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Abstract—Inspired by risk analysis assistance service and flight
plan preparation / optimization service in U-space service, this
paper investigates a flight plan risk assessment and optimization
method for future urban air mobility. The quantitative risk
assessment of the flight plan is divided into two parts: the
ground and air risks of the flight plan. After evaluating the
risk of the flight plan, optimization suggestions are given to
guide the path planning algorithm to optimize the flight plan
at low risk. The quantitative risk assessment of the flight plan
corresponds to risk analysis assistance service in U-space service,
and the procedure to give optimization suggestions correspond to
flight plan preparation / optimization service in U-space service.
This paper selects the task scenario of logistics drone cargo
transportation and carries out risk assessment on the specific
flight plan. From the assessment results, when the flight plan
crosses the pedestrian intensive area on the ground or the road
with high-speed vehicles, the risk value of the corresponding
flight plan segment increases significantly. When the flight plan
segment approaches the area near the airport or intersects with
other UAM participants with the same mission time window,
the corresponding risk value is also high. After obtaining the
risk assessment results, the targeted optimization suggestions are
given to guide the path planning algorithm to optimize the flight
plan at low risk. The risk of the optimized flight plan has been
significantly reduced.

Index Terms—urban air mobility, flight plan, risk assessment

I. INTRODUCTION

A. Research background

In the urban aerial environment, unmanned aircraft system

(UAS) and small manned aircraft are already being applied

for various purposes such as traffic monitoring [1] nowadays.

Also, they are plans for smart cities in the near future [2], [3]

and a core component of Urban Air Mobility (UAM) [4].

UAM enables cooperative, highly automated, cargo delivery

or passenger air transportation services in and around urban

areas. In the popularization of UAM, integrating UAM into

urban and suburban airspace is challenging, as it entails risks

from a safety perspective.

Therefore, it is very necessary to conduct a risk assessment

for the flight plan of UAM, assess the risk distribution of the

existing flight plans to mission airspace, analyze whether there

are parts of the flight plan that pose risks to ground property

and air vehicles, and propose revisions in a targeted manner.

B. Previous work

The European Union has developed a vision called U-Space

to facilitate the phased introduction of procedures and a set

of services for safe, efficient and secure access to airspace

for large numbers of drones. In the blueprint of U-space

services, risk analysis assistance and flight plan preparation

/ optimization are both identified as extended U2 services in

CORUS.

The service called risk analysis assistance will perform

risk assessment to the preliminary flight plan [5]. For risk

assessment, Joint Authorities for Rulemaking on Unmanned

Systems (JARUS) has developed the Specific Operational Risk

Assessment (SORA). It is a novel approach which can evaluate

the risk level of an UAS operation plan [6]. In addition to

SORA, Ref [7] proposed risk assessment models of UAS over

road networks. Going further, they investigate the feasibility

of a long-range inspection mission of railways by UAS [8].

The service called flight plan preparation / optimization can

be divided into two parts, one is to perform risk assessment

before generating the flight plan and then generate a low-risk

flight plan according to the evaluation results [9], and the other

is to optimize the existing flight plan with low risk [10]. For the

preparation of the flight plan, SORA focuses on assigning to an

UAS operation two classes of risk, a ground risk class (GRC)

and an air risk class (ARC). The SORA allows operators

to utilise certain or mitigating measures to reduce both risk-

classes [11], [12]. Ref [13]–[15] proposed the concept of risk

cost map that associates discretized locations of the space with

a suitable risk cost and guided flight plan generation with the

risk cost map. For the optimization of the flight plan, [16], [17]

integrates the flight plan with multiple airspace, and optimize

the flight plan to reduce fuel consumption.

C. Research gap and contribution of this paper

For the risk assessment of flight plans, many risk assessment

models are currently targeted at specific objects. For example,

li2106
Text Box
2022 IEEE/AIAA 41st Digital Avionics Systems Conference (DASC), 
18-22 September 2022, Portsmouth, VA, USA
DOI:10.1109/DASC55683.2022.9925844


li2106
Text Box
© 2022 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, 
including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, 
or reuse of any copyrighted component of this work in other works.





Refs [7] and [8] put forward the risk assessment of the ground

roads for the flight plan; Refs [18], [19], [20] and [21] focus on

the risks of ground areas or buildings; Ref [22] focuses on risks

in airspace. However, in the actual UAM operation process,

there will be both air and ground risks, which requires a risk

assessment model to comprehensively assess mission risks.

SORA process is also far from being finished. The GRC/ARC

lookup table is based on a simple scoring. Finally, after the risk

assessment of the flight plan, how to optimize it is a problem

to be solved.

The main contribution of this paper is that it makes up the

gap in the research field of UAM flight plan comprehensive

risk assessment, quantitatively analyzes the flight plan risk and

gives targeted optimization advisories.

II. RESEARCH MOTIVATION AND STRUCTURE

As mentioned above, risk analysis assistance service and

flight plan preparation / optimization service are two important

components of U-Space services, which ensure the safety of

aircraft flight plan.

Inspired by the above two important services, the research

motivation of this paper is to combine the them to achieve

flight plan risk assessment and optimization. Firstly, a com-

prehensive flight plan risk assessment of urban air traffic

participants to air and ground property is carried out, and then

if needed (based on the assessment results), the corresponding

optimizations are proposed for the purpose of ensuring the

flight plan associated risk under a certain level.

The flow chart of the proposed flight plan risk assessment

and optimization method is shown in Figure 1. As shown

in the flow chart, firstly, the flight plan data uploaded by

the flight plan generator or the risk assessment system user

(e.g., operator) is received in a unified format, the aircraft

performance information and weather forecast information at

the time of the mission are also received, which will be

combined with external environmental information for risk

assessment. The risk assessment is divided into two parts, the

flight plan’s risk to the ground and air.

Fig. 1. Flow chart of the flight plan risk assessment and optimization method.

For the risk assessment to the ground, this paper will focus

on the following two parts: risk assessment on roads and

pedestrians. As for flight risks in the air, this paper will focus

on the traditional aircraft cruising at high altitude and urban

air traffic participants cruising at low altitude.

The obtained maximum risk value of the flight mission will

be compared with the risk threshold. If it is greater than the

risk threshold, a few alternative trajectories will be proposed

for the operators to select. If the operator does not accept any

alternative trajectories, the problematic risky areas traversed by

the preliminary trajectory will be pointed out so that operators

can plan new ones on their own to mitigate the risk. The

new flight plan generated by the operator will be returned

to reassess whether it exceeds the risk threshold.

III. FLIGHT PLAN RISK ASSESSMENT AND OPTIMIZATION

The goal of this section is to propose a framework for com-

prehensive risk assessment and corresponding optimization of

flight plan, so as to combine risk analysis assistance and flight

plan preparation / optimization services in U-Space services

and realize flight plan management considering risk.

A. Flight plan extraction

As shown in Figure 1, the flight plan risk assessment

and optimization system will first extract the existing flight

plan. These flight plans are defined as unified standards for

subsequent risk calculation and optimization opinions. The

schematic diagram of flight plan is shown in Figure 2. In

the figure, the green mark represents the starting point of the

flight plan, the red mark represents the end point of the flight

plan, the yellow marks represent the waypoints constituting

the flight plan, and the blue line segments represent the flight

route between waypoints which are simplified as a straight

line segment connecting two points.

Fig. 2. Schematic diagram of flight plan.

In the above flight plan, the starting and end point of

the flight plan contains the information of take-off/landing

time, take-off / landing point longitude, latitude and altitude;

the waypoints in the flight plan contain the information of

longitude, latitude and altitude information; the flight paths

connecting waypoints (straight line segments) contain the

information of cruise speed, heading angle and pitch angle.

B. Weather information extraction

Weather conditions are an essential consideration in the

risk assessment of aircraft. The effect of wind will affect the

flight trajectory or impact speed of the aircraft after failure.

In practice, scholars mainly consider the impact of wind on



flight risk in two ways: weather forecast or real-time wind

information.

According to ref [23], the wind direction and wind force

are obtained through weather forecast before flight. However,

during the actual flight mission, the wind situation may be

different from the weather forecast. In that situation, the

authors used a stochastic manner deal with the uncertainty

during the evaluation of the ground location affected by the

fall impact. They chose a two-dimensional parameterization

of the wind and the associated assumptions of the probabil-

ity distribution, normal distribution for wind magnitude and

uniform distribution for wind heading angle.

Another method is to have real-time information of wind

conditions during the flight. In [24], wind information achieved

by using airborne sensor along with estimation algorithms,

therefore no statistical assumption will be taken.

In this paper, we combine the above two methods with risk

analysis assistance and flight plan preparation / optimization

services, then it is integrated into the risk assessment and

optimization framework proposed in this paper. In the risk

assessment and targeted optimization of flight plan before

mission flight, we use the wind data from weather forecast.

During the mission flight, the real-time wind direction and

wind data will also be collected by the aircraft’s airborne

sensors. The flight plan optimization service will use the data

to re evaluate the flight plan and correct the optimization

scheme in time.

The resistance Fwind received by the aircraft in the wind

is shown in the following equation. In order to simplify the

evaluation process, it is assumed that the windward area of

the aircraft in all directions of the horizontal plane is approx-

imately equal, which is Ahorizontal. Where vwind represents

wind speed.

Fwind =
ρv2windCDAhorizontal

2
(1)

C. Risk assessment

1) Definition and evaluation of risk: According to ref

[25], there might be three processes a crash incident will

cause fatality: failure of UAM; the failed UAM hitting other

property; and causing fatality damage after impact. Based on

these three processes, the risk cost of UAM is defined as the

number of fatalities per hour in this paper. The risk cost is

calculated as Eq. (2).

R = Pcrash · Pimpact · Pfatality (2)

Where R is the risk cost, Pcrash is the probability of UAM

failure, Pimpact is the probability to impact an object, and

Pfatality is the fatality rate, which is mainly associated to the

function of kinetic energy.

For the probability of an aircraft crash Pcrash, in the urban

low-altitude mission environment, there are many types of

aircraft involved in traffic. This complicates the identifica-

tion of crash probabilities. The main UAM participants may

include conventional manned aircraft (such as helicopter),

high performance vehicle (HPV), such as urban air taxis, and

standard performance vehicle (SPV), such as delivery drone

and aerial photography drone. Therefore, traditional aviation

risk assessment standards cannot be used to estimate the

probability of crashes. In this paper, UAM participants are

collectively referred to as aircraft, and aircraft is divided into

fixed wing aircraft and rotorcraft. The probability of an aircraft

crash quantifies the frequency associated with the aircraft

accident. Usually, it is consistent with the failure rate of the

aircraft system, expressed in flight hours.According to [26],

1/105 flight hours is used as the commercial aviation failure

rate, and 1/104 flight hours for HPV. While for SPV, 1/103

flight hours is used.

For the probability to impact an object Pimpact, considering

the risk of aircraft to ground vehicles and pedestrians, Pimpact

is linearly correlated with the number of vehicles or pedes-

trians affected on the ground after the crash of the aircraft.

Considering the risk of aircraft to other air traffic participants

located in the airspace, Pimpact is linearly correlated with the

number of collisions per flight hour of the aircraft.

For fatality rate Pfatality , it is associated with two main

factors: impact kinetic energy Ek and shelter factor cshelter.

The shelter factor is a positive number used to quantify the

shelter level of impacted object. This is very important to con-

sider, because the presence of buildings and other obstacles,

the vehicle / aircraft itself in the affected area can reduce

the kinetic energy at the time of impact, thereby reducing the

probability of death. If shelter factors are not evaluated, the

resulting risks may be too conservative, especially in urban

environments where buildings, vehicles, and trees protect the

population. The fatality rate Pfatality can be described by Eq.

(3). In Eq. (3), α is the impact energy that might cause 50%

fatality with cshelter=0.5. β is the impact energy threshold

required to cause fatality as cshelter approaching zero [27]. In

this paper, we set α to 106 J and β to 100 J.

Pfatality =
1

1 +
√

α
β

(

β
Ek

)
1

4cshelter

(3)

In order to estimate the impact kinetic energy during aircraft

impact, we use the following basic equations:

Ek =
mv2

2
(4)

v2 − v2
0
= 2ax (5)

v = v0 + at (6)

a =
F

m
(7)

m is aircraft mass, v is the velocity of the aircraft at the time

of impact, and a is aircraft acceleration. The gravity on the

aircraft can be expressed as:



Fgravity = mg (8)

The resistance of the aircraft is calculated by the following

equation, where CD is the drag coefficient, and A is the

windward area of the aircraft:

Fresistance =
ρv2CDA

2
(9)

2) Risk assessment of flight plan to the ground: After

extracting the flight performance information and weather data

of the aircraft, the next step is to evaluate the risk of the flight

plan to the ground property. In [23], Harbo et al. consider 4

different types of uncontrolled descent of an aircraft: ballistic

descent, uncontrolled glide, parachute descent and flyaway.

According to the falling characteristics of fixed wing aircraft

and rotorcraft, the first two types of descent have been applied

in this paper. The latter two models are beyond the scope of

this paper.

For the risk assessment of rotorcraft to the ground, we

consider the loss of power of rotorcraft during mission flight.

For the falling process of the rotorcraft in this situation, it

can be regarded as a ballistic descent. Ballistic descent is a

situation where the aircraft has lost most of its lift. The aircraft

will then enter a (or close to) ballistic descent governed solely

by the aerodynamics of the aircraft.

For the risk assessment of fixed wing aircraft to the ground,

we consider the case that the aircraft loses power and all

control surfaces basically maintain the midpoint position. In

this case, the falling process of fixed wing aircraft can be

regarded as uncontrolled gliding. The aircraft will enter a

descent path governed by the glide ratio.

a) Analysis of the descent of rotorcraft: Before the risk

assessment of the flight plan to the ground, it is necessary

to conduct dynamic modeling of the aircraft and analyze

its descent process. This includes the analysis of the falling

process of the aircraft, evaluating the horizontal distance of

the aircraft from failure to crash, as well as the kinetic energy

when it collides with the ground. During the descent of the

rotorcraft, the force on it can be expressed by the following

equation.

F⃗ = F⃗gravity + F⃗thrust + F⃗resistance (10)

According to Eq (9), CD is the drag coefficient, and A is the

projected area above the aircraft. Then the vertical acceleration

ay of aircraft is:

ay =
mg − Fresistance

m
= g −

ρv2yCDA

2m
(11)

According to Eq (6), the vertical velocity when hitting the

ground vyhit from specified height H is:

vyhit =

∫ t

0

g −
ρv2yCDA

2m
dt =

√

2mg

ρCDA

(

1− e−
ρCDAH

m

)

(12)

Since the forward wind resistance area of the rotorcraft is

small, the horizontal forward resistance is ignored. And the

cruising speed of the aircraft is vcruise approximately equal

to the horizontal velocity vxhit. The impact kinetic energy Ek

of the rotorcraft on the ground is:

Ek =
mv2xhit

2
+
mv2yhit

2
=

mv2cruise
2

+
m2g

ρCDA

(

1− e−
ρCDAH

m

)

(13)

The time it takes for the aircraft to fall from height h to the

ground is tfall, The relationship between fall time tfall and

flying height h is shown in the following equation:

tfall =

√

2m

ρCDAg
cosh−1

(

e
ρCDAH

2m

)

(14)

Then for the rotorcraft, the horizontal threatening distance

Lthreat when the fault occurs is:

Lthreat = vx · tfall = vcruise

√

2m

ρCDAg
cosh−1

(

e
ρCDAH

2m

)

(15)

Finally, we consider the impact of wind during falling.

The deviation distance Wdistance of the rotorcraft falling

area caused by the wind can be expressed by the following

equation, and the deflection direction is opposite to the real-

time wind direction.

Wdistance =
axt

2

fall

2
=

v2windAhorizontal

2Ag
·
[

cosh−1

(

e
ρCDAH

2m

)]2

(16)

b) Analysis of the descent of fixed wing aircraft: During

the descent of the fixed wing aircraft, the force on it can be

expressed by the following equation.

F⃗ = F⃗lift + F⃗gravity + F⃗thrust + F⃗resistance (17)

The lift of aircraft can be expressed as the following equation,

where Cy is the lift coefficient, ρ is the air density, S is the

wing area.

Flift =
Cyρv

2S

2
(18)

As mentioned above, the descent of fixed wing aircraft can be

regarded as a glider, and the lift-to-drag ratio is equal to the

glide ratio. In the following equation, Slift is the lift-to-drag

ratio, K is the glide ratio, Lthreat is the dangerous range of

fixed wing aircraft failure, and H is the flight altitude.

Slift = K =
Flift

Fresistance
=

Lthreat

H
(19)

Fixed wing aircraft failure hazard range Lthreat can be ex-

pressed as:

Lthreat = HK =
HFlift

Fresistance
(20)



Lthreat = H ·
Cyρv

2S

2
·

2

ρv2CDA
=

HCyS

CDA
(21)

According to [23], ignoring the complex force and speed

changes when gliding without power, and simplifying the

process to a uniform falling motion, the horizontal speed is

defined as the gliding speed vglide and remains unchanged.

The relationship between the horizontal velocity vxhit and the

vertical velocity vyhit at the time of impact is:

vyhit
vxhit

=
H

Lthreat
=

CDA

CyS
(22)

The impact kinetic energy Ek of fixed wing aircraft on the

ground is:

Ek =
mv2glide

2
·

[

1 +

(

CDA

CyS

)2
]

(23)

The fixed wing aircraft descent time tfall can be calculated

by the following equation:

tfall =
Lthreat

vglide
=

HCyS

CDAvglide
(24)

Finally, we consider the impact of wind during falling. The

deviation distance Wdistance of the fixed wing aircraft falling

area caused by the wind can be expressed by the following

equation, and the deflection direction is opposite to the real-

time wind direction.

Wdistance =
axt

2

fall

2
=

ρv2windAhorizontalH
2C2

yS
2

4mCDA2v2glide
(25)

c) Definition of ground risk area of flight plan: Accord-

ing to the definition of flight plan, flight plan is composed

of waypoints and straight-line segments connected between

waypoints. The risk assessment of flight plan can be defined

as the assessment of route segments between each waypoint.

Before conducting risk assessment, it is necessary to determine

the specific areas where the flight plan may affect the ground.

Fig. 3. Impact area of flight plan on the ground.

Figure 3 is a top view of the impact area of the flight plan

on the ground. The yellow mark in the figure represents two

waypoints in the flight plan, and the blue line segment is the

route connecting the two waypoints. The direction of the red

arrow is the current wind direction, and the green area is the

area on the ground that may be affected by the flight plan.

The horizontal offset of the affected area from the flight plan

is deviation distance Wdistance mentioned above. The length

of the affected rectangular area is the length of the straight

line segment connecting the two waypoints, and the width is

2Lthreat.

d) Ground risk assessment of flight plan: After evaluat-

ing the risk area distribution of the flight plan on the ground,

we take the straight-line segment connecting waypoints as

the evaluation unit to evaluate the ground risk of the whole

flight plan. The risks on the ground are divided into two

categories: ground vehicles and pedestrians. In order to more

accurately assess the risk of UAM to pedestrians on the

ground, We have divided the ground areas of the city according

to their functions. Multidimensional Open Data of Urban

Morphology (MODUM) method is used to classify the study

area. The aircraft mission area is divided into the following

types according to different functions: Suburban Landscapes,

Railway Buzz, The Old Town, Victorian Terraces, Waterside

Settings, Countryside Sceneries, High Street and Promenades

and Central Business District.

As mentioned above, risk is defined by Eq. (2). It consists

of failure probability Pcrash, impact probability Pimpact, and

fatality rate Pfatality . Failure probability Pcrash is expressed

in flight hours and be set to 1/105 for the commercial aviation,

1/104 for HPV, and 1/103 for SPV.

Impact probability Pimpact is linearly correlated with the

number of vehicles or pedestrians affected by the crash of the

aircraft. In order to estimate the number of affected ground

vehicles and pedestrians, it is necessary to estimate the density

of vehicles / pedestrians in the falling area and the size of the

area affected by the aircraft falling on the ground.

For the density of road vehicles, the real-time traffic in-

formation of the road can be obtained through the existing

guidance software, such as Google maps. As described in [28]

and [29], government population data is aggregated for the

protection of privacy. In order to obtain more accurate pop-

ulation distribution data, dasymetric mapping was proposed

[30], [31]. This method uses auxiliary data to improve the

resolution of population density distribution. Based on this

method, the multi-class dasymmetric mapping method is de-

veloped. The area is partitioned into several residential classes

(e.g., low density, medium density, high density) associated

with different population densities [32]. Inspired by multi-

class dasymmetric mapping method, combined with the above-

mentioned MODUM region division method and considered

the difference of population density in different functional

areas [33], we propose a method to evaluate the distribution

of population density by using functional areas as auxiliary

data.

As shown in Table I, based on the regional average pop-

ulation density data given by the government, we give the

population density weight to each different functional part

of the region. Refer to [32] for specific weight value. After

obtaining the average population density of the study area and

the population distribution weight of each part in the area, the

population density ρpeople of each part can be obtained.



TABLE I
THE DISTRIBUTION OF POPULATION DENSITY WEIGHTS

Area type weight

None 0

High Street and Promenades 0.05

Railway Buzz 0.05

Waterside Settings 0.05

Countryside Sceneries 0.075

Suburban Landscapes 0.075

The Old Town 0.2

Victorian Terraces 0.2

Central Business District 0.3

For the size of the affected area, Figure 4 and Figure 5

shows the risk areas of the flight plan on the ground roads

and functional areas respectively. The affected area is the risk

area of the flight plan on the ground and the overlapping part

of the road area / functional area divided based on MODUM.

Fig. 4. Schematic diagram of affected areas of roads.

Fig. 5. Schematic diagram of the affected area of divided area.

The final impact probability Pimpact is shown in Eq. (26).

It is a linear function to the number of affected cars or

pedestrians. In the equation, Clinear is linear coefficient,

ρcar/people is the density of vehicles or pedestrians in the

affected area, and Aaffected is the the size of the affected

area.

Pimpact = Clinear · ρcar/people ·Aaffected (26)

The fatality rate Pfatality is related to two main factors:

shelter factor cshelter and impact kinetic energy Ek. The

shelter factor defines the shelter level when the aircraft col-

lides with ground property. Referring to [27], the fatality

rate Pfatality in this paper is described by Eq. (3) where

α is the impact energy that might cause 50% fatality with

cshelter=0.50, which is set to 106 J. β is the impact energy

threshold required to cause fatality as cshelter approaching

zero, which is set to 100 J.

When estimating the impact of an aircraft fall on pedestrians

on the ground, it is necessary to consider the sheltering effect

of buildings and trees on the impact. The shelter factor defines

the shelter level of the map. The shelter factor is a positive

number used to quantify the shelter level of people in the area.

The value of the shelter factor cshelter is shown in the Table

II which varies with zone type.

TABLE II
THE VALUE OF THE SHELTER FACTOR cshelter

Shelter type cshelter
None 1

High Street and Promenades 0.8

Railway Buzz 0.75

Waterside Settings 0.7

Ground vehicles 0.5

Countryside Sceneries 0.5

Suburban Landscapes 0.45

The Old Town 0.35

Victorian Terraces 0.3

Central Business District 0.25

After determining the shelter factor, next step is to esti-

mate the impact kinetic energy during aircraft collision. As

mentioned above, the value of the absolute velocity v⃗xhit of

rotorcraft hitting the ground is vcruise, of fixed wing aircraft

hitting the ground is vglide, and the direction is the heading of

the flight plan segment. The velocity of the aircraft impacting

the ground can be expressed by Eq. (27) and the impact kinetic

energy of aircraft on ground vehicles or pedestrians is shown in

Eq. (28). In the following equations, v⃗hit is the velocity vector

of the aircraft impacting the ground vehicle or pedestrian. v⃗car
is the vehicle speed vector on the ground road. The direction

of the vector is the traffic flow direction of the ground road,

and the value of the vector is the speed limit of the ground

road.

v⃗hit =

{

v⃗xhit − v⃗car + v⃗yhit (car)

v⃗xhit + v⃗yhit (pedestrian)
(27)

Ek =
m |v⃗hit|

2

2
(28)

According to the shelter factor cshelter and impact kinetic

energy Ek, the fatality rate Pfatality can be obtained by

Eq. (3). Now we have failure probability Pcrash, impact

probability Pimpact, and fatality rate Pfatality , Eq. (2) can

be used to calculate the risk value of the flight plan to the

ground.

3) Risk assessment of flight plan to the air: When the

UAM participants operate together in urban airspace, the risk

assessment between them is very important.

In this paper, we divide UAM participants into two parts,

traditional manned aircraft operating at high altitude and urban

air traffic vehicles operating at low altitude, such as logistics

UAS or air taxis. Because the air traffic management system

of traditional manned aircraft has been fully developed, the

risk assessment between traditional manned aircraft is not the

focus of this paper. In this paper, our research focuses on the

risks of the flight plan of low altitude urban air traffic aircraft



to the traditional high altitude manned aircraft and risks to

other low-altitude air traffic participants in the event of an

emergency.

a) Risk of flight plan to traditional manned aircraft:

The risk issues of the flight plan of low altitude urban air

traffic aircraft and traditional manned aircraft operating at high

altitude are crucial to the UTM-ATM integration [34]. For civil

manned aircraft, the cruising altitude is usually 6000 to 12600

meters. However, the operating altitude of ordinary urban air

traffic aircraft is far lower than this altitude. Therefore, we

only consider the risks to the flight plan during the takeoff

and landing phase of a traditional manned aircraft. For aircraft

air risk assessment, we continue to use the definition of risk

in Eq. (2). Failure probability Pcrash between manned aircraft

and unmanned aircraft is set to 1/103 flight hours.

Referring to [25], impact probability Pimpact is linearly

correlated with the number of collisions Naircraft between

manned aircraft and unmanned aircraft per flight hour. It can

be calculated by Eq. (29).

Pimpact = Clinear ·Naircraft (29)

To ensure public airspace safety, DJI sets GEO Zones

around airports to regulate UAV flights. Referring to the zone

division by DJI, the airspace division of the airport area in

this paper is shown in the 6.

Fig. 6. Schematic diagram of the airspace division.

As shown in the above figure, the airspace near the airport

is divided into the following parts: Runway restricted zone,

Altitude zone, Enhanced warning zone, Warning zone. The

Runway restricted zone covers airport runways in a cube shape

which height is 50m. The Altitude Zone is an area of restricted

flight altitude. Each of these zones consists of two parts. Part

one is a 60-meter height-restricted area, which length is equal

to the length of the runway. It extends outward from the four

corners of a Runway restricted zone at an angle of 9°. Part two

is a 150-meter height-restricted area, which length is equal to

the length of the runway, and from the corners of part one at

an angle of 15°. An Enhanced warning zone is a circular area

that extends outwards from the Runway restricted zone and a

Warning zone is an extension of the Enhanced warning zone.

The number of collisions Naircraft between manned aircraft

and unmanned aircraft per flight hour can be calculated by Eq.

(30). In the air risk assessment of a flight plan, the risk area

of the flight plan can be defined as a rectangular area with the

flight plan line segment as the axisymmetric center, the length

as the length of the flight plan line segment, and the width as

the maximum width of the aircraft. In the equation, ρaircraft
represents the density of manned aircraft at the overlap of

the vertical projection of the risk area on the ground and

the projection of the airport area on the ground. Aaffected

represents the overlapping area of the vertical projection of

the flight plan risk area and the airport area on the ground.

Naircraft = ρaircraft ·Aaffected (30)

It should be noted that the height range of areas Warning

zone and Enhanced warning zone is 150m, that of area

Runway restricted zone is 50m, that of area close to area

Runway restricted zone is 60m, and that of outside Altitude

Zone is 150m. Only when the average altitude of the flight

plan segment is within the altitude range of the above airport

areas, the intersection of the flight plan risk area and the airport

area will be considered.

Finally, it is necessary to evaluate the air impact kinetic

energy and estimate fatality rate Pfatality . Eq. (31) is the

assessment of kinetic energy for air impact. vcruise refers to

the cruise speed of aircraft flying according to the flight plan,

and vair refers to the takeoff/landing speed of manned aircraft

at the airport. Fatality rate Pfatality can be calculated by Eq.

(3) where the shelter factor is set as 0.5. Eq. (2) can be used to

calculate the risk value of the flight plan to traditional manned

aircraft.

Ek =
m(vcruise + vair)

2

2
(31)

b) Flight plan risks to other urban air traffic participants

experiencing emergencies: The Federal Aviation Administra-

tion (FAA) maintains the safety and efficiency of National

Airspace System. As with cars on the road, there are rules

that cover aircraft in the sky to ensure safety. In special

circumstances, the FAA may temporarily restrict access to

certain designated areas of our airspace, much in the same

way a city or state may block off access to a street when

necessary. These airspace restrictions are called Temporary

Flight Restriction (TFR).

Referring to the above concept, when other UAM par-

ticipants encounter an emergency situation during mission

execution, the U-space service provider (USSP) responsible

for the airspace will delineate TFR areas in the vicinity of

UAM participants experiencing emergencies. Considering that

the aircraft cannot continue to fly according to the original

plan after an emergency, and the flight direction is uncertain,

the vertical projection on the ground of the aircraft location

at the time of failure is taken as the center of the circle,

and the possible threat distance is taken as the radius, and

a geographical fence extending upward to an infinite height is

set, i.e., a temporary flight restricted area.

NASA has developed a detect and avoid (DAA) concept

for UAS to avoid collision risk during simultaneous operation

[35]. DAA concept includes a mathematical definition of well

clear to characterize a well-clear boundary and a suite of

algorithms that provide situational awareness of this well-clear

boundary to UAS operators [36].

Inspired by the well-clear boundary concept, this paper

relates the flight plan risk to other urban air traffic participants



experiencing emergencies to the overlapping area of the TFR

and the flight plan risk area.

In this case, failure probability Pcrash is set to 1/103

flight hours,impact probability Pimpact can be calculated by

Eq. (32), where Soverlapping is the overlapping area of the

projection on the ground of the temporary flight restriction

area and the flight plan risk area.

The velocity for calculating the impact kinetic energy Ek

can be calculated by the cruise speed vcruise of the vehicle

executing the flight plan, and Pfatality can be calculated by

Eq. (3) where the shelter factor is set as 0.5. Eq. (2) can be

used to calculate the risk value of the flight plan to other urban

air traffic participants.

Pimpact = Clinear · Soverlapping (32)

D. Flight plan low risk optimization

Based on the original flight plan, some modifications to the

original flight plan should be made according to the identified

high-risk locations. The optimization principle of flight plan

is shown in Figure 7.

Fig. 7. Flight plan optimization principle.

In the above figure, the blue line segment represents the

initial flight plan, the red line segment represents the line

segment that exceeds the risk threshold, the yellow dotted

line represents the auxiliary line for finding the centre of the

obstacle circle. The yellow circle represents the obstacle circle,

the diameter is determined by the risk value. The green line

segment is the new path after re-passing the path planning.

The flight plan optimization process is as follows: step 1 is

the risk assessment on the existing flight plan (straight lines

between waypoints). In the step 2, the superimposed weight

of the risk value is used as the diameter of the obstacle circle,

and the centre of the circle is the midpoint of the high-risk line

segment, or the midpoint of the line connecting the endpoints

of several consecutive high-risk line segments. In the step 3,

the route segment exceeding the risk threshold is deleted, and

the obstacle circle is added to the map. This information is

combined with the path planning algorithm to generate a new

route segment between the breakpoints of the deleted route

segment, and return to step 1 for risk reassessment. If there

is any part exceeding the risk threshold, continue to stack the

corresponding obstacle circle.

IV. CASE STUDY

In this section, we simulate a mission scenario where a

courier multi-rotor drone takes off from Cranfield University

Airport to deliver packages to the VTOL airport at the train

station in the city centre of Milton Keynes. The study areais

selected as the town Milton Keynes near Cranfield Univer-

sity.The aircraft type is selected as rotorcraft for package

delivery. The aircraft type is selected as rotorcraft for package

delivery. The specific parameters of the aircraft are shown in

table III.

TABLE III
AIRCRAFT PERFORMANCE PARAMETERS

Aircraft mass m 1.4 kg
Cruising speed vcruise 6.5 m/s

Cruising altitude H 50 m
Vertical windward area A 0.02 m2

Horizontal windward area Ahorizontal 0.15 m2

Drag coefficient CD 0.45

Through the above evaluation model, the risk of the example

flight plan is evaluated.The following pictures show the risk

assessment of the flight plan on different objects. The color

of the flight plan segment represents the risk value of the

segment. The rainbow bar in the pictures represent the risk

value of the flight plan line segment. The risk value changes

from high to low from red to green. The risk assessment of

flight plan to ground traffic is shown in Figure 8. It can be

seen from the figure that when the route crosses the road and

the road vehicles travel at a high speed, the route segment risk

value of the flight plan is high.

Fig. 8. Risk of flight plan to the ground traffic.

The risk assessment of the flight plan to ground pedestrians

is shown in Figure 9, and the ground area is divided by using

the method of MODUM. When the flight plan crosses different

population density areas, the larger the overlap area between

the risk area of the flight plan on the ground and the ground

functional area, the higher the population density of the ground

functional area, the higher the risk value of the flight plan

segment.

Fig. 9. Risk of flight plan to the ground pedestrians.



The risk assessment of the flight plan to the ground is shown

in Figure 10. As shown in the figure, the closer to the densely

populated area in the city center, or the flight plan segment

across the expressway, the higher the corresponding risk value.

Fig. 10. Risk of flight plan to the ground.

The risk assessment of flight plan on other UAM partici-

pants in the air is shown in Figure 11. The upper right corner of

the figure shows the airspace division of Cranfield airport. The

red area is runway restricted zone, the blue area is enhanced

warning zone, the yellow area is warning zone, the blue and

gray areas are altitude zone.

The red UAM in Figure 11 has suffered an emergency. For

the safety of other traffic participants in the airspace, based

on the zoning method described above, a circular TFR region

is generated considering the uncertainty of the flight direction

in case of a aircraft emergency, as shown in the red circular

area in the figure.

Fig. 11. Risk of flight plan to the air.

Combined with the results of the above risk assessment, the

comprehensive risk assessment of the flight plan is shown in

Figure 12.

Fig. 12. Comprehensive risk assessment of the flight plan.

After obtaining the risk assessment results of the flight plan,

carry out low-risk optimization of the flight plan. As shown

in the Figure 13, the flight plan segments near the end of the

flight plan exceeds the risk threshold. The yellow circle is the

obstacle circle, which takes the midpoint of the yellow dotted

line connecting the end point and the waypoint 20 as the center

of the circle, and the radius is obtained by superimposing the

weight of the risk value. After the obstacle circle is obtained,

the path planning algorithm is used to re route in the problem

area, and the optimized route segments are shown in the green

line in the figure.

As can be seen from Figure 13, the obstacle circle covers the

most densely populated functional area in the city center (pur-

ple functional area in Figure 12). Through the path planning

algorithm, the new green leg bypasses the high-risk area. After

low-risk cycle optimization, the risk values of all segments on

the flight segment are controlled within the threshold, thus

ensuring the safety of the mission.

Fig. 13. Flight plan optimization.

V. CONCLUSIONS AND FURTHER RESEARCH

In the field of UAM risk assessment, this paper innovatively

proposes a comprehensive risk assessment framework, which

quantitatively assesses the ground and air risks of the exist-

ing flight plan. We combine risk assessment and flight plan

preparation. Quantitative risk assessment result provides a key

basis for optimizing the flight plan. After the comprehensive

risk assessment of the flight plan, optimization suggestions are

put forward according to the assessment results to guide the

path planning algorithm to optimize the flight plan at low risk.

Through the processing of the risk assessment framework, the

possible risk in flight can be mitigated during the pre-flight

phase, and thus the operation safety of flight can be improved.

In this study, for the flight plan air risk assessment, the flight

plan risk to other UAM participants was considered only in

the case of UAM encountering an emergency situation where a

TFR was generated. For the case of UAM operating normally

in the airspace, collision risk assessment between them is an

area that will be addressed in future research.
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