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Air Risk Maps for Unmanned Aircraft in Urban Environments

Matteo Milano!, Stefano Primatesta’, Giorgio Guglieri'

Abstract— The increasing use of Unmanned Aircraft Systems
(UAS) over inhabited areas requires the use of a suitable risk
assessment. In this paper, we propose the use of air risk maps
to assess the risk to people caused by mid-air collision accidents
during a UAS flight operation.

The proposed risk assessment tool is based on a state-of-
the-art mathematical model for determining the rate of mid-
air collisions of an unmanned aircraft with general aviation
(GA). To evaluate the growing traffic of unmanned aircraft
(UA), the model is also exploited to estimate the rate of mid-
air collisions with other unmanned aircraft operating in the
same airspace. The resulting rate of mid-air collisions is used
to estimate the expected frequency of fatalities following mid-
air collision accidents, here denoted as air risk. The air risk is
computed using a probabilistic approach estimating the number
of people involved in the accident, as well as the probability
of fatality. Specifically, the air risk is computed for each geo-
referenced element of the air risk map by combining several
layers, including the population density and sheltering factor,
as well as the physical parameters of the aircraft.

The proposed risk assessment tool is applied considering the
Italian airspace, evaluating both the GA and UA traffic. Further
analysis is also conducted to evaluate a future scenario with an
increased number of UAS, observing a not negligible air risk.

I. INTRODUCTION

During the last decade, operations with lightweight Un-
manned Aircraft Systems (UAS) have increased exponen-
tially. The large diffusion of UAS is due to their flexibility
and low cost, becoming a key element in the aviation field
and producing a fast increment in the market. In the coming
years, thanks to their rapid technological development, UAS
will be widely used especially in cities [1], where UAS can
be used to perform several applications within the Urban Air
Mobility context [2]. However, the use of UAS over urban
areas poses important challenges in public safety, privacy and
cybersecurity [3].

For these reasons, National Aviation Authorities in most of
the world countries strongly restrict the use of UAS in urban
areas and, in any case, permitted under particular conditions,
such as operating in a segregated airspace, with a limited
MTOM (Maximum Take Off Mass) and, often, performed in
VLOS (visual line-of-sight). In Europe, to perform a UAS
flight operating in BVLOS (beyond visual line-of-sight) is
often required to carry out the SORA (Specific Operations
Risk Assessment) methodology [4], a risk assessment tool
proposed by JARUS (Joint Authorities for Rulemaking of
Unmanned Systems) and adopted by EASA (European Union
Aviation Safety Agency). SORA is a multi-step process
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aiming at assessing the ground and air risk of a specific
UAS operation, as well as determining necessary mitigations
and robustness levels to guarantee an adequate level of
safety. However, SORA is mainly a qualitative approach
and, in critical and complex scenarios (e.g. urban areas) an
additional and adequate risk analysis is required to enable
the use of UAS [5].

In an our previous work [6], we have proposed the use of
ground risk maps to estimate the ground risk of a specific
UAS operation over large urban areas. The use of risk maps
is a promising tool for risk-informed decision making able
to quantify the ground risk of flying over urban areas, useful
both for UAS operators and National Aviation Authorities to
have an assessment of the risk distribution on urban areas.
Moreover, as proposed in [7], [8], [9], the ground risk map
can be also used to compute safe urban routes minimizing
the overall ground risk and the flight time. However, the
proposed risk assessment tool is able to assess only the
ground risk. For the development of a complete tool of risk
assessment the air risk must be evaluated.

The air risk assessed by SORA takes into account only
the risk of mid-air collisions (MaC) with the manned avia-
tion, neglecting the mid-air collisions with other unmanned
aircraft. Nowadays, this assumption can be valid assuming
a limited UAS traffic. However, considering an increase
of UAS operations in the next years, the risk of mid-air
collisions between unmanned aircraft should be taken into
account.

Most of the studies about the estimation of the MaC rate
are inherited from manned aviation dating back to the end
of the 20th century, when the rise of General Aviation air
traffic requires the evaluation of the MaC rate to guarantee an
adequate level of safety [10], [11], [12]. A promising model
have been proposed in [13], where an event-based approach
is adopted, exploiting parameters that directly reflect physical
properties of the aircraft flight, overcoming different short-
comings of the previous models [10], [11], [12]. Another
important study is presented in [14], in which human and
technical factors are relevant elements to be evaluated in
the high-density airspace. Another step forward has been
done in [15], including more detailed flight trajectories, time-
dependent position errors, aircraft kinematics and wind.

Nevertheless, in the last years several studies have been
performed considering the MaC rate of unmanned aircraft
(UA). The importance of considering the MaC rate of UA
is highlighted in [16], in which a collision risk model is
developed and tested evaluating large-scale UA operations.
Several approaches have been proposed to asses the risk of
collision between GA and an UA. In [17], a model based on



the probability of collision between conflicting trajectories is
proposed, while [18] exploits the use of Bayesian Networks.
One of the most promising work has been introduced in [19],
where the authors proposed a model for determining the
MacC rate based on physical parameters of the aircraft and
an estimation of the GA air traffic in a given airspace.

The aim of this work is the definition of air risk maps
to quantify the air risk of UAS over large urban areas. The
proposed air risk assessment tool estimates the MaC rate
using the methodology proposed in [19]. Unlike [19], we
use the mathematical model not only to estimate the MaC
rate with the GA, but also with the UA air traffic. Then,
the resulting MaC rate is used to assess the consequent
risk to people on ground computing the expected rate of
fatalities, here denoted as air risk. In fact, after a MaC occurs,
the unmanned aircraft most likely loses control with the
consequent impact on the ground and, then, risking to involve
people. This severe consequence assumes great importance in
densely populated areas. Furthermore, in this work, we also
consider a future scenario by trying to estimate an increased
UA traffic to demonstrate that the air risk will have a certain
relevance, even in comparison with the ground risk.

The development of the air risk map, combined with the
ground risk map proposed in [6], will offer an unprecedented
tool for risk assessment for UAS over urban areas.

The paper is organized as follow. In Section II the concept
of air risk map is introduced, while the model for the MaC
rate estimation is described in Section III. Then, Section IV
describes how parameters used for the computation of the
MaC rate are defined. Results and analysis of the computed
MacC rate, as well as an example of air risk map, are reported
in Section V. Our conclusions are drawn in Section VL.

II. RISK MAP
A. Ground Risk Map

Before introducing the air risk map proposed in this work,
in this section we introduce the concept of ground risk map
presented for the first time in [6], in which we have proposed
the use of risk maps for the ground risk assessment for
large urban areas. As defined in [6] a ground risk map is
a two-dimensional location based map quantifying the risk
to people on the ground for each cell in the map. The entire
map is represented by a matrix of size N x M cells, that are
equidistantly distributed and square shaped, and each of them
represents a bounded geographical area. Each matrix element
corresponds to a cell R(4,7) containing a risk value, which
is the risk for the associated geographical area. The discrete
coordinates (i, j) represent a geo-referenced location (X, y)
in the Local North-East-Down (NED) coordinate system
defined with respect to the reference frame located in the
center of the map.

Risk values are computed taking into account the risk
level, no-fly zones and the presence of obstacles at the flight
altitude. Practically, the ground risk map is obtained by
merging several layers containing essential data required for
the computation of the risk values. Such a layers have the

same dimension and resolution of the ground risk map. As
in [6], in this paper we evaluate the following layers:

« Population density layer: defines the population density
and distribution in the map;

o Sheltering layer: defines the sheltering factor for each
location in the map;

o Buildings layer: defines the height of buildings in the
map;

o No-Fly zone layer: defines in which areas the flight is
not permitted

Specifically, the Population density and Sheltering layers are
used to compute the risk level of each element of the map,
while Building and No-Fly zone layers define non-flyable
areas.

In [6] the risk level corresponds with the ground risk
assessed using a probabilistic risk assessment approach as
in [20], [21], [17]. The ground risk is defined as the expected
frequency of fatalities (f£5°"2%) expressed in fatalities per

fatality
flight hour (h~!) and is computed as

ffgartil}l:;; = fGIA . Nimpact (IE, y) . Pfatality(xv y)7 (D
with fgra is the rate that a ground impact accident occurs
after an uncontrolled descent of the UAS. In [6] four descent
event types are evaluated: ballistic descent, uncontrolled
glide descent, parachute descent and the fly-away event.
Nimpact 18 the number of people exposed to the accident after
the impact of the UAS on the ground. This value is affected
by the population density and by the area exposed to the
crash. Pratality is the probability that the impacted people
suffer of fatal injuries. This probability value depends on
the kinetic energy at impact and on the so-called sheltering
factor. By definition, the sheltering factor is a number greater
than zero that quantifies the level of protection offered by
objects like trees, buildings and cars to the people. In fact,
the presence of objects in the impact area can reduce the
kinetic energy at impact, reducing the probability to have
a fatality. In particular, the frequency of fatalities fért:flrt“yi
for each element of the map is computed evaluating the
probabilistic impact area, aircraft parameters, environmental
characteristics, as well as uncertainties on parameters. More
details about the generation of the ground risk map are
explained in [6].

B. Air Risk Map

The air risk map is a variation of the ground risk map, in
which the risk level is associated with the air risk, instead
of the ground risk. In particular, the air risk is defined
as the expected frequency of fatalities ( fﬁ;{ality) following
MaC accidents [17]. Similarly to Equation (1), f{{, i, i
computed as

ffZiaj{ality = fMaC : Nimpact (xa y) : Pfatality(‘r7 y)7 (2)

with fumac is the rate of MaC, Nimpact and Pragality are the
number of people exposed to the consequent ground impact
and the probability of fatality, respectively, and are defined as
in Equation (1). Practically, we assume that, after a mid-air



collision, the UAS begins an uncontrolled descent with the
consequent impact on the ground. Hence, the air risk level is
computed using Equation (2) and using the same procedure
of the ground risk map, i.e. using the multi-layer framework,
evaluating the probabilistic impact area, aircraft parameters
and environmental characteristics.

It is important to note that, in this work, we do not
consider that the GA aircraft involved in the mid-air collision
could also have catastrophic consequences. The study of the
consequences of the impact between a UA and GA aircraft
is not in the scope of this paper, even if a dedicated study is
required to have a complete evaluation of the consequences
of a mid-air collision between GA and UA.

The estimation of the fyac is performed using the
methodology proposed in [19]. More details about the
adopted methodology are explained in Section III.

III. MID-AIR COLLISION MODEL

In this section we describe the methodology adopted to es-
timate the rate of Mid-air Collisions fyac. The methodology
is based on the model developed in [19]. The model offers
a rigorous mathematical approach in which general aviation
aircraft (GA) and unmanned aircraft (UA) are represented as
vertical cylinders considering the characteristic height 4 and
radius r (i.e. the wingspan) of the aircraft.

This mathematical model is based on a series of simpli-
fying assumptions: (i) UA and GA fly independently; (ii)
within a predefined geographical area; (iii) at a flight altitude
estimated by a probability density function f; (iv) with a
flight direction uniformly distributed between 0° and 360°;
and (v) without moving along the vertical direction when
near each other. The UA: (vi) always flies under a maximum
allowed altitude zy,ax; (vii) while the GA flies mostly over
this altitude; (viii) even evaluating a probability that the GA
aircraft flies below zpax.

Based on these assumptions, as in [19], the MaC rate
between a single GA aircraft and an UA is computed as

fMaC = PHC - PVC * Pbelow * ASTM, 3)

with fyac is the rate of mid-air collisions, expressed as
collisions per flight hours (h~1). pyc is the rate of horizontal
collisions, i.e. when the two aircraft are in the same location
in a NED reference system. pyc is the conditional probability
that the two aircraft fly at the same altitude and with null
vertical velocity. Thus, this term depends on both the GA
and UA altitude distribution functions. ppelow quantifies the
probability that the GA aircraft flies under the reference
altitude 2y ax, that is the maximum flight altitude at which
the UA operates. This term depends on the GA altitude
distribution function that changes based on the GA aircraft
type considered. Agry is a mitigating factor which keeps
into account the effect of tactical and strategic mitigations.

Equation (3) refers to the computation of the MaC rate
between a single UA and a single GA. However, as intro-
duced in [19], it can be expanded considering the expected

GA inside the analyzed airspace as follow

# of GA
tot 7 .
MaC — Z fMaC -
=1
# of GA

Z PHC *PVC "1 Phelow * AgTms (4
i=1

Practically, Equation (4) evaluates the rate fyr.c for each
considered category of GA, which is characterized by the
number of registered aircraft n, and, then, this rate is
summed over the number of categories taken into account.
As discussed in [19], it is possible to use this simplified
formulation because of two important assumptions: (i) there
aren’t overlaps between the representative cylinders of dif-
ferent GA aircraft, that is acceptable considering the large
dimensions of the analyzed airspace; (ii) because of the low
value that fyr,c usually has, it is possible to not consider
that, if the UA has a collision, it is unable to collide with
other aircraft. More details about the mathematical model
and about each term of Equations (3) and (4) are explained
in [19].

The previously described methodology evaluates the MaC
rate between GA traffic and a single UA. However, in this
work the same approach is also used to evaluate the MaC rate
between the UA air traffic and a single UA. In fact, in the
next years the flight traffic of UA will increase exponentially
and it is essential to evaluate also the UA air traffic data
for a complete evaluation of the MaC rate. Specifically, the
“external” UA aircraft involved in a possible collision is
evaluated exactly as an additional GA aircraft type. Anyway,
some different assumptions should be considered when the
model parameters are defined, such as a probability equal to
1 that the “external” UA flies under the flight altitude 2y,ax.

IV. MODEL PARAMETER SELECTION

Before generating the air risk map, several parameters
about the GA and UA traffic, as well as the aircraft charac-
teristics, have to be defined to estimate the MaC rate fyrac.
It is important to notify that the traffic data used to determine
the parameters mentioned above refers to 2019, in order to
avoid alterations due to the COVID-19 pandemic, and so,
representing the real volume of traffic in the Italian airspace.

A. GA and UA traffic

In this work, five different categories of GA aircraft have
been considered. Then, it has been possible to define a good
representation of the Italian airspace. Specifically, we have
considered the following categories, whose parameters are
listed in Table I:

o Fixed-wing aircraft: this category includes fixed-wing
aircraft equipped with a propulsive system, used for
Air-Taxi operations, and aircraft with MTOM below
5700 kg, performing non-commercial operations;

« Rotorcraft: this category includes helicopters for com-
mercial, non-commercial and specialized operations,
with no limitations on the MTOM. HEMS (Helicopter



TABLE I
GA AND UA TRAFFIC PARAMETERS VALUES

Fixed-wing  Rotorcraft Balloons Gliders HEMS UA
Dbelow 0.1% 5.0% 1.0% 10.0% 5.0% 100.0%
h [m] 2.0 3.0 25.0 1.2 3.9 0.29
r [m] 6.0 5.0 9.5 10.0 72 0.39
v [m/s] 75.0 56.0 10.0 50.0 75.4 13.6
n 13314 504 87 144 48 13566
Tyear [R71] 100 147 17 32 200 21
f [m] U0, zmax)  N(80, 50)  N(100, 60) U(0, zmax) N(80, 50)  N(50, 30)

TABLE II

UA PARAMETERS VALUES

Mavic Mini 2  Hubsan Zino

Yuneec Typhoon H+

Parrot Disco Pro  Matrice 600 Pro

h [m] 0.055 0.1
r [m] 0.1 0.16
v [m/s] 10.0 11.5
MTOM [kg] 0.25 0.7
f [m] N(25, 20) N(30, 25)

0.31 0.12 0.73
0.26 0.575 0.84
13.5 15.0 18.1
1.99 0.94 15.5
N(40, 25) U(0, Zmax) N(60, 40)

Emergency Medical Service) are excluded from this
category;

« Balloons: comprehends the so-called “lighter-than-air”
aircraft, which exploit hot air or other lighter-than-air
gases for the flight;

o Gliders: group of fixed wing aircraft without propulsive
system which take advance of the air currents;

o Helicopter Emergency Medical Service (HEMS): air-
rescue rotorcraft are considered in this category.

Parameters of Table I refer to the method presented in [19].
However, a brief description is reported for clarity: i and r
are the height and radius of the aircraft cylinder; v is the
average speed of the aircraft; n is the number of the GA
(and UA) aircraft type in the considered area, i.e. the Italian
airspace in this work; Tyea, is the flight hours per year; f is
the altitude distribution below z,,,x defined with a uniform
(U) or normal (N) distribution.

The number of aircraft registered in Italy for every single
category has been estimated starting from the data included
in [22], while the parameter Tyc,, has been defined mainly
referring to [23], but also evaluating the values used in [19]
and reported in [24]. Despite [24] refers to the US airspace,
a different airspace compared with the Italian one in terms of
air traffic volume, it was useful, after an appropriate scaling,
to have an initial estimation of the term Tyc,,. Due to a
lack of data, ppelow is defined as in [19]. Regarding the
distribution of the flight altitude, an estimation has been
performed trying to have good representation of the behavior
of each GA category under 2y ax-

As mentioned in Section III, in this paper we also take
into consideration the UA traffic in the computation of the
MaC rate. Similarly to what has been done for the other GA
categories, parameters of the UA traffic are also reported in
Table L.

As previously discussed, we assume that the UA traffic is
always below zy,.x and, then, ppelow i defined equal to the
100%, as imposed by the regulatory framework. The physical
characteristics of the “external” UA, such as dimensions

and velocity, have been defined using the average values
of the UAS reported in Table II. The motivation for this
consideration is given by the fact that these UAS represent
the different classes identified by EASA (CO, C1, C2 and
C3) [4] and, then, representing UAS in the Italian airspace.
Probably, this assumption does not reflect the real case, but
it is a good compromise in order to demonstrate the validity
of the proposed approach. The term n for the UA traffic
is estimated using [22], in which all the UAS registered in
Italy in 2019 are counted. Instead, the term Tyc,, is defined
evaluating the FAA survey [25]. The latter contains the flight
habits of UAS pilots in the US, resulting in an average of
seven monthly flights per each pilot with an average flight
time of 15 minutes. Even if the survey in [25] refers to a
different airspace, these data are useful for the purpose of the
paper. The altitude distribution f has been defined evaluating
an average distribution considering the UAS of Table II.

B. UAS parameters

In order to assess the air risk in different scenarios, five
different models of unmanned aircraft have been chosen to
perform the tests necessary to validate the model and analyze
the influence of the different parameters. The different air-
craft models are selected considering their different physical
parameters, such as MTOM, dimensions, cruise velocity and,
then, covering the different UAS categories identified by
EASA (CO, C1, C2 and C3) [4]. The class C4 is not taken
into account because, for the purposes of the paper, classes
C3 and C4 have the same physical characteristics. Table II
reports the parameters of the selected UA extracted from the
data-sheets published by the manufacturers.

Most of the selected unmanned aircraft are multicopters,
except a fixed-wing drone, selected to analyse how the MaC
rate and, then, the air risk changes with this configuration,
which involves a greater cruise velocity and a different
altitude distribution function.



TABLE III
DATA USED TO COMPUTE THE AVG. EU MAC RATE

Total Occurrences (2019) [26] 941
French MaC ratio (2015-19) [27] 1%
Italian MaC ratio (2015-19) [28] 6.45%
Irish MaC ratio (2015-19) [29] 6.25%
Slovak MacC ratio (2016-19- [29] 2.9%
Romanian MaC ratio (2012-19) [31] 4.4%
Average EU MaC ratio 4.2%

Total MaC (2019) 40
Total Flights (2019) [32] 11 105 855
Average EU MaC rate (2019) 3.56-10-6 h—1

C. Average European MAC rate

In order to evaluate the obtained MaC rates, it is necessary
to determine some reference values of fyrac.

First, we have tried to define an average European MaC
rate. Using data reported in [26], it has been possible
to calculate the total number of air accidents, in which
aircraft of the considered categories have been involved
during 2019 inside the European airspace. Then, analysing
several European Safety Reports, related to the period 2015-
2019 published by France [27], Italy [28], Ireland [29],
Slovakia [30] and Romania [31], it has been possible to
evaluate the ratio of collision events compared to the total
number of flights in the National airspace, for each one
of the above mentioned Countries. Thus, an average ratio
of collision events is estimated for the European airspace.
Finally, using the total number of flight hours in the European
airspace during 2019, extracted from [32], it has been pos-
sible to estimate the average European MaC rate, expressed
as collisions per flight hours (h~1). Table III shows the key
values previously discussed.

According to what is reported in the ICAO Annex 13 [33],
three categories of air accidents are taken into account in the
Safety Reports: accident, serious incident and incident. Then,
the computed European MaC rate is overestimated since it
evaluates also air accidents not considered by the adopted
model. On the contrary, the European MaC rate has been
calculated on the basis of scarce data, which represent only
a portion of the EU member States.

For comparison, we also use the value of 1-10~"h~! on
each plot about the MaC rate, that is, according with [19],
[17], the order of magnitude of the Equivalent Level Of
Safety (ELOS) for GA. Instead, the ELOS threshold used
for the air risk is 1-107%h~1!, as discussed in [17], [6].

V. RESULTS
A. Implementation

The methodology for the computation of air risk maps is
implemented in C++ as an executable process in the ROS
(Robot Operating System) framework [34].

The software is developed to be compatible with the
ground risk map proposed in [6] in order to have a complete
risk assessment tool able to evaluate both the ground and
air risk over large areas. For this reason, the multilayer
framework is generated using Grid Map [35], a ROS-based
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Figure 1. The MaC rate with nominal conditions and without the UA
traffic for each GA category and for each UA of Table II.
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Figure 2. The total MaC rate with nominal conditions and without the UA
traffic computed for each UA of Table II.

C++ library able to manage two-dimensional grid maps with
multiple data layers.

B. Mid-air Collision Rate Analysis

We have conducted some preliminary analyses about the
MacC rate computed. This analysis aims to identify the effect
of the different parameters, as well as how the MaC rate
changes with different traffic conditions. It should be noted
that in these tests we neglected the mitigation factor defining
Astm = 1.

Nominal Conditions: First, we have computed the MaC
rate using the nominal GA traffic conditions of Table I
without considering the UA air traffic and with 2z, =
120 m, i.e. the maximum flight altitude permitted by EASA
for typical UAS operations. As shown in Figure 1, we have
computed the MaC rate for each considered drone in respect
to every single category of GA. Analysing Figure 1, as
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MaC rate is computed at the nominal conditions and without the UA traffic.

expected, the MaC rate depends on the different dimensions
assumed for the GA aircraft and the number of aircraft
belonging to a specific GA category. Furthermore, also the
drone dimensions affect the MaC rate, and, then, slightly
increasing from the DJI Mavic Mini 2 (CO) to the DII
Matrice 600 Pro (C3).

The effect of the drone dimensions and velocity can also

be observed in Figure 2, which shows the total MaC rate

vt of each UA considered. It is clearly visible that for
each UA the total MaC rate is on the order of 1-10~7 h™1,
below the average European MaC rate and comparable with
the ELOS for GA.

Effect of zmax: Another interesting analysis involves the
effect of the maximum flight altitude z,,x on the estimated
MaC rate. In the previous tests we have defined zy.x =
120 m, that is the maximum flight altitude admissible by
EASA for typical UAS operations. However, often, un-
manned aircraft do not operate at this altitude and, then, it
is useful to evaluate how the flight altitude affects the MaC
rate. The effect of 2. 1S shown in Figure 3.

As expected, with a lower value of z,,x, the MaC rate
decreases, and, this is emphasized with UA with bigger
dimensions and higher velocity. This trend is due to the
reduction of pyc, which depends on the altitude distribution
function of both UA and GA. Then, lowering the maximum
allowable altitude, the probability of being at the same flight
altitude of the GA is reduced, decreasing the resulting MaC
rate fyrac. On the contrary, increasing zpmax to 200 m, the
resulting MaC rate grows as expected. This is more visible
with the Parrot Disco Pro and with the Matrice 600 Pro due
to their flight distributions. With the other UA, the effect is
not relevant because of their altitude distribution functions
that are definitely lower than z,.x. It should be noted that,
in this test, to highlight the effect of z,,x, the value of ppelow
is not modified.

TABLE IV
PARAMETERS USED TO INCREMENT THE GA TRAFFIC

Increment n Tyear A~ 1
2x 2x +20%
3x 3x +30%
5x 5x +50%
10 Total MaC Rate - increment of the GA traffic
.
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Figure 4. The resulting MaC rate considering an increment of the GA air
traffic, as reported in Table IV.

Effect of the GA traffic volume: Despite the effects of the
COVID-19 pandemic, aviation is a rapidly growing sector,
and, for this reason, it is realistic to assume an increase in the
GA air traffic volume. To evaluate the relation between the
GA traffic growth and the collision rate, we have increased
the parameters n and 7, as reported in Table IV. We do not
have equally increase n and T because, even if the number
of aircraft rises, the habits of pilots may not increase as well,
limiting the increase in the airspace occupation time.

Observing Figure 4, we can note that, as expected, the
MacC rate increases with the GA traffic for all the categories
of UA, highlighting how the effect of the parameters n and
T is relevant. Furthermore, it is possible to notice that for
an increment of 5x of the GA traffic, the resulting fyrac is
about 1-107% h™', an order of magnitude greater than the
ELOS for GA (1-10~7 h™1).

Effect of the UA traffic volume: As previously stated, one
of the main objectives of this work is to evaluate the influence
of the presence of UA traffic on the air risk.

Figure 5 shows the effect of the nominal UA traffic of
Table I on the nominal GA traffic condition and using
Zmax = 120 m. It is possible to observe that when UA traffic
is considered, the resulting MaC rate is almost doubled,
especially for larger drones like the DJI Matrice 600 Pro.

Furthermore, Figure 6 reports the results considering an
increasing of the UA traffic. The UA traffic volume is in-
creased using the parameters reported in Table V. Observing
Figure 6, we can see that, as expected, the resulting MacC rate
increases a lot with the increased UA traffic. In particular,
with the bigger UA, i.e. the DJI Matrice 600, the order of
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Figure 5. Total MaC rate considering the nominal conditions with the UA
air traffic.

TABLE V
PARAMETERS USED TO INCREMENT THE UA TRAFFIC
Increment n Tyear[h 1]
5x 5x +50%
10x 10x +100%
100x 100x +1000%
1000x 1000x +10000%

magnitude of 1-107% h™' is reached with an increase of 5x
of the UA traffic, that is a realistic scenario in the next few
years. Obviously, the MaC rate is much higher with a UA
traffic increased of 100x and 1000x.

C. Air Risk Map Analysis

In this section we report and discuss the resulting air
risk map generated using Equation (2) and the MaC rate
previously discussed.

As mentioned in Section II, the air risk map is constructed
using the same procedure of the ground risk map introduced
in [6]. The only main difference is the computation of the
risk level for each element of the map that is computed using
the air risk assessment of Equation (2).

In order to test the air risk map, we have selected an
urban area of the city center of Turin, Italy, that is a critical
operative area for the use of drones. The selected area is
shown in Figure 7(a).

The air risk map is constructed using the Population
Density and Sheltering Factor layers shown in Figures 7(b)
and 7(c), respectively. These layers are generated as dis-
cussed in [6]. The Population Density layer is based on a
realistic database of the population density and distribution
in Turin, Italy. The Sheltering Factor layer is defined using
OpenStreetMap, in which a sheltering level equal to 8 is
associated to a map element occupied by buildings, while a
sheltering level of 3 to all other elements.

Using these layers, we have generated the air risk pap of
Figure 8(a) evaluating the DJI Matrice 600 Pro. The MaC
rate is computed considering the nominal GA and UA traffic

Total MaC Rate - increment of the UA traffic
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Figure 6. Total MaC rate considering an increased UA traffic volume.

of Table I. Instead, the number of involved people and the
probability of fatality are computed using the same method
adopted in [6].

In order to analyse the resulting risk, we have compared
the air risk map with the ground risk map presented in [6].
The resulting ground risk map is illustrated in Figure 8(b)
and it is computed using a rate of ground impact accident
of faza = 1/200 h™', while Nippact and Pragasiy are
computed as in the air risk map.

Comparing Figures 8(a) and 8(b), we can observe that the
distribution of the risk on the map is the same. This happens
because Equations (2) and (1) differ in the term fy,c and
faia, respectively. In both air and ground risk maps, the risk
is higher in areas with a higher population density and with
a lower sheltering factor. Instead, comparing the minimum,
maximum and average risk reported in Table VI, we can
affirm that the air risk is irrelevant compared with the ground
risk.

Our hypothesis is defined evaluating the nominal GA and
UA air traffic. Anyway, the operational scenario will be
completely different in a few years. Although in a simplified
way, we tried to evaluate a future scenario increasing the UA
traffic and, on the contrary, decreasing the rate of ground
impact accidents. In fact, we assume that in the next future
the UA traffic will increase exponentially but, on the con-
trary, the reliability of unmanned aircraft will be improved.
Tables VI and VII report the risk values considering the
DIJI Matrice 600 Pro and the DJI Mini 2, respectively, and
assuming an increasing of the UA air traffic. As expected,
these assumptions increase the resulting air risk and, on the
opposite, decrease the ground risk.

Analyzing the risk levels of Tables VI and VII, the air risk
and the ground risk are comparable in the scenario with the
UA traffic increased of 100x, while the air risk is greater
than the ground risk in the scenario with the UA traffic
increased of 1000x. Even if this is a future scenario, it will
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be essential to consider air risk mitigations with increasing
of UA traffic. In fact, mitigations reduce the MaC rate and,
as a consequence, also the air risk.

Moreover, in case of heavy unmanned aircraft, such as the
DIJI Matrice 600 Pro, the air risk assumes values greater than
the ELOS for UA (1-10~° hfl) in the scenario with the UA
traffic increased of 100x and 1000x.

VI. CONCLUSIONS

In this work we have proposed the use of air risk maps
to quantify the air risk over large urban areas. The pro-
posed approach estimates the Mid-air Collision rate of an
unmanned aircraft with the General Aviation and Unmanned
Aircraft traffic. The MacC rate is computed using the approach
proposed in [19] and applied also evaluating the UA traffic.
The estimated MacC rate is then used to compute the resulting
risk to people on ground generating the so-called air risk
map.

We have also conducted several analysis about the MaC
rate evaluating how it changes using several unmanned
aircraft model and considering several scenarios with an
increased air traffic volume. Considering the current GA and
UA traffic data, the resulting MaC rate is about 1 - 1077 h_l,
a value comparable with the Equivalent Level Of Safety for



TABLE VI
AIR AND GROUND RISK VALUES WITH THE DJI MATRICE 600 PRO AIRCRAFT.

UA waffic  fuiac [h™1] fara [h™1] FEir ey 1 RO h )

min 2.06 - 10— 10 3.86-10~F

1x 2.67-1077 1/200 max 1.83-1078 3.43-1074
av 2.86 - 109 5.35-107°

min  8.81-10"10 7.73-1077

5x 1.14-10-6 1/1000 max 7.82-1078 6.86-10°
av 1.22-10~8 1.07-107°

min 1.96 - 1079 3.86- 107

10x 2.54 -106 1/2000 max 1.74-1077 3.43-107°
av 2.72-10~8 5.35 .10~

min 4.70-10~8 7.73-1078

100x 6.08 - 1072 1/10000  max  4.17-1076 6.86 - 106
av 6.50-10~7 1.07-10-6

min 9.35-10-9 7.73-1078

1000x 1.21-1072 1/10000  max  8.30-10~*% 6.86 - 106
av 1.29-10~4 1.07-10~6

TABLE VII

AIR AND GROUND RISK VALUES WITH THE DJI MAVIC MINI 2 AIRCRAFT.

UA traffic  fmac ™' fara [h71]

ffa;i{a]ity [h_l] fground [h_l]

fatality

min  5.59- 10" 1% 2.26-107°

1x 1.24-1077 1/200 max  6.07-10712 2.45-1077
av 1.24-1012 5.01-108

min  9.83-10 1% 4.51-10~10

5x 2.18-1077 1/1000 max  1.07-10711 4.89-108
av 2.18 1012 1.00-1078

min  1.81-10713 2.26-1010

10x 4.01-1077 1/2000 max  1.96-1071!! 2.45-1078
av 4.02- 10712 5.01-10°

min  3.59- 10712 4511011

100x 7.96 - 106 1/10000  max  3.90-10~10 4.89-107°
av 7.97 .10~ 11 1.01 1079

min  7.40- 1010 4.51-10~ 11

1000x 1.64-1073 1/10000  max  8.03-1078 4.89-10°
av 1.64-1078 1.01-1079

GA [17], [19].

Furthermore, we have compared the proposed air risk
map with the ground risk map presented in our previous
work [6]. As result, the air risk maps include an air risk that
is irrelevant compared with the ground risk. However, in case
of UA traffic increased of 100x and 1000x, the resulting air
risk is not negligible. Even if these scenarios are unrealistic
in the next few years, the effect of 100x and 1000x traffic
should be considered for the update of the current regulatory
framework. In fact, our analysis suggests that in a future
scenario the use of air risk mitigations, both tactical and
strategic are required.

Results are based on assumptions and considerations made
to the best of the knowledge of the authors. In fact, the scope
of the paper is to define a method for air risk assessment.
Hence, a further analysis of the air traffic data may be
necessary to analyze a more realistic scenario.

The proposed air risk map, combined with the ground risk
map proposed in [6], is a promising tool for risk assessment.
It can be used either by UAS operators and National Aviation
Authorities to quantify the risk of a specific UAS operation,
as well as to plan a safe route in urban areas, as in [8], [7],

[91.

Future works will include the evaluation of a more detailed
UA traffic, analysing each UAS category (CO, C1, C2, C3
and C4) independently. Moreover, the mitigation factor can
be estimated and used to produce more realistic results.
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