solution and the monitoring of the
evolution of the situation. Moreover, the considered strategy enables the process of



conflict detection and resolution to be schematized independently of the algorithms used

to implement it (see Figure 1).
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Figure 1. Conflict avoidance strategy

More precisely, the process evolves as follows. The first phase deals with the detection of
the conflict. It involves sensors to acquire information from the environment and
algorithms to identify the conflict. The second phase is the formulation of feasible
solutions to avoid the predicted conflict. This can be done by sequential steps such as the
schematization of the situation, the calculation of actions to avoid the detected conflict,
the simulation of possible evolutions of the situation (with the use of the previous
actions) and the verification of the effectiveness of the calculated solution to avoid the
predicted conflict. Then, after a conflict has been detected and a solution has been
formulated, it can be implemented. The final phase is the monitoring of the actual
evolution of the situation. This is useful for dealing with unforeseen or unpredictable
changes to the predicted trajectories of the aircraft, with the aim of providing additional

feedbacks to the "avoid function™ to effectively avoid the predicted conflict.

Conflict scenario schematization



To obtain a feasible, effective and practical solution in terms of algorithms, a reference
schematization of a conflict scenario has been considered (see Figure 2).

Figure 2. Conflict scenario schematization

The reference RPA is represented by the point-B, the intruder is represented by the point-
A, and the ellipsoid centered at point-A represents a region of space around the intruder
which the RPA must not violate.

According to the proposed schematization, a situation of conflict is predicted to occur if
and only if the reference RPA is predicted to violate the ellipsoid of the intruder.

To avoid a predicted conflict, the RPA is assumed to execute a suitable maneuver. An
algorithm has been developed to achieve this purpose even without the assistance of a
human operator. Moreover, to obtain a solution to detect and resolve potential conflicts in
the three-dimensional space and in real-time, the intruder is initially assumed to maintain
its flight direction and speed. However, a continuous update of its actual position and

velocity is executed to overcome the limitations related to such an assumption.



The conflict avoidance solution that has been obtained through the considered approach
is introduced hereafter. Further details about the corresponding algorithms can be found

within a previous work of the authors.!2

Conflict detection and resolution algorithms

Over the years different approaches have been proposed to detect and resolve situations
of potential conflict.!?8 The present research is based on a geometric approach and uses
the proposed schematization of the conflict scenario to define an analytical condition for
conflict detection and an algorithm for conflict resolution.!112

According to the considered approach, a situation of conflict is declared to occur if and
only if the reference RPA is predicted to violate the ellipsoid of the intruder. To translate
this statement into an analytical condition, consider for example the proposed
schematization of the conflict scenario (see Figure 2), where the intruder is initially
assumed to maintain its flight direction and speed. The current position and velocity of
the RPA with respect to the intruder are X and V, respectively, and the semi-major axes
of the safety ellipsoid are R1, Rz, and R3. Also, introduce a North-East-Down reference
frame in the center of the safety ellipsoid (point A) and assume North, East and Down to
be the first, second and third direction of such a reference frame. It may be easily verified
that the reference RPA is outside the ellipsoid of the intruder if and only if the following

inequality holds

X2

3 i
3 b1 1)
i=1 Ri

The left hand side of the inequality defines what is here referred to as "avoid distance"
parameter. It is a non-dimensional parameter that can be used to define a useful metric to
approach the problem of conflict detection and resolution.

According to the previous schematization, it can be shown that if the reference RPA is
outside the ellipsoid of the intruder, a potential conflict is predicted to occur if and only if
the following condition holds
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To avoid a situation of predicted conflict, the reference RPA is assumed to execute a
conflict avoidance maneuver according to a specifically developed algorithm, which is
now summarized.!2

The quadratic form associated to the intruder’s ellipsoid is modeled through a positive

definite matrix o € [RxR®] whose eigenvalues are

eig.(0)=1/R’ i=1.23 (3)

Let S be a vector space associated to the physical space, where p: and p. are two
homogeneous vectors, but p and q need not to be homogeneous. The inner-product, norm

and distance are defined in S as:

s(,-):SxS—R| s(p,qQ)=p'aq (4)
n(-):S—R*| n(p)=+/s(p,p) (5)
d(,):SxS—R]| d(p,,p,)=n(p,-p;) (6)

If r is a generic vector centered at A, the conflict region can be mathematically
characterized as

d(r,0)<1 (7

It can be shown that if x and v represent the generic relative position and velocity vectors

of B with respect to A at a time instant T, a general condition for collision avoidance is

D(x,v) <0 (8)
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where

D(x,v)=s(x,v)s(v,x)-s(v,v)[s(x,x)-1] 9

The condition (8) can be used in a constructive way to calculate the velocity variations to
avoid a predicted collision between aircraft B and intruder A. In particular, we
concentrate on a set of trajectories that are tangent in a time-space domain to the safety
ellipsoid of the intruder A.

To achieve this, consider an (impulsive) velocity change Av such that

v=v,u, +Av| D(x,v)=0 (10)

where vour is the relative velocity vector before the velocity change Av is applied (vo is
the intensity of such a velocity and uy is a unit vector that represent its direction).

Two special solutions of equation (10) are illustrated. The first one (when applicable)
involves a velocity change parallel to the initial velocity vector of aircraft B (case 1). The
second solution involves a velocity change in both modulus and direction (case 2).

For what concerns the first solution (case 1), consider a speed increment in the form

Av=kv,e | e=2u, (12)

where K is a real number, and ug is a unit vector with the same direction of the initial

velocity of aircraft B. Solving equation (11) with respect to this Av yields

e Mu,

T
u Mu,
-e'Me

+ v,e (12)

T
Av = © E/Iuw_\/
-e Me

where
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M(x)=0xx'0-(x'0x-1)0 (13)

Next (case 2), consider a speed increment in the form
Av=Fkv,w(J,8) (14)
in which w is a unit vector defined as
w(d,0)=Sinfu, +Cosf-(Cosdu, +Sindu, Xu,) (15)

where &6 €[0,27] and 6 €[—n/2,7/2] are generic angles, and the unit vector us is

orthogonal to the unit vector ur. Algebraically solving equation (10) with respect to the

velocity variation of equation (14) yields

Cos(6,)

\" ZWVUW(é‘,HZ) (16)

in which 61 and 6, have to be calculated according to the following algorithm

_ w(5,0Mw(S,7/2)

1= (8, 00Mw(5,0) 4
g
9, =Cot’ [ p, o +p, (19)
p=v,/V, (20)
Pa=Vi/Vy (21)

Ps =V [V (22)

ps = puaw(s,6,) (23)
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p/Cosé,

ps NP5 +p;-p;

6, =Tan"|Tand, - (24)

and where Vg and V= are, respectively, the speeds of the aircraft B before and after the
conflict avoidance maneuver, Va is the speed of the intruder A, and ua is a unit vector
with the direction of flight of the intruder A. Note that an appropriate value for the final
velocity V=« has to be chosen to calculate the parameter of equation (22). For example, if
a maneuver at a constant speed (intensity) can avoid a predicted conflict, a useful choice
can be Vg = Vg, otherwise a change in the speed intensity is also required.

The proposed algorithms provide the changes in the speed vector of the reference RPA
that can be implemented by an automatic pilot system to avoid a potential conflict even
without the assistance of a human operator. Further details about the proposed solution
can be found elsewhere. 1112

These algorithms have been integrated within a simulation environment that is now

illustrated.

Simulation environment
A campaign of simulations has been conducted to validate the proposed solution. They
involve both human-in-the-loop (HIL) and fast-time (FT) simulations. To achieve this, a

simulation environment has been developed.

Simulation models and user interfaces

The simulation environment is based on simulation models that have been developed,
implemented and integrated. Within this environment, an aircraft is modelled as a rigid
body with six degrees of freedom. For the purpose of this paper, the environment
contains a reference RPA and an intruder (see Figure 3).
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AUTOMATIC PILOT GUI SIMULATION MODELS
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Figure 3. Simulation Environment with RPA and INTRUDER

The intruder is modelled with a point mass, corresponding to the center of an ellipsoid the
reference RPA must not violate. The RPA is instead represented through a model that
simulates its dynamics as a rigid body with six degrees of freedom.

Additional models have also been added to the simulation environment. For example, a
model of the sensors of the RPA simulates the process of acquiring information about
potential obstacles in the scenario. A model of the automatic pilot system of the RPA and
a corresponding graphical user interface (i.e. the Automatic Pilot GUI) enable automatic
maneuvers to be performed. A model of the "avoid function™ of the RPA is used to detect
and avoid potential conflicts both with and without the assistance of a human operator. A
graphical user interface (i.e. the Conflict Avoidance GUI) enables the PIC to utilize
information from the "avoid function” to detect and avoid a potential conflict, while
autonomous operations are enabled through a direct connection between the "avoid
function™ and the automatic pilot system of the RPA.

Conflict avoidance tool
The Automatic Pilot GUI, the Conflict Avoidance GUI and the "avoid function™ define
what is here referred to as Conflict Avoidance Tool. The integration of these components
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is a fundamental step to demonstrate how the PIC of a RPA can utilize the information
from the proposed solution to detect and avoid situations of potential conflict in real-time.
More precisely, the Automatic Pilot GUI is a simplified representation of a possible
interface between the PIC and the automatic pilot system of the RPA (it allows an user to
utilize the automatic pilot system to perform automatic maneuvers). Instead, the Conflict
Avoidance GUI is a simplified representation of a possible interface between the PIC and
the "avoid function” onboard the RPA (it allows an user to acquire information about a
potential conflict and indications to avoid it, such as changes in speed module, route
angle and/or slope angle).

In general, the developed "avoid function” is able to provide generic (mixed) actions of
conflict resolution. Some of them are especially suitable for an implementation within a
standard automatic pilot system and are suggested to the remote human operator by
means of the proposed Conflict Avoidance GUI. On the contrary, the complete set of all
possible avoidance actions could be better managed by an automated system whose
function is to decide which action should be taken to prevent a conflict occurrence. Of
course, other possibilities could be considered for connecting the developed "avoid
function" and the human operator, at the expense of increasing the complexity of the
conflict avoidance system in terms of human-machine interface.

For what concerns the proposed Conflict Avoidance GUI, it is constituted by some main
panels (see Figure 4): namely the detection panel, the resolution panel and the conflict
domain panel. The detection panel provides information about potential conflicts. For
example, the "conflict flag" indicates the existence of a potential conflict (1 conflict, 0 no
conflict), while the "conflict time" indicates the time before this conflict is predicted to
occur. The resolution panel contains a table with indications on how to resolve a situation
of predicted conflict. Each row of the table contains a solution in terms of minimum and
maximum changes in speed module, route angle, and/or slope angle. More precisely, the
first and second row provide the minimum and maximum changes in speed module only
(if any). The third and fourth row provide the minimum and maximum changes of route
angle at constant speed. The fifth and sixth row give the minimum and maximum

changes of slope angle at constant speed. Moreover, if a path deviation at constant speed
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is not possible, the table also suggests the changes in speed intensity to be applied as well
as the change of the considered path angle (route or slope).

Finally, within the conflict domain panel, the points outside the conflict domain boundary
represent the deviations in both the flight path angles (route and slope) for implementing
a conflict avoidance maneuver. More precisely, the more the deviations are outside the
conflict domain, the larger the miss distance between the RPA and the intruder will be
after the conflict avoidance maneuver. Instead, points on the boundary of the conflict
domain correspond to maneuvers that will lead the RPA to avoid a situation of conflict by
remaining tangent to the intruder ellipsoid (these are points of minimum deviation in

terms of flight path angles at a given speed).
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Figure 4. Conflict Avoidance GUI: interface with the " Avoid Function*

Simulation results

The validation of the proposed solution has been carried out via numerical simulations
based on several conflict situations. The test cases involve human-in-the-loop simulations
and fast-time simulations. HIL simulations demonstrate that the proposed solution can

provide assistance to the PIC of a RPA during situations of potential conflict. Instead, FT
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simulations provide a wider assessment of the solution by means of a larger set of test
cases in terms of initial positions and velocities of the intruder with respect to the RPA.

Human-In-The-Loop Simulation

The proposed test case involves the reference RPA in cruise at an altitude of 3000 m and
speed of 45 m/s, while the corresponding intruder is in cruise at an altitude of 3000 m and
speed of 50 m/s. The relative positions and directions of flight of RPA and intruder are
illustrated in Figure 3. The intruder is also the center of a safety region modelled as an
ellipsoid the RPA must not violate. The values of the semi-major axes of this ellipsoid are
assumed to be R1=R>=600 m in the horizontal plane and R3=420 m in the vertical plane.
These values correspond to the application of a safety factor of about four with respect to
the values of miss distances of 500 ft and 350 ft, respectively.

The proposed situation corresponds to a case in which a potential conflict is predicted to
occur within 180 seconds. When such a conflict is detected, information about it is
provided to the human operator through the detection panel and the resolution panel of
the Conflict Avoidance GUI. The human operator may use the proposed solutions to
implement a maneuver to avoid the detected conflict through the automatic pilot system
of the RPA. In the considered test case, the selected maneuver is a positive change of the
route angle of the RPA and it is implemented about 70 seconds after the conflict
detection (see Figure 5).

As a consequence of the conflict avoidance maneuver, the RPA begins to turn on its right
at a constant speed to achieve the desired conflict free route (see Figure 5). A few
seconds after the minimum miss distance between the RPA and the intruder is reached,
another maneuver is implemented by the human operator to drive the RPA on its pre-
planned flight path (see Figure 5).

The results of several HIL simulations (similar to the one illustrated here) demonstrate
that the PIC of a RPA could actually and effectively use the proposed conflict avoidance
solution (by means of suitable graphical user interfaces) to detect and avoid situations of

potential conflict within a tree-dimensional space in real-time.
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Initial conflict detection
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Figure 5. Simulation Time-History: Conflict Time, Avoid Distance, Route Angle

Fast-Time Simulation

To provide a wider assessment of the proposed solution, a more comprehensive set of test
cases has been considered and fast-time simulations have been performed with the SAAS
onboard the RPA in autonomous mode.

Different conflict geometries have been considered (see Figure 6). More precisely, the
RPA always starts from the same condition, that is, a condition of cruise at an altitude of
3000 m and a speed of 45 m/s. The intruder is assumed to be in a flight phase in which it
is following a given direction (in the horizontal plane or in the vertical plane) at a given
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speed. Then, the whole set of conflict geometries has been obtained by varying the initial
positions and velocities of the intruder with respect to the reference RPA, as is shown in
Figure 6. The initial distance between the intruder and the RPA is always about 5 nautical
miles, while their relative positions (both in the horizontal plane and in the vertical plane)
vary as illustrated in Figure 6. The velocity vector of the intruder also varies, both in
module (between 40 m/s and 80 m/s) and in direction (between -1 and +1 degrees of
orientation in the vertical plane and with different orientations in the horizontal plane),

see Figure 6.
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Figure 6. Fast-Time simulation cases: conflict geometries

The number of simulations is very high in this case, and an illustration of all of the
corresponding time histories would not be feasible. To overcome this problem, the results
have been organized into maps of parameters, where the parameters of interest are drawn
against the initial values of the horizontal angular position of the intruder with respect to
the RPA (see Figures 7 to 10). Note that the central zone into these maps does not contain
any point because the corresponding angular positions are external to the field of view of
the RPA and they have not been considered in these simulations.

Among all the parameters of interest, some reference maps are illustrated here. These are
the two maps of the minimum avoid distance parameter (see Figures 7 and 8) and the two
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maps of the minimum relative distance between the reference RPA and the intruder (see
Figures 9 and 10).

The maps of the avoid distance parameter allows one to quickly verify whether the RPA
remained outside the safety ellipsoid during all the considered simulations.

For example, Figure 7 illustrates what happens in terms of minimum avoid distance when
the reference RPA does not execute a maneuver to avoid the conflict (i.e. the conflict
takes place). Instead, Figure 8 illustrates what happens in terms of minimum avoid
distance if the reference RPA executes a maneuver according to the proposed avoidance
solution. In this latter case the minimum avoid distance parameter (at the closest point of
approach) is greater than one during all the considered simulations.

This demonstrates the effectiveness of the proposed conflict avoidance solution to detect
and avoid situations of potential conflict even without the assistance of a human operator.
As a matter of fact the RPA remains outside the ellipsoid of the intruder during all the

simulations where the avoidance solution is used (see Figures 8 and 10).
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Figure 7. Simulation Map: minimum avoid distances without maneuvers
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Figure 9. Simulation Map: minimum relative distances without maneuvers
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Figure 10. Simulation Map: minimum relative distances with avoid maneuvers

Conclusions

To operate into the civil non-segregated airspace in a way similar to a manned aircraft, a
RPA needs an onboard system which guarantees the capability of detecting and avoiding
potential conflicts to comply with the "sense and avoid" requirement.

Within the problem of developing a "sense and avoid" system, this paper has focused on
the "avoid function” and proposed a solution to give assistance to the PIC of a RPA (to
guarantee that the traffic separation be maintained) and to operate the RPA in a safe
manner even without the assistance of a human operator at least in situations of
emergency (to guarantee that imminent collision hazards be avoided).

To achieve this purpose, a strategy has been defined to detect and resolve situations of
potential conflict and suitable algorithms have been developed to implement such a
strategy. In addition, to demonstrate the effectiveness of the proposed solution, a set of

simulation models have been developed, including the model of the reference RPA, the
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model of an intruder and some graphical user interfaces that enable the user to perform
human-in-the-loop simulations. These models have been collected into an integrated tool,
thus defining a simulation environment useful for validating the proposed solution by
means of human-in-the-loop and fast-time simulations. The proposed solution was shown
to be able to detect and resolve situations of potential conflicts in a three-dimensional
space and in real-time, enabling the reference RPA to operate in a safe manner even
without the assistance of a human operator.

To obtain a more advanced prototype of "avoid function™ further developments are still
necessary. For example, the proposed model of "avoid function” should be integrated, in
the simulation environment, with a representative model of a "sense function” which
takes into account the uncertainties related to the measurements of position and velocities
of aircraft, intruders and generic obstacles. Other considerations involve the possibility
that conflicting aircraft could be equipped with the same collision avoidance system. In
that case, a suitable logic should also be agreed to ensure compatible maneuvers for those
aircraft.

The considered problem is complex both from a regulatory and a technical point of view
and an iterative approach is needed to achieve a mature solution. The solution proposed
in this paper can be thought of as a useful starting point to develop a prototype of "sense
and avoid" system for promoting the integration of unmanned aircraft into not-segregated

airspaces.
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