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Highlights
What are the main findings?

e  The paper developed presents methods for a 2D UAV flight planning prototype that
enhances flight risk assessment by integrating geometric and semantic data.

e Integrating semantic information enhances representation of safety constraints and
risks of UAV environment.

What are the implications of the main findings?

e The methods developed for the prototype can serve as a technical framework for
supporting 2D UAV path planning.

e  The results lay a groundwork toward the development of a comprehensive 3D UAV
path planning for increasingly complex operational scenarios.

Abstract

Risk assessment of Unmanned Aerial Vehicle (UAV) path planning is a crucial step to-
wards ensuring a safe UAV operation. However, achieving a reasonable risk assessment
of UAV flight paths remains challenging because it involves multiple responsibilities and
processes that extend beyond a single agency or organization. Additionally, it must bal-
ance various complex factors and data from social, technical, political, and economic
sources. Most existing works on flight path planning evaluate flight risks at a global level
and generalized geometric representations of the UAV operating environment with re-
spect to the current applicable UAV regulations. However, geometric information alone
does not provide sufficient insight for comprehensive and safe path planning. Therefore,
there are other ideas and concepts for using semantic data to characterize objects, obsta-
cles and actions in the UAV environment. Incorporating semantic information into path
planning enables more meaningful scene descriptions and a better representation of rele-
vant constraints, obstacles within UAV environment that may influence the safety level
of UAV operation, and the relevant risk assessment process. In this paper, we propose the
development of methods and frameworks integrated into a flight planning prototype de-
signed to generate safe two-dimensional UAV routes within a local, fine-grained planning
context. The prototype incorporates safety considerations to enable a comprehensive as-
sessment of UAV operational risks. It leverages both geometric and semantic datasets to
characterize objects and obstacles within the UAV environment. These datasets are pro-
cessed and stored in a relational database to support structured access and long-term us-
ability. All concepts and experiments were implemented using datasets from a study area
in the city of Brunswick, Germany.
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1. Introduction
1.1. Problem Description

Assessing UAV operational risk is a critical step in ensuring safe flight path planning.
However, achieving a reasonable risk assessment remains challenging, as it involves mul-
tiple responsibilities and processes that span across different agencies and organizations.
Additionally, it should balance various complex factors and data from social, technical,
political and economic sources.

To reach an acceptable safety level, minimizing UAV risks to other airspace users as
well as to both people and property on the ground is requested [1-4]. UAV risk minimi-
zation requires a clear and acceptable assessment of potential risks in UAV operational
environment. For “risk minimization and assessment” to be effective, it is essential first to
define what a risk is and what is meant by risk assessment. In general, a risk is defined as
the probability and potential severity of an accident or loss resulting from exposure to
hazards, such as an injury to people or a damage to resources. Each identified risk can be
assessed (evaluated) in terms of its likelihood (probability) and its severity (conse-
quences), based on the degree of human or equipment exposure to the hazard [5].

In the context of UAV risk assessment, several approaches and frameworks have
been proposed and partially implemented: particularly those developed by the European
Union Aviation Safety Agency (EASA) such as the Specific Operations Risk Assessment
(SORA, Section 1.2). However, these existing methodologies primarily evaluate risk at a
global level, relying on generalized geometric representations of UAV environmental op-
eration. In this context, “global level” refers to mission-level assessment rather than tra-
jectory-level analysis, meaning that a risk is evaluated for the overall operation instead of
being computed along a detailed and location-specific flight path. Consequently, these
approaches may not explicitly distinguish, for example, between flying over an empty
field and flying over a crowded street at different segments of the flight route.

Furthermore, a purely geometric and generalized representation of UAV environ-
mental obstacles may be insufficient for a comprehensive risk assessment. Ideally, obsta-
cles should also be described in semantic terms through context-aware information. In-
corporating semantic data shifts a risk assessment from a purely geometric question
(“where are the obstacles?”) to a contextual one (“what is present in the environment, who
is exposed, and what are the potential consequences of a risk event?”). This enables a more
realistic and, in many cases, time-dependent estimation of operational risks.

To address this gap, we propose the development of methods that can be integrated
into a Flight Planning Prototype (FPP) to support the generation of safe UAV flight paths
in operational environments. The prototype serves as a heuristic risk assessment tool, in-
corporating a framework specifically designed to meet the operational requirements and
regulatory expectations governing UAV operations within the open category (Section 1.2).
In contrast to existing approaches such as SORA, the FPP focuses on a local, fine-grained
planning and risk classification by leveraging mission-specific parameters and context-
dependent environmental factors. It evaluates how a risk level can change along a trajec-
tory and enables a more targeted, accurate, and operationally relevant assessment of mis-
sion risks.

The methods employed within the FPP and its associated risk assessment component
consider the availability and quality of UAV-relevant environmental data, including both
geometric and semantic information. At the current stage of this study, the focus is on the
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implementation of two-dimensional geometric datasets (i.e., GIS-based layers) and their
integration with corresponding semantic attributes describing static characteristics of ge-
ographic objects, such as building functions (e.g., residential, hospital, or school). The use
of two-dimensional GIS-based datasets is actually a deliberate choice driven by method-
ological, computational and data-availability considerations. First, 2D representations
provide a computationally efficient and well-established abstraction of the operational en-
vironment, enabling a rapid prototyping of a core risk assessment and path evaluation
functions. Since the primary objective of this work phase is to proof the feasibility of inte-
grating geometric and semantic risk components within a unified framework, 2D data
offers a sufficiently expressive yet simplified model for algorithm development and test-
ing. In addition, 2D foundation provides a scalable baseline that can be extended toward
3D and dynamic spatiotemporal representations in future work without requiring a fun-
damental redesign of the core risk assessment logic.

The paper is structured as follows: the next subsection provides a review of UAV risk
assessment approaches and methodologies. Section 2 outlines the data preparation pro-
cess for the study area. Section 3 presents the characterization of key objects and obstacles
within the UAV operating environment from both geometric and semantic perspectives.
Section 4 addresses safety and risk assessment in flight operations, with particular em-
phasis on recent UAV regulations in Europe. Section 5 describes the implementation of
the proposed prototype. Finally, Section 6 presents and discusses the results of the FPP
process, highlighting the functionality and efficiency of the proposed approach.

1.2. Related Work

Several review articles and studies on UAV applications have highlighted safety and
risk assessment as critical components of UAV operations [4,6-10]. Consequently, the ex-
isting literature and UAV regulations commonly distinguish between two principal clas-
ses of risk: Ground Risk Class (GRC), which addresses the potential impact of UAV oper-
ations on people, property and infrastructure on the ground; and the Air Risk Class
(ARC), which concerns hazards arising from interactions with other airspace users and
the surrounding aerial environment. Various frameworks have been proposed to assess
these risks; among them is the UAV risk assessment model developed by [11], which pro-
vides a structured approach for evaluating both ground-based and airspace-related oper-
ational risks. The model is seen as the fundamental framework for establishing a safe and
reliable organization and set up for UAV flights permission and insurance applications. It
involves assessing actions to mitigate the predicted probability and severity of the conse-
quences or outcomes of each operational risk. The model consists of four phases: (1) haz-
ard identification, (2) risk assessment, (3) risk mitigation, and (4) documentation process.
Within this model, the risk assessment procedure defines UAV operation risks as the like-
lihood or frequency of a risk, for instance, a risk is likely to occur or has occurred fre-
quently, etc., so that risks can be better managed and controlled.

Another notable contribution to UAV risk assessment is the Easy Risk Assessment
(ERA) method proposed by [12]. ERA aimed to provide a simple and practical framework
for assessing the risks associated with UAV operations by considering a range of factors
that influence risk management. The method offers a straightforward approach to identi-
fying hazards and their sources, supporting risk management processes, and determining
acceptable levels of risk tolerance for a given operation.

Following the introduction of the new European Union drone regulatory framework
by EASA in January 2021 [13], UAV risk assessment has become increasingly complex, as
it must account for a wide range of technical, operational, social, economic, and regulatory
factors. To streamline and standardize the assessment process, EASA introduced the Pre-
defined Risk Assessment (PDRA) framework. PDRA provides predefined operational
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scenarios together with corresponding risk mitigation measures, enabling operators to
demonstrate regulatory compliance without performing a full risk assessment for each
individual operation. This approach reduces the complexity and administrative burden
of the assessment process while maintaining an adequate level of operational safety [14].
In summary, the main advantage of PDRA is that, when a planned operation falls within
an existing predefined scenario, the UAV operator is not required to conduct a full risk
assessment. Instead, the operator can complete the relevant PDRA-specific documenta-
tion, prepare an Operations Manual (OM), and submit it to the competent national avia-
tion authority for approval.

As a more advanced risk assessment methodology, the new regulations permit the
use of the Specific Operations Risk Assessment (SORA); a standardized Europe-wide
framework developed by the Joint Authorities for Rulemaking on Unmanned Systems
[15]. SORA is designed to guide the risk assessment process required for applications to
operate UAVs within the “specific category”, a medium-risk operational category defined
by the EASA [13,16,17]. To properly highlight SORA framework, it is necessary to briefly
introduce the UAV operational categories established by EASA. In addition to the specific
category, EASA defined two further categories for drone operations: the open and certi-
fied categories. These categories are primarily differentiated according to the level of op-
erational risk (low, medium and high), as well as key technical and operational parame-
ters, including Maximum Take-Off Mass (MTOM), visual line-of-sight (VLOS) versus be-
yond visual line-of-sight (BVLOS) conditions and flight altitude expressed as above
ground level. Figure 1 provides an overview of these categories and their key characteris-
tics.

Drone operation

Key characteristics

VLOS
Max. flying height

An operating
permit is required

Open Specific Certified
category
= MTOM < 25Kg = MTOM > 25 Kg = High risk
Low risk = Medium risk Certified operator
No involvement of | = SORA based and drone system
aviation authority approval People transport

Transport of
dangerous goods

120m above = BVLOS = BVLOS
ground level (AGL) | = Flying height > = Flying height >
120m AGL 120m AGL
= |tfollowsa
Risk assessment " PDRA . = SORAis certlflcatl.on.
rocess = SORA s not mandator process similar to
P mandatory v that of manned
aviation

Figure 1. UAV operation categories [13].

The SORA framework provides a comprehensive and globally applicable approach
to risk assessment and classification. It is primarily based on a holistic evaluation of the
UAV operational environment. Through a structured ten-step process (Table 1), SORA
evaluates the impact of flight risks —including damages, harms and threats—to third par-
ties on the ground and in the airspace. This impact is checked by analyzing two primary
risk classes GRC and ARC associated with UAV operations. Both classes are influenced
by the availability and quality of Unmanned Traffic Management (UTM) services—for
example, flight planning support, robustness of procedures and safety level [18].
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Table 1. SORA steps [18].
Step Step’s Highlights
1 Concept of Operations Description of operation: what needs to be considered re-
(ConOps) garding safety.

Determination of the initial UAV-GRC defined as ground
obstacles, e.g., buildings, people, etc.

Mitigation measures to be adopted to achieve a lower fi-
nal GRC, e.g., set up an emergency response plan.

2 Ground Risk Class GRC

3 Ground risk mitigation

4 Air Risk Class ARC D.etermmatlon of the likelihood of UAYV to impact other
airspace-users.

Definition of strategic measures and methods applied to
reduce the initial ARC.
Investigating and applying specific strategies and tools

5 Air risk mitigation

. e that can reduce or mitigate risks, e.g., by implementing
6 Tactical mitigation . . Lt
measures aimed at lowering the likelihood of occurrence

or minimizing the potential consequences.

Definition of the SAIL value: Specific Assurance and In-
7 SAIL value tegrity Level (SAIL) value states whether the operation is
safe.
8 Feasibility check Check and review of the safety level based on SAIL

Define qualitive methods to verify the assurance

Analvsi ficati
9 Analysis and verification achieved with the proposed barriers.

Operational documenta-

10 .
tion

Conclusion and documentation.

As mentioned earlier, SORA is mandatory for UAV operations that fall within the
specific category. However, it is not required for operations conducted under the open or
certified categories. The certified category addresses the highest risk operations such as
those involving manned aircraft or large UAVs and typically follows a certification pro-
cess similar to that of manned aviation. Furthermore, SORA is not mandatory for opera-
tions conducted within the open category. This is because the open category encompasses
low-risk UAV operations and is governed by a well-defined regulatory framework con-
sisting of specific operational rules and subcategories. These subcategories impose strict
limitations on technical and operational parameters, such as drone weight, maximum
flight altitude and proximity to uninvolved persons; thereby reducing the need for a for-
mal risk assessment methodology such as SORA. In addition, UAV operators within the
open category may consider existing risk assessment frameworks, including PDRA and
SORA, to be insufficiently tailored to their operational requirements. These limitations
arise primarily from the fact that the SORA and even PDRA are designed to assess a risk
at a global operational level, relying on static assumptions and predefined parameters. As
such, these frameworks may not be inherently aligned with the requirements of the open
category, which typically demands fine-grained, context-sensitive decision-making. In
particular, these frameworks do not incorporate real-time, context-aware (semantic) envi-
ronmental data derived from the UAV’s operational surroundings, which are increasingly
considered essential for accurate flight planning and risk assessment in complex urban
environments.

To this end, the review of the state-of-the-art shows that a safe UAV path planning is
not a novel problem and has been extensively studied in the literature. However, it re-
mains an open challenge, partly due to the limited integration of local safety measures in
current UAV operations. In addition, existing UAV path planning approaches are pre-
dominantly based on geometric data and current regulatory frameworks. Relying solely
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on geometric data, however, does not provide sufficiently rich information for a safe flight
path planning; for instance, an adequate semantic description of relevant places and ob-
jects is often not available. For this reason, there are also other ideas of using semantic
information to characterize objects and actions within the UAV operating environment.
Incorporating semantic information alongside geometric data in a local path planning can
improve the efficiency of the planning process, which might otherwise become operation-
ally demanding. Moreover, enriching path planning with semantic information enables a
more meaningful representation of the current state of the environment, including rele-
vant constraints and rules that must be considered during UAV flight planning.

2. Data Preparation in the Study Area

The prototype framework was implemented in the city of Brunswick, Germany,
within a circular study area of approximately 75 km?, covering most of the urban region
(Figure 2). The area comprises a variety of thematic datasets representing geographical
features such as highways, railway infrastructure, water bodies, nature conservation ar-
eas, industrial zones, roads and the airport. The datasets include both geometric and se-
mantic information derived from OpenStreetMap (OSM) as a primary source for several
thematic layers. In addition, complementary datasets were obtained from open geospatial
portals of the respective federal state, including digital terrain models, land-use data and
energy infrastructure information. While OSM provides extensive spatial coverage and a
reasonable attribute structure, the quality and completeness of its semantic information
are inherently heterogeneous due to its volunteered nature. Attribute availability varies
according to contributor activities (e.g., adding new map features, updating metadata,
etc.), regional mapping practices and tagging conventions, resulting in differing levels of
detail across features. Furthermore, inconsistencies in tagging schemes and variations in
update frequency may affect the accuracy and completeness of specific attributes [19,20].

A preliminary assessment of the datasets indicated that the key attributes required
for this study were generally available and exhibited a satisfactory level of consistency.
The evaluation focused on the availability and quality of essential spatial and descriptive
information, including feature geometries, classification tags, road network characteris-
tics, points of interest, and land-use attributes relevant to the study objectives. In addition,
the assessment examined the completeness and consistency of these attributes across the
study area to ensure their suitability for subsequent analysis. The results suggested that
the datasets provide a reliable foundation for the research and are sufficiently detailed to
support the intended analytical framework. The study area was deliberately selected to
include a variety of objects and obstacles relevant to UAV path planning and risk assess-
ment. Nevertheless, some UAV regulatory constraints were not represented by publicly
available geospatial data within the study area. To ensure a complete coverage of the reg-
ulations considered, synthetic features such as wind turbines, power lines and a control
zone were added to the datasets. These features provide controlled representations of spe-
cific regulatory constraints and enable their systematic evaluation within the path plan-
ning and risk assessment framework. Since the focus of this study is on assessing the
methodology rather than modelling a specific real-world environment, the use of syn-
thetic features is considered appropriate and does not affect the validity of the findings.
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Figure 2. The study area in the city of Brunswick in Germany showing the different geographical
areas relevant for UAV flight planning —fictitious data (synthetic features) is marked with an (f).

For each object (obstacle) identified within the study area, a Minimum Safety Dis-
tance (MSD) for UAV operation was derived based on applicable UAV regulations and
stored in a database (Section 3.2). The determination of MSD is fundamentally dependent
on both geometric and semantic information. While geometric properties define the spa-
tial extent of obstacles, semantic attributes provide the contextual interpretation required
for risk-based differentiation. In particular, MSD values are influenced by object function,
occupancy characteristics and classification, and this therefore enables a context-depend-
ent risk weighting. Consequently, geometrically similar objects may be assigned different
safety distances depending on their semantic category, such as an educational or indus-
trial land use. However, this reliance on semantic information introduces variability and
uncertainty, as semantic completeness and consistency differ across data sources. Incom-
plete or ambiguous semantic tagging may therefore propagate into MSD estimation, af-
fecting the granularity and reliability of the resulting safety buffers. Overall, MSD can be
interpreted as a hybrid geometric-semantic component, where a spatial risk is modulated
by contextual information derived from semantic data. MSD values of important obstacles
considered in the study are provided in Table 2.

Table 2. Minimum Safety Distances MSD per obstacle implemented in the study area.

Obstacle MSD [m]
Airport 1000
Power line 150
Highway, railroad, train station, main road,
country road, industrial area, police station, 100
water body
Wind turbine 75
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3. Description of UAV Environment

Identifying and digitally representing all relevant objects and obstacles within the
flight area is a critical task, as it directly influences flight planning and operational safety.
A well-defined description of the UAV environment can enable a safer route planning and
enhance the protection of people and property both in the air and on the ground. To meet
this requirement, we developed a framework for constructing a digital UAV environment.
The framework consists of two steps, which are described in detail in the following sub-
sections.

3.1. Step 1— Geometric and Semantic Identification of UAV Environment

The first step focused on identifying relevant 2D objects and obstacles within the UAV
flight environment and selecting suitable datasets to realistically represent them, including
building footprints, roads, railways and nature reserves. Intangible objects, such as control
zones, were also considered. For all geometric data, supplementary semantic information
was collected, for instance road names, addresses, etc. Incorporating semantic attributes for
objects and obstacles enhances flight safety by providing more accurate inputs for a route
planning. Basically, semantic data transform a risk from a geometric focus (“Where are the
obstacles?”) to a contextual one (“What is happening, who is present, and what are the con-
sequences?”), thereby enabling more realistic estimates of operational risk. To illustrate this,

consider a drone delivery route that crosses two visually identical buildings: (1) a school at
8:00 a.m. and (2) a warehouse at 8:30 a.m. (Figure 3).

Objects in
UAV
environment
Geometric 2D view Geometric 2D view
* Rectangular footprint * Rectangular footprint
* Footprint ca. 1000 m? * Footprint ca. 1000 m?
Geometry
Context-aware Context-aware semantic
e 0o  School in operation at ®©00 ., \\ochousein coherence
ﬂﬂﬁ 8:00 am ﬂﬂm operation at 8:30 am
* Many children and staff o A few workers
(indoors and outdoors) present indoors
4 ¥
In the school case, a higher ground risk is expected, which leads for instance to the Impact on risk
implementation of a larger safety distance compared with the warehouse case assessment

Figure 3. An illustration of the interaction between geometric and semantic representations of UAV
environment, and their impact on risk assessment. It depicts UAV flights over a school and a ware-
house. Although both buildings may appear geometrically similar, their semantic meanings differ

significantly. This difference can substantially influence the operational risk level.

From a purely geometric perspective, both features may appear as large rectangular
structures, exhibiting similar two-dimensional footprints and therefore are difficult to dis-
tinguish based solely on shape characteristics. Semantic data can reveal that the school is
likely to contain hundreds of children, whereas the warehouse may only host a small
number of workers. Consequently, the expected severity of a potential crash differs sub-
stantially, which can lead to different risk scores or route decisions.
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3.2. Step 2—Data Structure and Storage

Datasets identified in the previous step were processed and stored for long-term use
in a relational database. For this purpose, a PostgreSQL-database combined with the Post-
GIS extension was implemented [21]. Separate tables were created for each thematic da-
taset and stored as 2D geometric layers such as roads, airport and other relevant features
(Figure 4). In addition, two dedicated tables were included: the first table contains im-
portant UAV regulations associated also with the individual thematic datasets; with the
focus on corresponding safety distances to objects (obstacles). The second table contains
information on UAV types and key properties, for instance UAV class, weight, etc.

[ Database
| 2D Thematic datasets |~-. ‘ UAV Regulation }—— = ‘ UAV Characteristics
1 1
==z | EEH UAV regulations | 1 EEH UAV types
1 1
EE§ main road i @ id (integer) E @ id (integer)
EEH airport \ name (string) - name (string)
1 1
@ ogc_fid (integer) : safety distance (double) : velocity (double)
1 1
name (string) : expected risk (integer) | ! class (string)
1 1
operator(string) : description (string) - weight (double)
1 1
] !
______________ l ——————
1
E ! Client-side matching
A4 v
For each dataset: Compare with UAV regulations If a match found >
take the associated with datasets assign regulation
dataset_name based on dataset_name record to dataset
- Buffer generation ‘
Generating safety buffers around the matched dataset using safety distances

Figure 4. Table structure in the database. Thematic datasets and UAV regulations are retrieved in-
dependently from the database and linked on the client-side through a name-based matching pro-
cess. The safety distance—specified in regulation records—is assigned to the corresponding
matched dataset, enabling the generation of safety buffers around the dataset geometries for subse-

quent UAV route planning and risk assessment.

From a database perspective, no explicit relational linkage exists between the regula-
tion records and the thematic datasets. Instead, the association is established on the client-
side within the prototype application. To achieve this, the application first retrieves the
relevant UAV regulations and the available thematic datasets from the database. Each
regulation record contains a reference to the thematic dataset to which it applies, stored
as a textual identifier or a dataset name. During processing, the client application performs
a name-based matching procedure, in which the dataset name specified in the regulation
table is compared with the names of the loaded thematic datasets. Once a matching da-
taset is found, the corresponding regulation records are assigned to that dataset within
the application’s runtime environment. Subsequently, the safety distances defined in the
regulatory table can also be applied to the geometries contained within the associated the-
matic dataset. Accordingly, the prototype generates safety buffers around the obstacle ge-
ometries, with each buffer radius corresponding to the safety distance specified by the
applicable regulations, as discussed in the following section.

https://doi.org/10.3390/drones10080607
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4. Risk Assessment of UAV Flight Path

In this section, we introduce the so-called “Expected Risk Value (ERV)” as a numer-
ical indicator representing the risk level of a flight path. The ERV quantifies the likelihood
of UAV-obstacle collisions along a given trajectory. Several factors influence this proba-
bility; in this study, we focus on the impact of the 2D area occupied by an obstacle and its
distance to the UAV route.

As discussed in Section 3, objects considered as obstacles in the UAV operating envi-
ronment are represented as geographic features, specifically points, lines and 2D poly-
gons. Although each obstacle may affect the planned flight route, its influence is basically
limited to a specific surrounding area. This area can be defined as a risk area, the extent
of which depends on the obstacle’s type and dimension. To mitigate obstacle-related risks,
an obstacle buffer (OB) should be created around each obstacle. Provided that the UAV
remains outside this buffer, the flight is assumed to be safe with respect to obstacle-related
hazards. The dimension of the obstacle buffer (OB_dim) depends on both the obstacle type
and the MSD required for UAV operations in its vicinity (cf. Table 2).

Figure 5 illustrates a Flight Route (FR) between points P1 and P2 located near a high-
way. Since the highway could be considered as an obstacle within the UAV environment,
a specific OB is generated (shown in yellow in Figure 5). OB-dimension is determined
based on the MSD values (Table 2) that should be maintained on both sides of that high-
way during UAV operation. However, path planners typically maintain also a sufficient
safety distance from the OB-boundary, denoted as d_FR_OB.

d_FR_OB
ﬁ

P1 P2

Flight Route (FR) OB_dim: Obstacle
= Highway (Obstacle) Buffer dimension

Obstacle Buffer (OB) d FR OB: Distance
- Route Buffer (RB) between FR & OB

OB_dim

Figure 5. Flight Route (FR) between points P1 and P2, nearby a highway. Route buffer (RB in red)
and obstacle buffer (OB in yellow) were created.

Although a flight route is inherently a linear feature, it makes sense to create a route
buffer (RB, shown in red in Figure 5) around the UAV route to further minimize the like-
lihood of collisions. The dimension of RB is influenced by multiple factors such as UAV
type, the complexity of the flight environment and the applicable regulatory require-
ments. Consequently, path planners should define the RB size by considering their oper-
ational experience together with relevant flight parameters.

It can be assumed that, as long as no geometric intersection exists between OB and
RB —as illustrated in Figure 5—the UAV operation remains somehow unaffected by the
obstacle under consideration. Otherwise, potential risks may exist. In such a case, the
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interaction between the UAYV flight route and surrounding obstacles can be determined
by calculating the area of intersection between the RB and OB (Figure 6, dotted line in
blue). This intersection can be defined as the Factor of Intersection (Fint), which represents
the intersected area (A_int_rs_0B) relative to the area of entire obstacle (Aos), as follows:

Aint rB.OB _ RB N OB

Fint = 1
= A M
£
)

1
)
(@]

Flight Route (FR) E--1] Highway (Obstacle)

- Route Buffer (RB) E-““_I RB & OB Intersection
I:I Obstacle Buffer (OB)  OB_dim: OB dimension

Figure 6. Intersection between route buffer (RB) and obstacle buffer (OB).

A key challenge lies in determining how the spatial extent of an obstacle influences
the intersection factor. For instance, when considering a highway as an obstacle, its total
length may extend for tens of kilometres, producing a correspondingly large obstacle
buffer. However, the operational relevance of such a structure for UAV safety assessment
is not uniformly distributed along its entire extent. In practice, only the portion of the
obstacle that lies in proximity to the UAV flight path meaningfully contributes to collision
risk, while distant segments have negligible influence despite being included in the full
geometric representation. To address this issue (i.e., extent mismatch), the analysis intro-
duces a Safety Zone (SZ) surrounding the route buffer, rather than relying on the full ob-
stacle buffer, as shown in Figure 7. The SZ is defined as a controlled spatial expansion of
the RB, expressed as a fixed multiple of RB dimension (e.g., 1x, 2x). This design choice was
justified on both computational and methodological grounds. First, it ensures local rele-
vance, as UAV risk is primarily driven by spatial proximity between the flight corridor
and nearby obstacles, rather than the total global extent of those obstacles. By scaling the
SZ relative to the RB, the methods—implemented in this work—adapt naturally to the
geometry and scale of the planned route, maintaining consistency across different study
areas and flight configurations. Second, the multiplicative formulation provides a normal-
ized and transferable framework, avoiding arbitrary absolute distance thresholds that
may not generalize across heterogeneous environments. Finally, this approach improves
computational efficiency by restricting analysis to a relevant subset of the obstacle space,
reducing unnecessary intersection calculations with distant segments that do not contrib-
ute meaningfully to risk estimation. In summary, the SZ serves both as an additional
buffer around the RB and as a two-dimensional spatial limiter that ensures the analysis is
restricted to areas of operational relevance. It achieves this by considering only the portion
of the OB that intersects with the SZ, depicted as a green dotted line in Figure 7. This
intersecting segment is subsequently used in the computation of the intersection factor.
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Accordingly, the area of entire obstacle (Aos) should be replaced by the intersection be-
tween SZ and OB, and the formula (1) should therefore be revised as follows:
Aintrgop _ RBN OB
Aintszos  SZNOB

Fint -

2

OB_dim

Flight Route (FR) = Highway (Obstacle)
- Route Buffer (RB) i-““j RB & OB Intersection

r

l:l Safety Zone (SZ) ] "~ 7| SZ & OB Intersection

I:l Obstacle Buffer (OB) OB_dim: OB dimension

Figure 7. Safety Zone (SZ) as an additional safety area around the route buffer (RB). The intersection
between SZ and OB is indicated by the green dotted line.

» Interpretation of Fint values

Fint values will be discussed and interpreted according to the scenarios below:

e RB N OB # 0: There is an intersection between RB and OB (as shown in Figure
7); meaning also: SZ N OB # 0, and it leads that 0 < Fj,; < 1; where the value 1
means a 100% overlap between RB and SZ (namely, RB and SZ are identical).

e RBNOB=0andSZ N OB # 0: There is no intersection between RB and OB, but
SZ intersects OB, (Figure 8); this leads to Fint = 0.

0B_dim

d_FR_OB
.—.

P1 P2

Flight Route (FR) D Safety Zone (S2)

= Highway (Obstacle) i—_mi SZ n OB

I:l Obstacle Buffer (OB) OB‘dIm.: Obst.acle
Buffer dimension

d_FR_OB: Distance
B Route Buffer (RB) between FR & OB

Figure 8. Illustration showing that there is no intersection between route buffer RB and obstacle

buffer OB, while safety zone SZ intersects obstacle buffer OB.

https://doi.org/10.3390/drones10080607



Drones 2026, 10, 607

13 of 21

e RBNOB=0and SZ N OB = 0; this indicates that neither RB nor SZ intersected
OB. Consequently, Fint is not defined, and we therefore set it to zero (Figure 9).

0B_dim

d_FR_OB
P1 P2
Flight Route (FR) |:| Safety Zone (S2)

= Highway (Obstacle) ~ OB_dim: Obstacle
Buffer dimension
I:l Obstacle Buffer (OB)
d_FR_OB: Distance

- Route Buffer (RB) between FR & OB

Figure 9. [llustration showing that RB and SZ do not intersect OB.

A zero value of Fint does not guarantee a completely safe flight path or operation.
Route safety is also affected by other parameters, including for instance flight speed, the
distance between UAV route and surrounding obstacles. The latter can be determined
through the minimum distance needed to define the obstacle buffer dimension (Table 2).
In theory, UAV path planners can operate safely as long as flight paths remain within the
defined obstacle buffer constraints. In practice, however, an additional safety distance
(namely, d_FR_OB) is typically applied to the obstacle buffer boundary to further enhance
operational safety. Consequently, a new factor—termed as distance factor (Fais)—should
be incorporated into the risk assessment. This factor can be determined as follows:

B = OB_dim_ OB_dim
4™ “dis,,,  (OB_dim) + (d_FR_OB) ®)

where disapp: the distance_to_an_obstacle applied during a flight operation.

Accordingly, to account for the influence of the two factors discussed above on the
risk assessment, the Expected Risk Value (ERV) for an obstacle (Oi) can be determined
through a mathematical relationship that combines both factors (formulas (2) and (3)) in
an additive relationship as follows:

ERV; = Fipe + Fais 4)

An additive relationship is adopted instead of a multiplicative one because the inter-
section and distance factors represent complementary risk components rather than mutu-
ally dependent variables. The additive formulation allows each factor to contribute inde-
pendently to the ERV, ensuring that a high value of either the intersection factor or the
distance factor is sufficient to increase the overall risk. This is particularly desirable in
safety critical applications, where an obstacle may pose a significant hazard due to its close
proximity despite a moderate likelihood of path intersection, or vice versa.

In contrast, a multiplicative formulation may suppress the overall risk when either
factor is small. Specifically, if one factor approaches zero, the resulting ERV also ap-
proaches zero regardless of the magnitude of the other factor, potentially underestimating
the risk associated with obstacles that are critical according to only one criterion.
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Moreover, the multiplicative model introduces a stronger nonlinear coupling between the
two factors, making the risk assessment more sensitive to a factor scaling and normaliza-
tion. Therefore, the additive formulation provides a more robust, interpretable and con-
servative measure of risk by preserving the independent contribution of each factor. It
avoids the unintended attenuation of risk inherent in multiplicative models and ensures
that either a high probability of path intersection or close obstacle proximity can inde-
pendently elevate the expected risk.

Although the present work employs an unweighted additive formulation, the pro-
posed ERV model can be extended by introducing weighting factors to account for the
relative importance of the intersection and distance factors. However, determining appro-
priate weighting coefficients requires comprehensive experimental validation and is be-
yond the scope of the present study. Therefore, the implementation of weighted factors is
identified as an important direction for a future work to further improve the accuracy and
adaptability of the proposed risk assessment framework.

Next, ERVi assigned to an obstacle can be subsequently aggregated to the Total Ex-
pected Risk (TER) of the proposed flight route, as follows:

TER = Z ERV, )

Flight routes with high TER values can indicate lower safety levels, suggesting that
re-routing may be necessary. However, defining a precise threshold for what constitutes
a “high TER” is challenging, as it depends on numerous factors including UAV type and
model, technical specifications and regulatory constraints. To address that, a research
work is underway to categorize TER results into well-defined safety levels.

5. Implementation

In this section, we present the practical implementation of the concepts discussed in
Sections 3 and 4. Specifically, these concepts were implemented through the development
of a browser-based prototype that is compatible with all major web browsers. Figure 10
shows that the core component of the prototype is a hybrid map that displays and visual-
izes obstacles in the UAV environment as 2D shapes. The map was built using the open-
source mapping library “Leaflet” [22], which is a lightweight framework known for its
efficient performance and fast rendering. Standard map functions and planning tools such
as zooming, drawing and panning are natively supported. These tools enable path plan-
ners to create flight routes. For more advanced geospatial analyses, the Turf js library was
integrated [23]. This library allows, for example, the generation of obstacle buffers within
the UAV environment. It was also used to realize and implement the TER concept and its
corresponding calculation process described in Section 4. Importantly, all geospatial anal-
yses were executed on the client side.

API Hybrid map

-—) Visualisation of Proposed flight
- UAV environment HEnniz e route

Il No
Database
>
U - . TER Risk assessment
. ' Final flight route Acceptable (TER)

Figure 10. Implementation of the flight planning prototype.
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To facilitate communication between the database and the client application, an Ap-
plication Programming Interface (API) was implemented. The API was developed using
JavaScript and Node.js [24] and was hosted on the same server as the database. It provides
access to both geometric and semantic data, which are delivered in the standardized
GeoJSON format. This format allows seamless integration into web-based mapping ap-
plications. At the current stage, the API supports only data retrieval from the database;
the addition of new data is not yet implemented.

6. Results Discussion and Evaluation

The hybrid map as the central component of the prototype is shown in Figure 11. The
map displays the geometric data as 2D layers of objects and obstacles within the study
area along with their corresponding obstacle buffers. To enhance clarity, individual da-
tasets can be toggled on/off using the layer control located on the right-side of the map.
New flight routes can be generated using the control elements located at the bottom left
of the map. Essential information about each planned route such as the current route
length, estimated flight time and TER is displayed at the top of the interface.

|® Flight time: approx. O min| |' Risk assessment: Very safe - TER: 0

Buffer of a stadium

o3 Route length: 0 ml © Flight time: approx. 0 mnr". Risk assessment: Very safe - TER: O\,I ® Base map
OpenStreetMap

Satellite image

2 0 1+

Highway
Railroad station
Railway track
Federal highway

Airport

Airport

7 @ waters

industrial area
Control zone

Country road

s

Nature reserve

police
Settlement area

Stadion

‘ o3 Start route planning power line

windmill

Buffer of a
federal highway

‘ *O Delete last base ‘ g \

=Leaflet | © OpenStreetMap © CARTO

Figure 11. Hybrid map of FPP showing all relevant 2D data layers, including objects, obstacles and
their corresponding obstacle buffers. A close view of two obstacle buffers representing a stadium

and a federal highway is also shown (left).

When planning a new flight route, the prototype continuously checks for intersec-
tions between the proposed UAV path and defined geographical areas. For this purpose,
it employs the intersect function from the Turf js library. If the route intersects with an
obstacle—namely, with its associated safety buffer (OB)—a warning is issued. In addition,
the prototype automatically conducts background checks to verify compliance with es-
tablished regulations. Objects intersecting the route are highlighted on the map, and such
intersections will increase the TER value of the planned route in accordance with Formula
(5). The path planner can then decide whether to accept the generated path or to create an
alternative route. To support this process, the prototype provides a comprehensive list of
key regulations enabling a quick and reliable decision-making.

Figure 12 illustrates the FPP interface, showing an example of a generated flight route
along with the corresponding flight parameters displayed in the above-left panel (Figure
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12a); for instance, operation category, UAV model, flight speed, etc. In this example, the
flight route is enclosed by a route buffer RB of 30 m and SZ defined as three times the RB
(Figure 12b). The planned route intersects a federal road, which is considered an obstacle,
highlighting the importance of complying with specific UAV regulations applicable to
such areas. In this context, the FPP provides path planners with relevant notifications and
regulatory information regarding the planned route, as illustrated in (Figure 12d). Finally,
additional parameters of the generated flight such as total flight time, flight length and

the total risk value TER are also presented.

§ Information to

£l Drone flight planner #% Map with planning tool

—_— 1
o2 Route length: 1179 m  (® Flight time: approx. 3 min @ Risk assessment: TER: 1.3343 |

« State: NDS

« Airspace Category: Open
« MTOM <4 kg

« Max. Flight altitude: 120 m

Please select a drone
model:

DJI Mini 3 v

Speed: 6 m/s
Max. Flight time: 38 min

Buffer to Route (Meter):

A buffer

around a ® Cancel route planning [Esc]
Map legend an obstacle

buffer

— Flight Route (FR) @ Continue route planning
Distance line (flight route to feature border)

Route buffer (RB)

Safety Zone (SZ)

Intersection point between route buffer (RB)

P Delete last base

and obstacle buffer (OB)

= Intersection between safety zone (SZ) and
“ obstacle buffer (OB)

Overlapping geographical
areas of the route currently
planned:

———
—— -

- @ Road traffic: Road n

A Drone flight goes over roads or
the lateral safety distance of 100 m
has been undershot!

1

|

\
1

Flight Route (FR)

1 - Route Buffer (RB)
l:l Safety Zone (SZ)

Notices about the current

o

I Intersection Route Buffer

e : r
_planned route; |n.clud|ng a b diGhees buffer
link for more details on legal
. d UAV rul r____l Intersection Safety Zone
notices an rules I : and Obstacle Buffer

Figure 12. FPP interface showing a flight route crossing a federal road buffer (above). (a) The path
planner selects UAV model and specific flight parameters such as speed, etc. (b) Safety zones around
the route buffers can be generated. (c) The map legend explains the visual representation of the
flight route, route buffer, safety zone, obstacle buffers and their intersections. (d) Notifications and
warnings together with references to the applicable UAV regulations. Supplementary flight param-

eters such as the estimated flight duration, total route length and TER value are also presented.
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FPP Evaluation

Since the preliminary FPP framework was developed as a proof-of-concept imple-

mentation to demonstrate the feasibility of the proposed methodology while maintaining

computational efficiency and implementation simplicity, its evaluation was conducted us-

ing a set of formalized assessment criteria. These criteria were defined to systematically

assess the correctness of the input datasets and their processing pipeline, the consistency

of regulatory rules application, and the functional integrity of the FPP components, as

discussed below.

Criterion 1: Dataset storage and retrieval

Efficient storage and retrieval of datasets require a robust data management plat-
form, as the way data is managed directly affects its accessibility and retrieval speed
for path planning. For this, a PostgreSQL/PostGIS-based database platform was im-
plemented for data management. PostgreSQL offered straightforward access to
stored data and ensured compatibility with various data processing and retrieval
tools such as QGIS. Additionally, PostGIS extends PostgreSQL with spatial database
capabilities, providing supported for geographic objects and enabling location-based
queries using Structured Query Language (SQL).

Criterion 2: Usability of FPP

Usability evaluation is a critical component of the overall design of the client inter-
face. We assessed the usability of the FPP based on three main aspects, as follows
[25,26]:

1. Consistency: Initial results indicated that the client interface was well-designed
in accordance with key conceptual and logical standards of web design. It pro-
vided an effective mechanism for performing relevant organizational and func-
tional tasks. Consequently, users can become familiar with the FPP interface
commands without needing to learn new techniques and skills. Furthermore, ad-
herence to established standards for colour schemes, layout and page titles
helped to minimize navigation difficulties within the FPP interface.

2. User control options: The client interface design offered several control options,
enabling users to navigate and manage their interactions easily. For example, us-
ers can move forward or backward through pages, return to the homepage, or
cancel ongoing operations as needed.

3. Ease of learning: The interface was intentionally designed to be simple and intu-
itive, minimizing unnecessary complexity. As such, it avoided the use of obscure
technical terms, unfamiliar icons, or intricate interface elements. However, the
prototype is not intended for complete novices in the field of UAV flight plan-
ning.

Although a final evaluation of the FPP’s usability requires testing with a representa-

tive group of users, the selected design concepts provide and facilitate a strong foun-

dation for developing a user-friendly product/tool. It is important to note that evalu-
ating the FPP’s usability does not constitute a scientific and practical validation of the

FPP concept itself. Nevertheless, usability is essential for the successful adoption of

the FPP, as users are likely to rely on it for flight route planning only if it is intuitive,

consistent and efficient to use.

Criterion 3: TER-based vs. geometric-only risk assessment

The FPP supports the generation of multiple candidate flight routes, each associated
with a corresponding TER value, enabling a more comprehensive comparison and
facilitating the selection of the safest trajectory (Figure 13). This capability further
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highlights the advantages of TER-based risk assessment, which integrates both se-

mantic and geometric representations of the UAV environment to provide a more

informative and context-aware evaluation than approaches relying solely on geomet-
ric information.

Regarding a comparison with geometric-only risk assessment approaches, we
acknowledge that such a comparison would provide valuable insight into the contribution
of semantic information within the proposed framework. However, a quantitative com-
parison has not been conducted at this work stage, as it requires a common experimental
framework in which both approaches are evaluated using the same datasets, equivalent
geometric information and identical performance criteria.

The current implementation of the FPP is based on a 2D representation that integrates
semantic information with obstacle occupancy and spatial location but does not include
detailed 3D geometric characteristics such as obstacle height and volume. Since many ge-
ometric-only risk assessment approaches rely heavily on these 3D geometric attributes, a
direct quantitative comparison would not constitute a fair or scientifically rigorous eval-
uation of the respective methods. Instead, this work focuses on demonstrating the con-
ceptual benefits of incorporating semantic information into UAV risk assessment. A com-
prehensive quantitative evaluation will therefore be conducted in a future work using
datasets that provide both detailed 3D geometric information and semantic annotations,
thereby enabling a rigorous, objective and unbiased comparison between semantic-based
and traditional geometric-only approaches.

Route 1
* Flight length 1354 m
Route 1

* Flight time 4 min
* TER1.33

OB1
Route 2

Route 2 * Flight length 1199 m
* Flight time 3 min
* TER2.72

P

Figure 13. Two planned flight routes are shown, each with its own characteristics. TER of the second
route is higher than that of the first route because it, in this case, crosses two obstacle buffers: OB1
(a road buffer) and OB2 (an industrial area).

Despite the aforementioned limitations related to 3D geometric data, Table 3 pro-
vides a qualitative comparison between the proposed semantic-based approach and geo-
metric-only approaches for UAV risk assessment.

Table 3. Semantic-based vs. traditional geometric-only risk assessment.

Semantic-Geometric Based . .
Aspect . Geometric Based Risk Assessment
Risk Assessment

Combining geometric and se- Representing a risk solely using geo-

Risk description L . .
mantic information metric data

Considering physical proximity
Risk Evaluation and the semantic importance of
objects

Only on spatial relationships and colli-
sion probability

Higher due to semantic percep- Lower because only geometric compu-

Computational Complexit
P prexity tion and data fusion tations are required

Enhanced robustness through = Underestimating or overestimating

Robustness . . .
contextual information risk
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° Criterion 4: Lack of real-word FPP validation

In accordance with the scope of this work, evaluation of the FPP framework under
real-world flight conditions was not feasible due to operational, regulatory and
safety-related constraints associated with UAV testing in controlled airspace.
Real-world validation would introduce external uncertainties, including dynamic
conditions, temporary airspace restrictions and unpredictable environmental factors,
which could obscure the isolated assessment of the proposed methodology. Further-
more, the primary objective of this study was the methodological development and
verification of the TER-based risk assessment and routing framework, rather than
operational deployment. Consequently, validation was conducted within a con-
trolled simulation environment using geospatial datasets and formalized safety con-
straints. This approach ensures reproducibility, enables consistent comparison of
route alternatives, and supports stable evaluation of TER values without external
variability. Therefore, the absence of real-world flight testing does not compromise
the validity of the proposed framework, but rather ensures a controlled and method-
ologically consistent assessment of its core functionalities.

7. Conclusions

In this paper, a prototype for 2D UAV path planning was introduced. It integrates
both geometric and semantic background information to enable the planning of 2D flight
routes and the estimation of their associated risk levels. In addition, the prototype pro-
vided UAV pilots with essential regulatory information to promote the highest levels of
operational safety for both the UAV system and people on the ground.

At its current stage, the prototype remains an early implementation with certain lim-
itations that must be addressed before practical deployment. One key limitation is that it
currently relies solely on 2D geometric data. Since a safe route planning also depends on
maintaining an appropriate flight altitude, future development should extend the system
to incorporate a third dimension. Ideally, this enhancement would allow routes to be
planned and visualized directly within a 3D viewer, thereby improving the pilot’s situa-
tional awareness of potential risk areas.

Ongoing work aims to improve the prototype’s efficiency and overall functionality.
Current efforts focus on optimizing the client-server communication (via GET/POST
methods), refining the geometric and semantic datasets, and integrating additional factors
into the risk assessment process.
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