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Abstract—The increasing use of Uncrewed Aircraft Vehicles
(UAV) over populated areas creates the need for path planning
methods that reduce both the ground and air risk caused by
these operations. Risk calculation is especially challenging for
the use of convertiplanes, which combine the ability to take-off
and land vertically with the ability of fast wingborne flight due to
their possibility to significantly vary speed during flight. As flight
speed is a key factor to risk, both geospatial information and UAV
parameters need to be incorporated into the planning process.
For risk-aware flight path planning in large areas we employ the
Probabilistic Roadmap (PRM) algorithm. This paper describes
the graph generation process of a PRM algorithm that considers
both ground and air risk based on the Specific Operations Risk
Assessment (SORA) 2.5 approach taking into account varying
flight speeds. The graph generation consists of the sampling
and connection phases. During the connection phase the flight
dynamic limitations of the UAV are taken into account. Finally,
the presented process is demonstrated for Aachen.

Index Terms—convertiplane, graph, operational risk, SORA,
UAV

I. INTRODUCTION

The use of Uncrewed Aerial Vehicles over longer distances,

e.g. to transport urgent medical goods, is investigated in

the Interreg project EDEN-Medical [1]. For these operations

convertiplanes are well-suited as they combine the possibility

of taking off and landing vertically (VTOL capability) with the

capability to fly efficiently at high speeds over long distances,

which increases their operational range significantly. Everyday

applications require an efficient way to plan flight paths in

often densely populates areas. Here, operational risk must be

taken into account.

As summarized by Du et al. in [2] several approaches for

risk aware flight planning exist. Due to the large areas covered

in operations Beyond Visual Line Of Sight (BVLOS), exist-

ing approaches rely on sampling-based approaches such as

rapidly-exploring random tree (RRT) or Probabilistic Roadmap

(PRM) [3], [4]. However, air risk is typically neglected as

the probability of conflicts with the current air traffic is

considered to be low [5]. When quantifying the operational

risk, assessment is often limited to one single speed and a
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single aircraft configuration (e.g. in [3]). This approach has to

be expanded for convertiplanes, as they can operate in a large

speed range from hover flight to fast cruise flight.

Speed substantially affects both air and ground risk in

the safety assessment required to achieve a operating permit

within the European Union (EU). This process is laid out in

Implementing Regulation (EU) 2019/947 [6] and is described

in more detail in the EASY Access Rules [7].

PRM based path planning requires a graph. This paper

presents a framework to build a risk-aware graph for conver-

tiplanes, using the Probabilistic Roadmap (PRM) approach.

It will be assumed that, except for obstacles, the UAV is

allowed to move freely in the given area. The objective of

the graph is to make it possible to plan a path that minimizes

the operational risk of the flight operation between two points

in the flight area.

The remainder of this paper is structured into four chapters.

In the following chapter, existing methods will be examined.

Chapter III will present the new approach of this paper:

creating risk-aware graphs for convertiplanes at different flight

speeds. Chapter IV will present and discuss the results of

applying this approach to Aachen for different PRM variants.

Finally, the results will be summarized in chapter V.

II. METHODICAL BACKGROUND

The first part of this chapter describes the used risk as-

sessment model while the second part presents different PRM

algorithms.

A. Risk Assessment Model

This paper uses the risk model introduced by the Joint

Authorities for Rulemaking on Unmanned Systems (JARUS)

in the SORA Framework. Here, the ground risk class (GRC)

and the air risk class (ARC) are combined to determine the

overall risk indicator called Specific Assurance and Integrity

Level (SAIL). The combination of GRC and ARC is done

via the SAIL determination table found in [7]. Optional

mitigations and further steps after the risk combination will

not be performed in the context of this paper.

GRC is based on the population density, ARC is determined

by the airspace category. Additionally, both depend on the

volume in which the UAV is operated. To determine the

GRC and the ARC the affected volumes are calculated. The

affected volume is divided into the Flight Geography (FG),
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Fig. 1: Operational Volume according to [7]

the Contingency Volume (CV) and the Ground Risk Buffer

(GRB). A graphical representation is given in Figure 1.

The size of the volumes is strongly influenced by the

speed and type of UAV being used, as different calculations

have to be applied depending on the UAV configuration.

This is particularly noteworthy for convertiplanes as they can

transition between configurations mid-flight. The guidelines

for those calculations are laid out in Annex A of SORA 2.5

[8]. For determining the GRB this paper will consider both the

ballistic approach and the 1:1 rule. The ballistic approach is

applied when the convertiplane is in multirotor mode while the

1:1 rule is used when in fixed wing-flight. The size of the GRB

differs significantly based on the used approach. Computing

the CV is based on SORA guidelines with adaptions for the

reference aircraft as detailed in [9].

B. PRM-Based Planning Algorithms

This paper uses the PRM approach, which was first pre-

sented in [10] and can be split into three phases, namely

sampling phase, connection phase, and query phase. In the

sampling phase, the area to be considered (configuration space)

is randomly sampled. All collision free samples become nodes

of the graph. Thereafter, neighbouring nodes get connected.

Variations of PRM such as k-PRM* and PRM* mainly differ

in their implementation of this connection phase[11].

The k-PRM* algorithm, proposed by Karaman and Frazzoli

[11], is a variation of the k-nearest neighbour PRM algorithm,

which connects the k-nearest neighbours to a node. Whereas

the number of neighbours is fixed independent of the number

of nodes for the k-nearest PRM algorithm, the k-PRM*

algorithm determines this number based on the overall number

of nodes and the dimension of the sampled space.

Unlike the k-PRM* algorithm that doesn’t take into account

the distance of the neighbours from the node, the PRM*

algorithm determines a uniform connection radius based on

the number of nodes and the dimension of the sampled space

[11]. The PRM* algorithm only connects each node only with

neighbours within the connection radius.

All connections identified during the connection phase that

do not collide with the terrain, the border of the area of

operation and obstacles are stored as a graph. In the following

query phase this graph can then be repeatedly used for any

number of path finding queries as long as the underlying data

remain unchanged. The implementation of the graph search

algorithm for the query phase is not part of this paper.

III. IMPLEMENTATION

This chapter is divided into three sections. The first sec-

tion describes the preprocessing necessary before the graph

creation. Section III-B will focus on the sampling approach

used. The connection phase is then explained in Section III-C.

The process of creating the graph from geospatial data is

outlined in figure 2. This paper will follow the SORA approach

of computing the risk based on population density and airspace

category. The necessary information will be extracted from

readily available open source data. On the right hand side

of the figure the type of data used can be seen, shown as

ellipses. On the left hand side the necessary steps to create

the graph are shown. Input and output objects are shown as

rectangles with rounded edges, while actions are symbolized

by hexagons. The process starts by randomly sampling the area

of operation, where samples within obstacles get discarded

right away. For each node, GRC and ARC are determined

based on the population density in the affected area and the

airspaces above the affected area, respectively. GRC and ARC

are combined to retrieve the corresponding SAIL. During

the following connection process only connections free from

collisions with obstacles and the terrain are saved as edges of

the graph. The SAIL determination process is performed for

each edge.

Area of operation

Nodes

Edges

Sampling

Connection Phase

Census Data

Land Use Information

Airspace Information

Obstacle Data

Surface and
 Elevation Model

SAIL Determination

ARC Determination

GRC Determination

Fig. 2: Graph creation process

A. Preprocessing

Different types of geospatial information need to be pro-

cessed to determine both the GRC and the ARC. The used

sources of geospatial data are summarized in table I. The

reliability of the risk assessment heavily depends on the quality

of the available data sources used to identify the population

density and the air space type.



TABLE I: Overview of used data sources

Name Description Source

OpenStreetMap (OSM) Open source data for streets,
buildings etc.

[12]

JRC-CENSUS population
grid 2021

Residential population counts
for Europe according to the
2021 census, resolution of
100 × 100 m² cells

[13]

NASADEM Global Digital
Elevation Model

Digital Elevation Model [14]

European Digital Elevation
Model (EU-DEM)

Digital Surface Model [15]

OpenAip Airspace Information (e.g.
TMZ, CTR, ED-R)

[16]

LUISA Base Map 2018 High-resolution land use/land
cover map

[17]

To improve the representation of the distribution of the

population, land use information is combined with census

data according to the guidelines provided by EASA in [18].

The resulting population density map has a resolution of

200 × 200 m².

The airspace information is filtered by the height of the

Contingency Volume, allowing only relevant airspaces to be

considered for ARC determination.

The width of the Flight Geography of each edge has to

be chosen such that a UAV remains inside during a turn to

the following edge element. This width is determined by the

cross-track deviation d during the turn from the line of sight

connecting the nodes of the edge, see figure 3. The cross-track

Fig. 3: Cross-track deviation from line of sight

deviation can be calculated with equation 1 where Rmin is the

minimal turning radius of the aircraft and ∆χ is the enclosed

angle as shown in figure 3.

d = Rmin ·

[

1− cos

(

∆χ

2

)]

(1)

The minium turning radius Rmin of the UAV is calculated

using equation 2 where g is the gravitational acceleration,

V the flight speed and Φ the bank angle. Using Φ = Φmax

gives the minium turning radius. This equation is used both

for multirotor and fixed-wing configuration as a conservative

estimate.

Rmin =
V 2

g · tan(Φmax)
(2)

As the risk needs to be calculated before the next edge is

known, ∆χ is also unknown in the connection phase. With

bigger ∆χ, d becomes large. To prevent d from becoming too

large, ∆χ is limited to π

2
. Also, since the direction of the turn

is not known a-priori the cross-track deviation is applied to

both sides of the edge to account for both left and right hand

turns. To account for possible errors during flight the minimum

size of the Flight Geography as specified in SORA 2.5 Annex

A [8], 3 ·CD, is added. The characteristic dimension (CD) of

the UAV is the largest straight line distance within the UAV’s

geometry, e.g. its wingspan. The resulting width of the Flight

Geography is hence calculated as

SFG = 3 · CD + 2 ·Rmin ·

[

1− cos
(π

4

)]

, (3)

assuming that during query phase no single change of direction

∆χ is ever larger than π

2
.

B. Sampling the Flight Area

To create an accurate representation of the flight area the

Halton sequence is used as it strikes a good balance between

a uniform and random distribution without leading to sample

clusters [19]. The sample density is determined by calculating

the area covered by a node using the determined buffer sizes

for the lowest flight speed. This sample density is then used

to calculate the required number of nodes to cover the area of

operation.

As narrow passages often don’t get sampled, additional

nodes are explicitly placed in the middle of narrow passages.

Narrow passages are defined as having a width of less than five

percent of the width or length of the bounding box containing

the area of operation. This value needs to be tailored to the

investigated area of operation. In each detected narrow passage

a single additional node is placed.

Each node is then initialized with the sizes of FG, CV and

GRB for the discrete speed values chosen from the UAVs flight

envelope and the given height. For each speed, the equations

determining the affected volumes (FG & CV) and the GRB

are chosen based on the corresponding flight configuration

(e.g. multirotor). This later on allows the path planner to take

advantage of alleys within the flight area that can only be

traversed when operating the UAV in a certain configuration

and at a certain speed.

Finally, population density and air space information are

analyzed for the determined GRB and CV to determine GRC

and ARC, respectively, which are then combined to determine

the corresponding SAIL.

C. Connection Phase

Following the attribution of the nodes, the connection phase

takes place. For every straight line between two neighbouring

nodes a collision check is performed for the Flight Geography.

This includes collisions with obstacles, the boundaries of the

area of operation as well as collisions with the digital surface



model. In addition, it is checked whether the climb rate of the

UAV is sufficient to surmount the altitude difference between

the nodes, as each node lies at the same height above ground

level (AGL). In the context of this paper it is assumed that the

digital surface model is accurate enough to ensure avoiding

collisions with buildings. To represent different obstacles the

position of wind energy turbines and large cell towers are

extracted from OpenAIP [16] and buffered with a circle with

a radius of 100 m.

After performing both the collision and climb checks, the

operational risk for each edge must be determined. To account

for the necessary overlap between consecutive edges, semi-

circles are added to both ends of the rectangular edge. This

results in the shape shown in the middle of figure 4. As the risk

increases with flight speed, flying below the edge’s maximum

allowed flight speed never exceeds the calculated risk. It is as-

sumed that the maximum speed changes are completed within

the area (circle) surrounding each node. Since these areas

overlap when edges are connected, it is ensured that during

a speed change, the UAV remains within the area considered

during the operational risk assessment corresponding to the

correct speed. After calculating the operational areas of the

edge for different speeds, the respective associated SAIL are

determined. Therefore each geometrical edge leads to multiple

edge weights for different speeds.

A possible resulting flight path created by the combination

of multiple edges is shown in figure 4. The deviation from

the line of sight between nodes arises from the flight dynamic

constraints, as UAVs cannot follow arbitrary flight paths and

must adhere to speed-dependent curve radii. Due to the chosen

width of the FG, see equation 3, flight paths stay within the

FG.

Fig. 4: Operational areas represented by graph elements

IV. RESULTS AND DISCUSSION

Following, we demonstrate the presented framework by

generating a graph for operating a UAV in Aachen. For this

paper, the tilt-wing UAV TW-Neo is used as convertiplane, see

figure 5. A tilt-wing UAV is VTOL capable by tilting its wings

upward for takeoff and landing as well as hovering, thereby

resembling a multicopter. For cruise flight, the wings are tilted

forward such that the UAV acts like a fixed-wing aircraft.

Fig. 5: Tilt-wing UAV: TW-Neo in multirotor mode

The dimensions and flight characteristics of the TW-Neo

required for the calculations of CV and GRB are summarized

in table II.

TABLE II: Dimensions and flight performance characteristics

of TW-NEO

Parameter Value

Span 1.85 m
Length 1.5 m
MTOM 8 kg
Max. flight time (fixed-wing flight) 60 min
Cruise speed 25 m/s
Transition speed range 18–21 m/s
Max. bank angle (Φmax) ±40

◦

The UAV is considered to behave like a multirotor system

below the start of the transition range, i.e. for V < 18m/s.

Therefore, the speed values for the risk calculation are set

to 15 and 25 m/s, respectively, to cover both multirotor and

fixed-wing mode.

The dimensions of Contingency Volume, Ground Risk

Buffer, and Flight Geography resulting for the two different

flight modes (multirotor (MR) and fixed-wing (FW)) are

summarized in table III.

TABLE III: Dimensions of operational volumes for TW-Neo

at different speeds

Config. V HFG HCV SCV SGRB SFG

MR 15.0 m/s 60.0 m 80.42 m 73.67 m 61.66 m 21.56 m
FW 25.0 m/s 60.0 m 83.93 m 104.93 m 84.85 m 50.03 m

The graph of Aachen was created with a total of 2760 nodes.

The number of base nodes was determined by calculating

the area per node using the buffer size for the lowest speed.

Applying this to one square kilometre results in a sample

density of about 15 samples per square kilometre. Based on

the area of Aachen this results in 2413 nodes needed to cover

Aachen. Some 347 nodes were automatically added to cover

narrow passages.

As mentioned before, taking into account multiple flight

speeds enables the flight planner to include slower sections

for short distances in order to find “shortcuts” through areas

which would be of higher risk if operated at 25 m/s.

The number of nodes and edges generated are summarized

in table IV. Comparing the k-PRM* approach with the PRM*



approach for the connection phase shows that the k-PRM*

creates more edges for the same number of nodes. In this

example, k-PRM* increases the amount of edges by 255.7%
compared to the number of edges created by PRM*.

The average computation times are also shown in table IV.

All computations were performed on a laptop with an In-

tel Core i7-1360P processor and 32 GB of RAM.

The corresponding graphs are shown in figure 6 along with

obstacles (pink circles), helipad and associated airspace (black

circles) and coloured edges showcasing the risk from SAIL I

(white) to SAIL VI (dark red). Figure 6a depicts the graph

created with the k-PRM* algorithm while figure 6b shows the

graph created with the PRM* algorithm. The graph generated

by k-PRM* contains significantly more edges than the one

generated by PRM*. This is due to k-PRM* determining k

before the connection phase, solely based on the total number

of nodes and regardless of the distance between them. The

different length of the edges can distort the risk representation,

as the weight for the edge is always the highest risk along the

edge. Therefore, a flight along an edge with 99% SAIL I and

1% SAIL V is considered riskier than a flight along an edge

with 100% SAIL IV. In the graph created with the PRM*

algorithm the length of the edges is limited by the connection

radius, leading to fewer edges.

In the top left corner of the area of operation all figures

show the effect of the narrow passage detection. In this area a

wind energy turbine farm is located, resulting in many narrow

passages between the wind turbines. The effect of the helipad

in the lower half of figure 6a as well as the high population

density to the right of the helipad can be seen in the SAIL

map, for they lead to edges categorized as SAIL VI. The effect

of the lower flight speed (15 m/s vs. 25 m/s) can be seen in

figure 6c. As expected, the number of edges with a lower SAIL

increases.

When weighing the two algorithms against each other,

one must consider whether the increased number of edges is

worth the increase in both computation time and graph size

or if dense node placement combined with narrow passage

detection and the PRM* algorithm will suffice. For Aachen,

using the calculated number of 2413 nodes combined with

the 347 added nodes for narrow passages results in a graph

that does not have any unconnected subgraph (n-US) for the

k-PRM* algorithm and one n-US for the PRM* algorithm.

However, for lower number of nodes this changes drastically.

The number of total nodes, resulting number of unconnected

subgraphs, and number of edges are also presented in table IV.

If the number of nodes gets too low the connection distance

TABLE IV: Comparison of used algorithms

Algorithm Total nodes Edges n-US Avg. comp. time

PRM* 2760 21180 1 70.476 s
PRM* 847 4522 81 26.46 s
k-PRM* 2760 75338 0 223.921 s
k-PRM* 847 16240 0 48.23 s

of the PRM* algorithm is no longer sufficient. The nodes are

then too far apart to be connected, resulting in a high number

(a) Graph with 2760 nodes and 75338 edges created
with the k-PRM* algorithm with k=11 and a flight
speed of 25 m/s

(b) Graph with 2760 nodes and 21180 edges cre-
ated with the PRM* algorithm with connection radius
r=412.64 m and a flight speed of 25 m/s

(c) Graph with 2760 nodes and 21180 edges cre-
ated with the PRM* algorithm with connection radius
r=412.64 m and a flight speed of 15 m/s

Fig. 6: Excerpt from the graphs of Aachen showing obstacles,

air spaces and the calculated risk (SAIL) for each edge

of unconnected subgraphs. In contrast, k-PRM* still manages

to connect all nodes without creating unconnected subgraphs,

despite the low number of samples. In addition to the challenge

of generating unconnected subgraphs, a low number of nodes

results in information loss as the theoretical coverage of the

node area diminishes compared to the actual area.

V. CONCLUSION

This paper presents a framework to generate a risk annotated

graph ready to be used for flight path planning of uncrewed

convertiplanes. For every edge of the graph the resulting risk

levels are determined for multiple flight speeds. This enables

the flight planner to trade speed for risk.



Graph generation is performed through a modified Prob-

abilistic Roadmap algorithm. To assess the operational risk,

the SORA process is applied to convertiplanes. This leads to

significantly different risk levels for different flight speeds.

Multiple open-source geospatial data sources are incorporated

in the creation process of the risk annotated graph. Addition-

ally, varying flight dynamic constraints are taken into account.

The result is a risk graph representation of the flight zone

for the operation of a convertiplane at different air speeds.

Saving SAIL information for different air speeds enables the

identification of so called “shortcuts” in high-risk areas that

would be avoided when considering only the cruise speed. The

SAIL information is created by determining the ground risk

class based on both population density and land use informa-

tion and the air risk class based on airspace information.

Finally, the process is applied using two different PRM

algorithm variants. When choosing between the k-PRM* and

PRM* algorithms, the downside of increasing computation

time to reduce the number of unconnected subgraphs by

increasing the number of edges needs to be considered. To

avoid creating unconnected subgraphs, it is suggested to place

additional nodes in narrow passages of the flight area, and to

choose a sufficient sample density based on the area per node

under consideration in the risk assessment process.

A. Future Work

In the future, the graph search algorithm of the query

phase for finding flight paths should be implemented. This

search algorithm should not only consider operational risk but

also energy consumption as frequent switching between flight

speeds negatively affects the range of the UAV. Therefore,

energy consumption of the UAV should be integrated into the

graph, and the path planning algorithm should be adapted to

consider multiple objectives.
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