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Abstract — A study was conducted on the current problem
of developing a fuzzy model for assessing the risks of Unmanned
Aerial Vehicle (UAV) flights in mountainous terrain, taking into
account risk-oriented factors influencing the flight. As a result,
we obtained a quantitative assessment of flight risk and a
linguistic interpretation of the level of safety of UAV flight,
which will allow a reasonable approach to decision support. For
the first time, the study proposed fuzzification of input data
using a multidimensional membership function, presented in the
form of linguistic estimates of the probability of a risk event and
quantitative estimates of the number of "reliability" of the
ground control manager's conclusions in his conclusions. For
the first time, a generalized step-by-step algorithm for obtaining
a quantitative assessment of flight risk and a linguistic
interpretation of the level of safety of UAV flight have been
constructed. Experimental approbation and verification of the
conducted research on test data of UAV flight simulation are
carried out. The study will be a useful tool to support safe
decisions about UAV flight in different mountainous terrain
Keywords — environmental, risk, experts, decision-making,
Unmanned Aerial Vehicle (UAV).

I. INTRODUCTION
Every day, the aviation industry faces many risks that can
potentially jeopardize the success of operations if not
managed adequately. Drones, like other air transport, face
many risk-oriented factors influencing the flight safety.
Every day, we see more and more use of UAV in the work of
various services, or for research purposes. They are
successfully used in search and rescue operations, for aerial
photography and mapping, operational forecasting and
assessment of the consequences of emergencies, monitoring
of industrial facilities and natural complexes, delivery of
goods, for entertainment purposes, and more. However, flight
organizers are not always aware of or understand the possible
risks that affect the achievement of flight objectives.
Researchers need to objectively assess whether UAVs can be
used in specific geographical and meteorological conditions,
where UAVs use may be affected by specific orographic
turbulence, according to wind speed and direction, terrain
complexity, UAV maneuvering location in the area, etc.
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In this case, to improve safety, we propose to use methods
to support decision-making on identification, assessment,
risk management, which will lead to the controllability of
UAV flight risk management processes in specific
conditions.
In view of the above, there is an urgent problem of
adequate risk assessment of UAV flights in mountainous
areas.
This study ensures the achievement of the goals of the
Global Aviation Safety Plan (GASP), 2020-2022 Edition,
Doc 10004, which is in line with the UN Sustainable
Development Agenda until 2030, namely: Goal 1 is to
achieve the continuous reduction of operational safety risks
[1].
The research of this problem is divided into four stages:
1. Analysis of possible threats to UAV flights in
mountainous areas and the formation of risk-oriented factors
influencing the implementation of UAV flights;
2. Development of a fuzzy UAV flight risk assessment
model for environmental research in mountainous areas;
3. Design of UAV flight decision support software;
4. Approbation and verification of fuzzy model in real
situations and in different mountain conditions. Software
testing by research organizers and ground control station
controllers during flights.
In this context, the authors have already conducted a
preparatory study of the analysis of possible threats to the
implementation of drone flights in mountainous areas and
based on the proposed set of evaluation criteria [2].
The aim of the present study is to develop a fuzzy model
for assessing the risks of UAV flights in mountainous areas.
The logic of the study is as follows: if the risk assessment
of UAV flights in mountainous areas is low, for risk-oriented
factors, then we can talk about a high level of safety of UAV
flight to achieve the objectives of environmental research.

II. LITERATURE REVIEW
The level of security of human activity is improving every
day by improving technology, data mining and knowledge,
artificial intelligence management systems, and others. At the
same time, the standards of staff training and safety
management have become higher. However, we face many
risks that could potentially jeopardize the success of our
operations if not adequately managed. One of the key
components of measuring the risk of functioning of complex
systems is to generate scenarios for the development of key
risk factors based on possible threats [3].
The application of UAV improves the quality of
monitoring and analysis of the environment in the mountains,
which opens up new knowledge. At the same time, UAV
flight risk management is an important task. The urgency of
this task is proved by significant world research and scientific
publications, the need for new tools for environmental
research.
UASs have been used for many applications, including
monitoring of changes in the morphology of [4] a volcano,
landslides, dam and riverbed erosion, slow landslides, risks
associated with surface mining [5], slope stability in the
vicinity of railways, or speed of glacier movement. The paper
[6] presents a study of the use of UAV to assess catastrophic
situations in mountainous areas, in order to create a
topography to support real-time decision-making, flooding,
landslides, flood risk, and others. The use of UAV in
mountainous areas to study active fires is described in [7].
The paper [8] analyzes the contribution of the international
community of landslide researchers in reducing the risk of
natural disasters and risk management using unmanned aerial
vehicles. In [9] the advantages of using drones to search for
people in the mountains are proved. [10] describes a general
overview of unmanned aerial vehicles and their potential in a
number of applications of engineering geology. Only [11]
presents the architecture, implementation, and control results
of the system of planning the path of minimal risk focused on
long-range unmanned flights at low altitudes. Instead, in all
of these current studies, nothing is said about the assessment
of UAV flight risks using fuzzy models and methods.
The construction of a fuzzy model is based on information
obtained in an expert manner, which depicts the substantive
features of the object under study and is formulated in natural
language [12-13]. The description of the object, in this case,
is unclear. Therefore, to reflect the knowledge, it is advisable
to use the theory of fuzzy sets [14-15]. Thus, there is a
transition of knowledge in the classical sense to fuzzy
knowledge. As a result, it becomes possible to use the
apparatus of fuzzy sets to reveal uncertainty and formalize
qualitative information [16-17]. Therefore, information
modeling of fuzzy knowledge through the functions of
belonging to the criteria will allow a more adequate approach
to the problem of evaluation.
Thus, today there is no common approach to assessing the
risks of UAV flights for environmental research in
mountainous terrain and there is a need to develop a decision
support system for the level of safety of UAV flights.
III. DATA AND METHODOLOGY
Let some object of study S, that is the defined mountain
area and technical characteristics of UAV, be known, with the

global purpose of realization of safe flight of UAV at the
researched environment in the mountain area. Also known a
set of risk-oriented factors of influence (criteria) 𝐾 =
(𝐾1 , 𝐾2 , . . . , 𝐾𝑚 ), the implementation of UAV flights in a
complex system S.
The authors, in the process of the first stage of the
researches, analyzed the possible threats of drone flights in
the mountains, which is described in detail in [2]. Such threats
include: the impact of meteorological threats on the safety of
drones; destruction of the drone in a collision with the
ground; damage to wildlife; lack of direct contact; specificity
of the frequency range; vandalism, abduction, drone
shooting.
On the basis of set-theoretic generalization, at the first
stage of the research, a set of risk-oriented factors influencing
the implementation of UAV flights was proposed [2]:
K1 – meteorological risks;
K2 – risks of a UAV collision with the ground;
K3 – risks of implementation in the animal world;
K4 – risks of collision in the air;
K5 – the risks of losing the UAV;
K6 – frequency range and noise risks;
K7 – risks of UAV and data destruction by third parties.
Each risk-oriented impact factor (risk criterion) will be
assessed in a hybrid manner, based on the experience of
experts and the confidence of his reasoning about the
possibility of flight. Under the expert in this task, we
understand the dispatcher of the ground control point or the
organizer of the flight.
Based on experience, skills, and knowledge of flight
safety in system 𝑆 , the ground control manager draws
conclusions about the level of probability of a risk event
described by criterion K to achieve the target needs of system
𝑆. As a result, assigns a linguistic assessment for each risk
criterion 𝐾 , with some term, sets 𝑇 = {𝑡1 ; 𝑡2 ; … ; 𝑡𝑙 } . We
offer, for example, the following variables: 𝑡1 – critical level;
𝑡2 – maximum level; 𝑡3 – average level; 𝑡4 – minimum level.
Also, for each linguistic assessment (for each criterion)
the expert puts the number of "reliability" q of their reasoning
regarding the occurrence of a risk event, from the interval [0;
1], or normalized quantitative risk assessment. To obtain a
quantitative assessment of risk, separately for each criterion,
we propose the use of intelligent data analysis of those
quantities that generate risk, based on the theory of fuzzy sets
and membership functions [17]. In our study, we will focus
on the indicator of "reliability" of the reasoning of the
dispatcher of the ground control point, putting the following
content: 0 - the minimum confidence in their conclusions, and
1, respectively - the maximum.
As a result, for each indicator, we obtain: 𝑡𝑖 – variable
from the term set T for the i-th criterion; 𝑞𝑖 – quantitative
estimate from the interval [0; 1], the i-th criterion, 𝑖 = 1, 𝑚.
Formally, we present a fuzzy model of risk assessment of
UAV flights for environmental research in mountainous areas
as follows:

∆(𝑡; 𝑞) → 𝑅(𝑆).

(1)

Where ∆ is the operator that matches the original value of
𝑅(𝑆), with the input variables 𝑡; 𝑞 . The input data of the
model are t – the conclusion of the dispatcher of the ground
control point on the level of probability of occurrence of a
risk event described by criterion K to achieve the target needs
of the system 𝑆 ; 𝑞 – the number of "reliability" of the
considerations of the controller of the ground control point in
their conclusions. At the output of the assessment model, we
have: 𝑅(𝑆) – the risk of UAV flights to study the
environment in the mountains in the system 𝑆.
Obtaining the initial estimate 𝑅(𝑆) is presented in the
form of a step-by-step algorithm.
1 step. Fuzzification of input hybrid data
To do this, each input value(𝑡𝑖 ; 𝑞𝑖 ) corresponds to the
value of the membership function of many variables μ(xi ).
To obtain a normalized estimate of the input data, we
construct membership rules. Let the term set of linguistic
variables Т be represented on some numerical interval, to
distinguish the terms [a 0 ; a 4 ] , where 𝑡1 ∈ [𝑎0 ; 𝑎1 ], 𝑡2 ∈
[𝑎1 ; 𝑎2 ], 𝑡3 ∈ [𝑎2 ; 𝑎3 ], t 4 ∈ [a 3 ; a 4 ]. The interval splitting
values can be adjusted and changed in the process of using
real UAV flight data in mountainous terrain.
Next, we assign estimates Oi , using the linguistic
variables T and the values of the partitioning of
intervals [a 0 ; a 4 ] , for example, using the following
characteristic function:
𝑎1 ,
𝑎2 ,
𝑂𝑖 = {
𝑎3 ,
𝑎4 ,

𝑖𝑓
𝑖𝑓
𝑖𝑓
𝑖𝑓

𝑡1 ;
𝑡2 ;
𝑖 = 1, 𝑚
𝑡3 ;
𝑡4 .

This will allow you to combine the conclusions of the
ground control manager on the level of probability of a risky
event and the number of "reliability" of confidence in his
reasoning. The membership function constructed in this way
indicates that the obtained value of μ(xi ) will go to 1, if the
high level of the i-th criterion.
Presentation of input data in the form of linguistic
assessment and confidence in its assignment allows better
disclosure of the views of dispatchers. Thus, based on the use
of fuzzy sets and multidimensional membership functions,
the subjectivity of expert opinions is revealed and the
transition from fuzzy expert linguistic and quantitative
assessments to normalized and comparable ones is made.
2 step. Introduction of weights
Let the expert for each risk-oriented impact factor
(criterion) can set the weights 𝑣𝑖 , 𝑖 = 1, 𝑚, from some interval
[1; 10]. Otherwise, the criteria may be equally important. Since
our estimates 𝜇(𝑥𝑖 ) are normalized, then it is necessary to
normalize the weights, for example [14]:
𝑣

𝑤𝑖 = ∑𝑚 𝑖

𝑖=1 𝑣𝑖

2

(3)

0, 𝜀 ≥ 1.

where𝑂𝑖 , 𝑞𝑖 the value of the i-th criterion, and 𝜀 =
2

√(𝑂𝑖 −𝑎4 ) + (𝑞𝑖 − 1)2 .
(𝑎 )2
4

The center of the cone corresponds to a vector of values,
which is approximately equal to the value being modeled.

()

Next, we will aggregate the estimates of the criteria based
on the expert's opinion. To do this, we build a membership
function, as one of the proposed convolutions, depending on
the views of the expert on the development of events [15]:
𝑅1 (𝑆) =

Next, we construct a two-dimensional cone-like
membership function to aggregate linguistic evaluation and
the certainty of its assignment. The cone-shaped membership
function was chosen for the following reasons. For example,
a UAV cannot be considered safe if there is a low probability
of a risky event, but the confidence of the ground control
manager in his conclusions is minimal. In this sense, we have
the following idea:

, 𝑖 = 1, 𝑚

3 step. Derivation of an aggregate risk assessment

()

Without sacrificing generality, the systems analyst may
also use other known methods of fuzzy inference systems to
aggregate qualitative data [16].

(𝑂𝑖 −𝑎4 )
2
𝜇(𝑥𝑖 ) = {1 − √ (𝑎4)2 + (𝑞𝑖 − 1) , 𝑖𝑓 𝜀 < 1,

The cone-shaped function determines the uniform change of
membership when moving away from the center of the cone
according to the scaling parameters.

1
∑𝑚
𝑖=1

𝑤𝑖
𝜇(𝑥𝑖 )



()
𝑤

𝑖
𝑅2 (𝑆) = ∏𝑚
𝑖=1(𝜇(𝑥𝑖 )) ;

()

𝑅3 (𝑆) = ∑𝑚
𝑖=1 𝑤𝑖 ⋅ 𝜇(𝑥𝑖 ) ;

()

2
𝑅4 (𝑆) = √∑𝑚
𝑖=1 𝑤𝑖 (𝜇(𝑥𝑖 )) 

()

Where 𝑅1 (𝑆) is a pessimistic scenario of unfolding
events; 𝑅2 (𝑆) – cautious scenario of unfolding events; 𝑅3 (𝑆)
– average scenario of unfolding events; 𝑅4 (𝑆) – optimistic
scenario of unfolding events; 𝑤𝑖 ( 𝑖 = 1, 𝑚 ) normalized
weights for each criterion. There is the following
subordination between them: R1 (S) ≤ R 2 (S) ≤ R 3 (S) ≤
R 4 (S).
4 step. Defuzzification data and decision-making
Based on the obtained aggregate risk assessment, we draw
conclusions for further implementation of UAV flight
decisions. Based on the obtained aggregate risk assessment
𝑅(𝑆), we present a linguistic interpretation of the level of
safety of UAV flight to achieve the objectives of
environmental research in mountainous areas, as follows:
• 𝑅(𝑆) ∈ [0; 0.2) ‒ VLS: very low level of UAV flight
safety;

• 𝑅(𝑆) ∈ [0.2; 0.4) ‒ LS: low level of UAV flight
safety;
• 𝑅(𝑆) ∈ [0.4; 0.6) ‒ AS: average level of UAV flight
safety;
• 𝑅(𝑆) ∈ [0.6; 0.8) ‒ AAS: UAV flight safety level is
above average;
• 𝑅(𝑆) ∈ [0.8; 1] ‒ HS: high level of UAV flight safety.
Decision-making levels can be adjusted based on the
experience, skills, and abilities of research experts. In
addition, if there is sufficient data on UAV flights, it is
advisable to use machine learning methods, such as artificial
neural network [18], logistic regression [15], Support Vector
Machine (SVM), random forest, and others. In addition, the
levels of decision-making can be changed taking into account
additional parameters, such as: UAV technical parameters,
flight parameters, meteorological parameters, and others.
IV. EXPERIMENTS
As an experiment, consider an example of a developed
model of risk assessment of UAV flights to study the
environment in the mountains. As our comprehensive study is
in the second stage, the controller of the ground control point
of the UAV flight control provided test input data simulating
the flight of the UAV in the mountains. For each risk-oriented
impact factor K we obtain linguistic estimates t (conclusion of
the ground control manager on the level of probability of
occurrence of a risk event described by the relevant criterion
to meet the target needs of system 𝑆) and quantitative
estimates 𝑞 (number of "reliability" conclusions). Input data
and weights, from the interval [1; 10], will be presented in the
form of Tabl. 1., as well as in a graphical interpretation Fig. 1.
TABLE I.

INPUT DATA

Risk-oriented impact factor (criteria)

w

T

q

K1 – meteorological risks

10

t2

0.6

K2 – risks of a UAV collision with the ground

9

t3

0.6

K3 – risks of implementation in the animal world

8

t4

0.8

K4 – risks of collision in the air

5

t4

0.9

K5 – the risks of losing the UAV

9

t2

0.9

K6 – frequency range and noise risks

5

t4

0.7

K7 – risks of UAV and data destruction by third
parties

4

t4

0.6

Let's perform UAV flight risk assessment for mountain
environment research according to the developed fuzzy
model and step-by-step algorithm.
1 step. Fuzzification of input hybrid data
To do this, we calculate the value of the membership
function of many variables μ(x) by formula (3) for each input
value. In this case, since the indicators characterize the level
of probability of occurrence of a risk event, then the term set
of linguistic variables T is presented on a percentage
numerical interval, to distinguish the terms [0; 100], where
𝑡1 ∈ [0; 25], 𝑡2 ∈ (25; 50], t 3 ∈ (50; 75], t 4 ∈ (75; 100].

𝜇(𝑥1 ) = 1 − √

(50−100)2
(100)2

+ (0.6 − 1)2 = 0.3597;

𝜇(𝑥2 ) = 0.5283;
𝜇(𝑥3 ) = 0.8;
𝜇(𝑥4 ) = 0.9;
𝜇(𝑥5 ) =0 .4 9 0 1 ; 𝜇(𝑥6 ) =0 .7 ; 𝜇(𝑥7 ) =0 .9 .
2 step. Introduction of weights
Next, calculate the normalized weights by the formula
(4): v=(0.2; 0.18; 0.16; 0.1; 0.18; 0.1; 0.08).
3 step. Derivation of an aggregate risk assessment
Let the expert estimate the average scenario, then
calculate the convolution of assets of the airport by the
formula (7): 𝑅3 (𝑆)=0.6153.
4 step. Defuzzification data and decision-making
Based on the obtained aggregate risk assessment, we draw
conclusions 𝑅3 (𝑆) = 0.6153 ∈ [0.4; 0.6) ‒ AS: average
level of UAV flight safety.

Fig. 1. Visualization of input data

As a result, on the test example we can conclude that the
risk assessment of 0.6153 UAV flight for environmental
research in the mountains, and this is the average level of
flight safety for a particular mountain area and technical
characteristics of UAV.
V. RESULTS AND DISCUSSION
If we have clear quantitative information on the
possibility of flying and conducting research, then on its
basis, clear appropriate decisions are made. To obtain a
quantitative assessment of risk, for example by
meteorological conditions, you can use different systematic
approaches to data analysis [15-17, 19]. In addition, to
increase the validity of decisions, we propose to use the
practical experience, skills and knowledge of the direct
organizers of research and dispatchers of ground control point
UAV.
In order to apply the developed fuzzy UAV flight risk
assessment model to mountain environment research, it is
necessary to adjust the fuzzification of input data and
decision-making levels. These tasks are assigned to the
practical experience of experts, or in this case to the
controllers of the ground control point of UAV.
The constructed fuzzy model of UAV flight risk
assessment based on risk-oriented factors has a number of
advantages, namely: increases the objectivity of expert
assessments using hybrid input data in the form of linguistic
variables of the level of probability of risk occurrence and

quantitative assessments control point in its conclusions;
derives an aggregate UAV flight risk assessment based on the
scenarios; displays a linguistic assessment of UAV flight
safety. For the application of the developed model, a
generalized step-by-step algorithm is proposed, which is
easily implemented in the UAV flight decision support
software.

[3]

[4]

The disadvantages of this approach include the use of
different models of fuzzification of input data, which can lead
to ambiguity of the final results.
The study developed a fuzzy UAV flight risk assessment
model for environmental research in mountainous areas,
taking into account risk-oriented factors influencing the
implementation of the flight. As a result, we will obtain a
quantitative assessment of flight risk and a linguistic
interpretation of the level of safety of UAV flight, which will
allow a reasonable approach to decision support. This is the
first time the following results have been obtained:
• It is proposed to fuzzification the input data using the
multidimensional membership function, which are
presented in the form of linguistic estimates of the
level of probability of occurrence of a risk event and
quantitative estimates of the number of "reliability" of
considerations of the ground control manager in his
conclusions;
• A generalized step-by-step algorithm for obtaining a
quantitative assessment of flight risk and linguistic
interpretation of the level of safety of UAV flight;
• Experimental approbation and verification of the
conducted research on test data of flight simulation of
UAV is carried out.
The rationality of the obtained UAV flight risk assessment
for the study of the environment in mountainous areas proves
the advantages of the developed model. The reliability of the
obtained results is ensured by the correct use of fuzzy set
theory for the processing of expert knowledge, which is
confirmed by the research results.
We see further research in the third stage of our study,
namely: in the development of innovative software to support
the decision to implement UAV flight, as well as testing and
verification of the model and software on real experimental
data. The study will be a useful tool to support safe decisions
about UAV flight in different locations, and as a part of
Aviation education within the Integrated laboratory for digital
aviation education in selected subjects of flight training.

[5]

[6]

[7]

[8]

[9]

[10]
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