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ABSTRACT Unmanned Aerial Vehicle (UAV) applications are extended extremely. Some applications need
to use several UAVs for a general mission which can be considered a UAV fleet. One of the important
characteristics for the evaluation of a UAV or UAV fleet is reliability. There are studies in which methods
for analysis of their reliability are considered. Reliability analysis of UAV fleets is less frequently studied,
although a single UAV cannot be performed in many applications and requires the involvement of multiple
UAVs. Typically, this analysis is based on evaluating two states as operational/functioning and faulting.
This paper proposes a new method to calculate the availability of a UAV fleet as one of the reliability
characteristics. Unlike well-known UAV fleet analysis approaches, in this paper, the availability is studied
based on a mathematical model of a Multi-State System (MSS). MSS allows us to examine more than two
states (operational and faulty) of the system, so this analysis is more detailed. In this paper, based onMSS, the
analysis of various topologies of UAVfleets is implemented. Thismathematical model is used for the analysis
and evaluation of topologies of homogeneous and heterogeneous UAV fleets, which can be irredundant or
redundant hot stable systems. The interpretations of different topologies of fleets as typical structures of
MSS (series, parallel, k-out-of-n) are considered. New mathematical definitions of the availability of UAV
fleets of different topologies based on MSS structure function are proposed. These definitions allowed us to
consider the influence of the number of UAVs on the UAV fleet availability and compare the availabilities
of considered topologies of fleets.

INDEX TERMS Availability, fleet, k-out-of-n system, multi-state system, series system, structure function,
UAV.

I. INTRODUCTION
The use of UAVs is one of the main trends in industrial tech-
nology at present. As was shown in the reviews [1] and [2],
the use of UAVs is successfully implemented in a variety of
industries, such as agriculture, geological exploitation, and
mining, monitoring hazardous geophysical processes, envi-
ronmental pollution monitoring, monitoring of technical and
engineering structures, traffic monitoring and others. Some
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UAV-based applications, for example, such asmonitoring, are
implemented by group UAVs. The group of UAVs developed
for implementing a general mission is considered a UAV fleet
or swarm [3], [4]. One of the important conditions for the
successful applications of UAVs or UAV fleets is their relia-
bility [5]. Reliability is a complex characteristic of the system
which includes several metrics, indices, and measures [6],
[7]. There are many studies on the reliability analysis and
evaluation of a single UAV [8]. The analysis of UAV fleet
reliability at the presented time is not investigated well and
according to [5] these investigations have 4% in domine of
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FIGURE 1. UAV fleets reliability analysis classification.

reliability analysis of UAV. Therefore, in this paper, we would
like to develop newmathematical models for the evaluation of
UAVfleets taking into account some factors such as topology,
heterogeneity, and redundancy.

In the study [9] authors introduce the background for the
systematization of UAV fleet characteristics for the evalu-
ation of its reliability. One of these characteristics is the
mathematical model, which is used for a fleet reliability
analysis: Binary State System (BSS) and Multi-State Sys-
tem (MSS). BSS is a mathematical model that allows the
definition and analysis of two states for the system and
its components only. These states are a failure and func-
tioning [10], [11]. MSS is the more general mathematical
model, which supposes the analysis and evaluation of several
performance levels (more than two) for a system and its com-
ponents [12]. MSS allows the provision of reliability analysis
in more detail but needs higher computational resources. For
example, MSS allows us to investigate the degradation in
the reliability of the system. Most of the investigations in
UAV fleet reliability analysis are based on the use of BSS.
For example, BSS as mathematical model is used in studies
[6], [13] – [16]. The use of MSS for reliability analysis of
UAVfleets allows us to consider fleet behavior in more detail.
MSS has been used in the reliability analysis of UAV in [17],
[18]. The authors in [17] propose a general classification
of multi-state UAV-based monitoring systems depending on
redundant UAVs of the fleet, automatic battery maintenance
stations, and other parameters. The problem of the UAV fleet
balancing based on the MSS Markov model is considered
in [18]. However, the mathematical models of different UAV
fleets and their comparison were not considered in these
studies. According to the study [5], the UAVfleets taking into
consideration the mathematical model for reliability analysis
can be classified in the form of the Karnaugh map (Fig. 1).
Mathematical models of UAV fleets based on BSS were
proposed in [5]. In this paper, we propose considering UAV
fleet reliability analysis based on the MSS as a mathematical
model, particularly the availability of different UAV fleet
types. New definitions and expressions of availability are pro-
posed for UAV fleets that are homogenous or heterogenous,
irredundant or redundant, and also have different types of
control.

There are several representations of MSS in reliability
analysis that cause the mathematical methods used for the

calculation of indices, metrics, and measures of system reli-
ability [12]. One of them is structure function, which maps
all possible component states to the system state. The MSS
structure function of the UAV fleet is used in this study to
develop new expressions for the calculation of the availability
of the fleet depending on its characteristics such as hetero-
geneity and redundancy (Fig.1). The evaluation of different
fleets of UAVs based on the structure function of BSS has
been in paper [5]. The investigation of UAV fleets based on
BSS doesn’t allow analysis and evaluation of states other
than operational and failure. For example, the UAV fleet
degradation cannot be quantified based on BSS without the
development of a special method, but it is possible based on
MSS. In this paper, the structure functions are defined for
different fleets based on MSS, and these definitions are used
for the development of expressions for available calculation.
In addition to the mathematical model, when analyzing the
reliability of a UAV fleet, topological properties such as
heterogeneity and redundancy are taken into account (Fig.2).
The availability of a UAV fleet is defined depending on
heterogeneity, redundancy, and type of control and can be
calculated for:

• Heterogenous redundant UAV fleet with central control
(HeRC)

• Heterogenous redundant UAV fleet with decentral con-
trol (HeRD)

• Heterogenous irredundant UAV fleet with central con-
trol (HeIC)

• Heterogenous irredundant UAVfleet with decentral con-
trol (HeID)

• Homogenous redundant UAV fleet with central control
(HoRC)

• Homogenous redundant UAV fleet with decentral con-
trol (HoRD)

• Homogenous irredundant UAV fleet with central control
(HoIC)

• Homogenous irredundant UAV fleet with decentral con-
trol (HoID)

The paper is organized as follows: the state of the art of
the paper’s subject is considered in section II. The mathemat-
ical background for MSS reliability analysis is introduced in
section III. In this section, the typical structures of UAV fleets
studied based on BSS are generalized for the MSS mathe-
matical model. The principal conceptions of MSS reliability
analysis for UAVfleets of different structures taking into con-
sideration the homogenous, heterogeneous, and redundancy
of a fleet are considered in section III-A. New definitions of
the availability of different topologies of UAV fleets based
on MSS and expressions for the calculation are introduced in
section III-B. The application of the proposed algorithms for
the calculations of availability for the different types of UAV
fleets is shown in section IV. The case studies of irredundant
and redundant fleets with homogenous and heterogeneous
structures are considered in section IV-A. The analysis of the
fleet’s parameters (number of UAVs, number of functioning
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FIGURE 2. Availability of UAV fleet definitions and calculations depending on the topology aspects.

UAVs in redundant fleet) is discussed in section IV-B. Advan-
tages, limitations of the proposed algorithms, and future
researchers are in section V.

II. THE PROBLEM STATE ANALYSIS: METHODS FOR
RELIABILITY EVALUATION OF UAV FLEETS
Reliability is one of the main characteristics of any system,
including UAVs and UAV fleets. There are many studies on
the reliability analysis of UAVs [5], [14], [19]. The relia-
bility aspects of UAV missions and UAV fleet missions are
considered in some papers too. In particular, authors inves-
tigate UAV missions taking into consideration the problem
of redundancy [20], maintenance [19], prognostic and health
management [21], and safety [22]. Some aspects of UAV
missions are evaluated based on methods of machine learning
and artificial intelligence [15], [23] – [25]. Studies [13],
[19] – [22], [26] take into account the possibility of mission
implementation by the UAV fleet, but the fleet is not the
subject of investigations and mission success is evaluated
as the first, and the fleet’s reliability and its factors are not
examined. The reliability of a UAV fleet is influenced by
many factors such as its structure or topology [16], [27],
type of redundancy [13], [28], drone characteristics [29],
heterogeneity [30], and others. The taxonomy in reliability
analysis of UAV fleets has been proposed in [9] that shows
the important factors of this analysis and one of them is the
development of the mathematical model of UAV fleet.

The mathematical model of the UAV fleet, as the first,
should be defined depending on the number of performance
levels of the fleet. In this step, the mathematical model can
be defined as BSS, for the evaluation of two performance
levels, orMSS, for the analysis of more than two performance
levels. Most studies of UAV fleet reliability and its special
aspects are based on BSS [3], [4], [6], [13] – [16], [28], [30].
The topological aspects of UAV fleets closely correlate with
reliability and are taken into account in fleet reliability.

The reliability of the UAV fleet depends on the hetero-
geneity of this system. Two types of systems can be defined
depending on this aspect: homogenous UAV fleet [30] and
heterogeneous UAV fleet [31]. The type of fleet depending
on this aspect is caused by the characteristics and properties
of UAVs in a fleet. The fleet is homogenous if all UAVs are
identical [26], [30], [32]. But most often, the heterogeneous
fleets are used in real-world applications [31], [33]. The
homogenous UAV fleet based on MSS is considered in [26].
But in this study, the specifics of the system degradation
from the point of view of the mission are considered and
the calculation of any UAV fleet metrics or indices are not
studied. The aspect of heterogeneity in papers [30] – [33] is
investigated based on BSS.

One of the often-considered reliability analysis aspects of
UAV fleets is redundancy. The redundancy is supposed that
some UAVs in the fleet are reserved and the failures of some
UAVs in the fleet don’t result in the mission fault. An irre-
dundant UAV fleet is used if the resources are restricted.
The reliability of an irredundant UAV fleet is considered in
the context of UAV path planning often and investigated by
BSS [14], [15]. The comparison of irredundant and redun-
dant fleets based on BSS is implemented in [13]. Typically,
the redundancy of the UAV fleet is interpreted as a k-out-
of−n system, which means that the fleet is functioning state
(state of mission implementation) if minimal k UAVs are
working [27]. BSS k−out-of−n system, for example, is used
in [16] as the mathematical model for the definition of
the fleet structure (triangular and quadrilateral UAV fleets)
depending on conditional reliability, conditional failure rate,
and remaining useful life. Influences of system parameters
k and n on fleet reliability are shown by empirical studies
in [6]. The research of UAVfleet redundancy [13], [14] – [16],
[27] allows the analysis of two fleet states (operational and
fault), but a more detailed investigation is not possible based
on BSS, for example, fleet degradation. Such investigation
can be implemented based on MSS.
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One more aspect of UAV fleet topology that influenced
its reliability is the control type of fleet. In the investiga-
tions [34], [35] the control of the UAV fleet is discussed
such as decentral or central. In the case of central control,
the central control unit is used for fleet control, it can be a
moving ground platform on which UAVs are recharged and
refueled [34]. The influence of control type on UAV fleet
reliability is mentioned in the taxonomy of reliability analysis
in UAVs and UAV fleets [9].

The analysis of the studies in reliability analysis of UAV
fleet shows that the problem of MSS used for reliability
evaluation of fleet is not developed sufficiently. However, it is
theMSS allows a detailed assessment of a system’s reliability,
taking into consideration not only the fault and operational
states of a system but also its degradation.

III. RELIABILITY ANALYSIS OF UAV FLEET METHOD
In this section, the calculation of UAV fleet availability based
on MSS is proposed. New algorithms for the calculation
of the availability for different topologies of the fleet are
developed. The evaluation of the UAV fleet and other objects
in reliability analysis can be implemented based on different
mathematical approaches. The most often used mathematical
approaches in reliability analysis are the Markov model [17],
Monte-Carlo Simulation [36], Bayesian Network [37], and
algebra logic (structure function) [5], [12]. Each of these
mathematical methods allows the evaluation of specific prop-
erties of reliability. For example, the Markov model and
Bayesian network are employed for the analysis of the system
reliability depending on time. The methods based on algebra
logic, including fault tree and Reliability Block Diagram
(RBD), are typically used for the structural or topological
reliability evaluation of the system. This study develops the
structure function based methods for availability analysis of
UAV fleets. The background of UAV fleet availability analy-
sis is briefly discussed in section III-A below. New definitions
and expressions for availability calculation are introduced in
section III-B.

A. MSS STRUCTURE FUNCTION BACKGROUND FOR A UAV
FLEET
The structure function of a system can be defined for two
types of mathematical models: BSS and MSS. BSS is a
special case of MSS. The mathematical model of a UAV fleet
defined by MSS structure function is [5]:

φ(x1, . . ., xn)= φ(x) :

{0, . . .,m1−1}× . . . ×{0, . . .,mn − 1}→{0, . . .,M−1}
(1)

where n is the number of UAVs in the fleet; xi is the variable
representing the state of the ith component (UAV) and x
= (x1, . . . , xn) is the state vector that accumulates states
of all system components (UAVs of the fleet); mi for i =

1, . . . , n defines the number of states of the ith UAV: zero
agrees with its fault and mi − 1 is perfect functioning; the
system performance levels of the fleet are defined from zero

toM−1 that are interpreted as a failure of the fleet and perfect
functioning accordingly.

The structure function of MSS (1) can be used for the
development of the mathematical model of a UAVfleet. Need
to note, the MSS structure function (1) is BSS structure
function if mi = M = 2 (i = 1, . . . , n): φ(x): {0, 1}n→{0, 1}.
The structure function (1) depends on the heteroge-

neous [30] and homogenous [31] structures of the fleet. The
homogenous structure is formed by the same UAVs, which
have equal probabilities of functioning. It simplifies the cal-
culation of the fleet availability and reliability. In addition,
the MSS structure function of a homogenous fleet is defined
as:

φ(x1, . . ., xn) = φ(x) : {0, . . .,m− 1n}→{0, . . .,m− 1} (2)

One more important property of the UAV fleet is redun-
dancy. The irredundant fleet is interpreted from the point
of view of reliability analysis as a series system of n
components:

φ (x) =

∧n

i=1
xi (3)

where the symbol ∧ Boolean operator AND
This topology is used to minimize the overall energy

consumption and the number of UAVs used to ensure
non-redundant exploitation of resources [32], [38]. The
redundancy (Fig.1) should be considered at the level of fleet
and level of UAV [28]. Typically, in reliability analysis, two
types of redundancy are investigated. Active redundancy sup-
poses the introduction of a system structure of additional
components that are involved in the system’s functioning.
in the case of a UAV fleet, it is redundant drones in the
structure of the fleet. The standby redundancy is based on
the involvement of additional components as components
involved in the operation of the system fail. This redundancy
can be hot, cold, and warm [38]. Hot standby sparing is used
as a failover mechanism wherein the recovery time is critical.
The mathematical model for this type of redundancy is equal
to active redundancy if the switching delays are not consid-
ered. In the case of cold standby sparing, the spare component
starts functioning only when the working component fails
and needs to be replaced. This type of sparing is typically
used in systems that are critical for energy consumption. The
time delays when a new component is put into operation are
important for cold standby. In some cases, reliability analysis
considers such systems as phase mission systems [27]. The
analysis and evaluation of such a system are typically imple-
mented based onmethods that study the reliability of a system
depending on time, for example, the Markov model or Monte
Carlo simulation. The warm standby can be considered as
the combination of two previous and is not included in the
consideration in this study. Therefore, in this paper, the hot
stable redundancy is used for the definition of the topology
of the redundant UAV fleet. The redundant UAV fleet is typ-
ically a k−out-of−n system in reliability analysis [6], [16].
The structure function of this system is defined as the unit
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of the minimal paths. Each minimal path of the k−out-of−n
MSS system includes k variables of the structure function and

can be presented as
k∧

w=1
xiw (where the symbol ∧ Boolean

operator AND and for the minimal path it is conjunction k
variables):

φ (x) =

∨
Qk

∧k

w=1
xiw (4)

where ∨ is the symbol of Boolean operation OR for Qk
minimal paths in the topology of the k-out-of−n system and
the number of the paths Qk is defined as:

Qk =

(
n
k

)
=

n!
(n− k)!k!

. (5)

In addition to the fleet type (homogeneous and heteroge-
neous) and the redundancy, the control of a fleet is taken into
consideration in this study. According to studies [34], [35],
[39], it can be decentralized and centralized. In the case of
centralized control, according to [34] and [40], all UAVs are
‘‘connected’’ with the control component. From a topological
point of view in reliability analysis, such a connection is
serial.

The UAV fleet structure or topology in reliability analysis
can be evaluated based on the availability. MSS availability
is defined for each working performance level of a system
based on the MSS structure function (1) according to [19]:

A(j) = Pr{φ(x) ≥ j}, j = 1, . . ., M − 1 (6)

or for BSS [11]:

A = Pr{φ(x) = 1}, (7)

Note, that the availability of MSS (6) is defined for each
functioning performance level of a fleet. The definitions of
availability (6) and (7) allow us to evaluate and compare the
availability of typical topologies of UAVfleets. The availabil-
ity of the UAV fleet (6) or (7) depends on the probabilities
of the UAV states. In this paper, the probabilities of the i−th
UAV fault and functioning for BSS are denominated as qi and
pi and the i−th UAV state s (s = 0, . . . , mi − 1) for MSS is
defined as pi,s.

The unavailability of MSS is defined for each functioning
performance level of a system as [12]:

U (j)
= Pr{φ(x) < j} = 1 − A(j), j = 1, . . ., M − 1.

(8)

The unavailability of BSS is computed as:

U = Pr{φ(x) = 0} = 1 − A. (9)

B. AVAILABILITY OF TYPICAL TOPOLOGIES OF UAV
FLEETS
In this paper, the homogenous and heterogeneous topolo-
gies of the UAV fleet are considered. For each of them, the
availability is computed based on the mathematical model
of MSS. The hot redundancy is taken in the analysis of the
UAV fleet availability computation too. Irredundant flotilla

FIGURE 3. Homogenous irredundant UAV fleet with decentral (a) and
central (b) control.

topologies are also examined since they are often used in
practical problems where the number of UAVs is limited [32],
[39]. The considered topologies are examined for central and
decentral control of a fleet.
The homogenous structure of the UAV fleet supposes that

all UAVs have equal characteristics and probabilities of per-
formance levels. The structure function of this fleet is defined
by (2). The probabilities of equal states of different UAVs
in this fleet are equal: pi,s = pv,s = p̃s for i ̸= v (i, v = 0,
. . . , n). This type of fleet is used in case of The irredundant
structure of a homogenous fleet (Fig.3) is interpreted as a
series system because the fleet performs its mission if all the
UAVs are in functional states. The irredundant homogenous
structure should be considered in two versions: with decentral
control [31] and central control [34]. In the case of the central
control, n UAVs have a connection with a central control unit
(Fig.3 (b)). In reviews of control systems of UAV fleets [34],
[35], the control unit is a serial component of the system.
Therefore, a fleet with decentral control is interpreted as a
system of n components and a fleet with a control unit is con-
sidered as a system of (n+ 1) components, in which the (n+

1)−th serial component is a control unit. The homogenous
irredundant topology with central control is typical for fleets
in which one of the UAVs performs control functions [34] and
therefore has similar technical characteristics to other UAVs
of the fleet.

The availability of the irredundant homogenous UAV fleet
without central control (it is decentral) according to (6) is:

A(j)HoID = Pr
{∧n

x=1
xi ≥ j

}
=

(∑m−1

s=j
p̃s

)n
(10)
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FIGURE 4. The calculation of availability of a homogenous irredundant
UAV fleet with decentral (a) and central (b) control.

and for the UAV fleet with central control:

A(j)HoIC= Pr
{(∧n

x=1
xi
)
xn+1 ≥ j

}
=

(∑m−1

s=j
p̃s

)n+1

(11)

where xi (i = 1, . . . , n) is UAV i of fleet and xn+1 is central
control unit; p̃s is the probability of state s of the UAV (for
components from 1 to n) or central control unit as (n + 1)
component (s = 0, . . . , m− 1); j = 1, . . . , m− 1.
The pseudocodes for the calculation of the availabili-

ties (10) and (11) of a homogenous irredundant fleet of UAV
are shown in Fig. 4.
The homogenous redundant UAV fleet can be interpreted

as the k−out-of−n system (Fig.5). In this case the structure
of UAV fleet is conditionally divided into two fleets: the main
fleet and the redundant fleet. The main fleet is formed by the
k UAVs which must have a sufficient level of performance
for the mission implementation. The redundant fleet consists
of (n - k) UAVs, which can replace the failed or degraded
UAVs for successful implementation of a mission. This
structure is typical for hot stable redundancy. The availability
of the homogenous UAV fleet for hot stable redundancy with
decentral control according to (4) and (6) is:

A(j)HoRD = Pr
{∨

Qk

∧k

w=1
xiw ≥ j

}
=

=

∑n

v=k

(
n
k

)
·

(∑m−1

s=j
p̃s

)v
·

(∑j−1

z=0
p̃z

)n−v
(12)

FIGURE 5. Homogenous redundant UAV fleet with decentral (a) and
central (b) control.

and for the UAV fleet with central control:

A(j)HoRC = Pr
{(∧n

x=1
xi
)
xn+1 ≥ j

}
=

(∑n

v=k

(
n
k

)
·

(∑m−1

s=j
p̃s

)v
·

(∑j−1

z=0
p̃z

)n−v)

·

(∑m−1

r=j
p̃r

)
, (13)

where xi (i = 1, . . . , n) is UAV i of fleet and xn+1 is central
control unit; p̃s, p̃z and p̃r are the probabilities of states s, z and
r of system components accordingly (s, z, r = 0, . . . , m− 1);
j = 1, . . . , m− 1.

The calculation of the availabilities (12) and (13) of a
homogenous redundant fleet of UAVs is illustrated by pseu-
docode in Fig.6.
The heterogeneous structure of the UAV fleet is formed by

UAVs of different properties therefore the UAV i of this fleet
has unique value of probability for state s, which is pi,s. Let
us consider the similar structures for this fleet and the first of
them is heterogeneous irredundant fleet of UAVs (Fig.7). This
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FIGURE 6. The calculation of availability of a homogenous redundant UAV fleet with decentral (a) and central (b) control.

fleet can be considered with the decentral and central control.
The availabilities of these fleets are computed as (Fig.8):

A(j)HeID = Pr
{∧n

i=1
xi≥j

}
=

=

∑
φ(x)≥j

p1,s1 · p2,s2 ·· · ··pn,sn =

∏n

i=1

∑mi−1

s=j
pi,s
(14)

and

A(j)HeIC = Pr
{(∧n

i=1
xi
)
xn+1≥j

}
=

=

∑
φ(x)≥j

p1,s1 · p2,s2 ·· · ··pn+1,sn+1 =

=

∏n+1

i=1

∑mi−1

s=j
pi,s (15)
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FIGURE 7. Heterogeneous irredundant UAV fleet with decentral (a) and central (b) control.

FIGURE 8. The calculation of availability of a heterogenous irredundant UAV fleet with decentral (a) and central (b) control.
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where xi (i = 1, . . . , n) is UAV i of fleet and xn+1 is central
control unit; pi,s is the probability of state s of the UAV i and
pn+1,s is the probability of state s of the central control unit
(s = 0, . . . , mi − 1); j = 1, . . . , M − 1.
The heterogeneous redundant fleet of UAVs is interpreted

as the k−out-of−n system in the point of view of reliability
analysis (Fig.9). It is similar with homogenous UAV redun-
dant fleet. The availability of this fleet is like the availability
of the homogenous redundant fleet, taking into account the
differences of probabilities of state s for different UAVs. This
type of fleet can be defined for the two structures:

• with the decentral control:

A(j)HeRD = Pr
{∨

Qk

∧k

w=1
xiw ≥ j

}
=

=

∑n

v=k

(∑
Q

(∏
v

∑mi−1

s=j
piv,s

)
·

(∏
z=n−v

∑j−1

s=0
piz,s

))
(16)

• with the central control by the central control unit:

A(j)HeRC = Pr
{
(
∨

Qk

∧k

w=1
xiw )xn+1 ≥ j

}
=

=

∑n

v=k

(∑
Q

(∏
v

∑mi−1

s=j
piv,s

)
·

(∏
z=n−v

∑j−1

s=0
piz,s

))
×

×

(∑mn+1−1

r=j
pn+1,r

)
(17)

where Q is interpreted as the number of minimal paths of
a system from the point of view of reliability analysis and
defined in (5) as k−combinations; piv,s and piz,s are the
probabilities of state s of the UAV iv and iz (iv, iz = 1, . . . ,
n); pn+1,r is the probability of state r of the central control
unit (r = 0, . . . , mn+1 − 1).
The calculation of the availabilities (16) and (17) are illus-

trated in Fig. 10 by the pseudocode.
The availability calculation of considered structures of

UAV fleets based on BSS structure function has been con-
sidered in [5] and summarized in Table 1. At the same time,
the equations for the availability calculation of UAV fleet by
the BSS structure function can be obtained based on (10) –
(17) for m = 2 or mi = M = 2 and j = 1.

IV. RESULT AND APPLICATION OF RELIABILITY
ANALYSIS OF UAV FLEET OF DIFFERENT STRUCTURES
The proposed mathematical definition of availability of con-
sidered topologies of UAV fleet (10) – (17) can be used for
a fleet evaluation. Below, in section A, the case study of a
fleet a considered to illustrate the application of the proposed
definitions of a fleet’s availability. The calculation of the
availability for fixed number of UAVs allows us to choose
the most acceptable topology of fleet.
The analysis of different topologies of UAV fleet depend-

ing on the number of UAVs are considered below in section B.

TABLE 1. Availability of UAV fleets of different structures based on BSS
structure function.

The comparison of different topologies of UAV fleets is
implemented based on this analysis.

A. CASE STUDY
Let us consider the example of the fleets of 5 UAVs (n = 5)
for the different introduced above structures and compute the
availability for each of them and recommend the topology(s)
depending on the best availability(s). As the first, let this fleet
is defined as homogenous and is mathematically presented by
MSS with m = 3. The homogenous type of the fleet needs in
the definition of UAV state probabilities that are: p̃0 = 0.08,
p̃1 = 0.28 and p̃2 = 0.64. In case of the central control
of this fleet, the probabilities of the central control unit are
defined as equal to the probabilities of the UAV states, i.e.
p̃0 = 0.08, p̃1 = 0.28 and p̃2 = 0.64. The availabilities for
the performance level 1 and 2 of the homogenous irredundant
UAV fleet with the decentral control is computed according
to (10) and they are:

A(1)HoID =

(∑m−1

s=j
p̃s

)n
=

(∑2

s=1
p̃s

)5

= (p̃1 + p̃2)
5

=

= 0.925 = 0.6591 (18)

A(2)HoID =

(∑m−1

s=j
p̃s

)n
=

(∑2

s=2
p̃s

)5

= p̃2
5

= 0.645 = 0.1073 (19)

The availabilities of the first and the second performance
levels of the homogenous irredundant UAV fleet with the
central control that is implemented by the central control unit
are computed according to (11):

A(1)
HoIC =

(∑m−1

s=j
p̃s

)n+1

=

(∑2

s=1
p̃s

)6

= (p̃1 + p̃2)
6

=

= 0.926 = 0.6064 (20)

and

A(2)HoIC =

(∑m−1

s=j
p̃s

)n+1

=

(∑2

s=2
p̃s

)6

= p̃2
6

=

= 0.646 = 0.0687 (21)
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FIGURE 9. Heterogenous redundant UAV fleet with decentral (a) and central (b) control.

The comparison of the availabilities of homogenous irre-
dundant UAV fleets with central and decentral control
shows that the structure with the decentral control has best
availability.

As the next, the homogenous redundant UAV fleets
with the hot stable are considered. The availabilities for
these fleets are computed according to (12) and (13) and
shown in Table 2. Let us illustrate the calculation of these
availabilities by the calculation of the availability of the

performance level 1 of 3-out-of-5 type UAV fleet with
decentral control:

A(1)
HoRD =

∑n

v=k

(
n
v

)
·

(∑m−1

s=j
p̃s

)v
·

(∑j−1

z=0
p̃z

)n−v
=

=

∑5

v=3

(
5
v

)
·

(∑2

s=1
p̃s

)v
·

(∑0

z=0
p̃z

)5−v

=

=

(
5
3

)
· (p̃1 + p̃2)

3
·

˜p20 +

(
5
4

)
· (p̃1 + p̃2)

4
·

˜p10+
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FIGURE 10. The calculation of availability of a heterogeneous redundant UAV fleet with decentral (a) and central (b) control.
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TABLE 2. Availability of the homogenous redundant UAV fleet of 5 UAVs
for different numbers of required functioning UAVs.

TABLE 3. The probabilities of the UAVs and control unit of heterogeneous
fleet.

+

(
5
5

)
· (p̃1 + p̃2)

5
·

˜p00 =

= 10·0.923 · 0.082 + 5·0.924·0.08 + 1·0.925·1 =

= 0.9955 (22)

Analysis of the calculations of availability for the system
under consideration in Table 2 shows that an increase in the
number of required drones in the working state leads to a
decrease in the availability of the fleet. This is typical for both
availabilities of performance level 1 and performance level 2.
It should be noted that the boundary values of k as k = 1 and k
= 5 represent a parallel and series structure, respectively. The
change of the structure of the homogenous redundant UAV
fleets from decentral control to central control by the control
unit causes a decrease in availability. It is explained that the
central control unit is joined as a series component in the fleet.

Let us consider the next examples of availability evaluation
of different structures for heterogeneous fleets. This fleet has
three (M = 3) performance levels. Therefore according to (6)
two availabilities for performance level 1 and performance
level 2 should be computed. The probabilities of UAVs’ states
of this fleet are in Table 3.

As the first, we consider the heterogeneous irredundant
fleet of UAVs. The availability of this fleet is computed
according to (14) and (15) depending on type of control.
The heterogeneous irredundant fleet of UAVs with decentral
control based on UAVs’ probabilities of states in Table 3 is

computed as:

A(1)
HeID =

∏n

i=1

∑mi−1

s=j
pi,s =

=
(
p1,1+p1,2

)
·
(
p2,1+p2,2

)
·p3,1·p4,1·

(
p5,1 + p5,2

)
=

= 0.92 · 0.92 · 0.95 · 0.95 · 0.90 = 0.6875 (23)

A(2)
HeID =

∏n

i=1

∑mi−1

s=j
pi,s

= p1,2·p1,2·p3,1·p4,1·p5,2
= 0.64 · 0.64 · 0.95 · 0.95 · 0.45 = 0.1663 (24)

The use of the central control based on the central control
unit changes the availabilities of the fleet as according to (15):

A(1)
HeIC =

∏n+1

i=1

∑mi−1

s=j
pi,s =

=
(
p1,1 + p1,2

)
·
(
p2,1 + p2,2

)
· p3,1 · p4,1

·
(
p5,1 + p5,2

)
·
(
p6,1 + p6,2

)
=

= 0.92 · 0.92 · 0.95 · 0.95 · 0.90 · 0.95 = 0.6531

(25)

A(2)
HeIC =

∏n+1

i=1

∑mi−1

s=j
pi,s =

= p1,2 · p1,2 · p3,1 · p4,1 · p5,2 · p6,2 =

= 0.64 · 0.64 · 0.95 · 0.95 · 0.45 · 0.55 = 0.0915

(26)

The availabilities of heterogeneous irredundant fleet of
UAVs (23) – (26) shows that this structure have not high
availability. Similarly with the homogenous structure, the
addition of the central control unit decreases the fleet avail-
ability (25) – (26). The availability of the heterogeneous fleet
can be changed using the redundant structures (Table 4).
These availabilities are computed based on (16) and (17). For
example, the availability of the performance level 1 for the
fleet of the structure 3-out-of-5 with the decentral control are
computed according to (16) as:

A(1)
HeRD

=

∑n

v=k

∑
Q

(∏
v

∑mi−1

s=j
piv,s

)

·

(∏
z=n−v

∑j−1

s=0
piz,s

))
=

=

∑5

v=3

∑
Q

(∏
v

∑mi−1

s=j
piv,s

)

·

(∏
z=n−v

∑j−1

s=0
piz,s

))
=

=

∑
10

(∏
v=3

∑mi−1

s=1
piv,s

)
·

(∏
z=2

∑1

s=0
piz,s

)
+

+

∑
5

(∏
v=4

∑mi−1

s=1
piv,s

)
·

(∏
z=1

∑1

s=0
piz,s

)
+
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+

(∏
v=5

∑mi−1

s=1
piv,s

)
=

=
(
p1,1 + p1,2

) (
p2,1 + p2,2

)
·p3,1·p4,0·p5,0+

+
(
p1,1 + p1,2

) (
p2,1 + p2,2

)
·p4,1·p3,0·p5,0+

+
(
p1,1 + p1,2

) (
p2,1 + p2,2

) (
p5,1 + p5,2

)
·p3,0·p4,0+

+
(
p1,1 + p1,2

)
·p3,1·p4,1·p2,0·p5,0+

+
(
p1,1 + p1,2

)
·p3,1·

(
p5,1 + p5,2

)
·p2,0·p4,0+

+
(
p1,1 + p1,2

)
·p4,1·

(
p5,1 + p5,2

)
·p2,0·p3,0+

+
(
p2,1 + p2,2

)
·p3,1·p4,1·p1,0·p5,0+

+
(
p2,1 + p2,2

)
·p3,1·

(
p5,1 + p5,2

)
·p1,0·p4,0+

+
(
p2,1 + p2,2

)
·p4,1·

(
p5,1 + p5,2

)
·p1,0·p3,0+

+ p3,1·p4,1·
(
p5,1 + p5,2

)
·p1,0·p2,0+

+
(
p1,1 + p1,2

) (
p2,1 + p2,2

)
·p3,1·p4,1·p5,0+

+
(
p1,1 + p1,2

) (
p2,1 + p2,2

)
·p3,1·(p5,1 + p5,2)p4,0+

+
(
p1,1 + p1,2

) (
p2,1 + p2,2

)
·p4,1·(p5,1 + p5,2)p3,0+

+
(
p1,1 + p1,2

)
·p3,1·p4,1·(p5,1 + p5,2)·p2,0+

+
(
p2,1 + p2,2

)
·p3,1·p4,1·(p5,1 + p5,2)·p1,0+

+
(
p1,1 + p1,2

) (
p2,1 + p2,2

)
p3,1·p4,1(p5,1 + p5,2)

= 0.004 + 0.004 + 0.0019 + 0.0066 + 0.0031 +

+ 0.0031 + 0.0066 + 0.0031 + 0.0031 +

+ 0.0052 + + 0.0598 + 0.0598 + 0.0362 +

+ 0.0362 + 0.0764 + 0.6875 = 0.9968 (27)

TABLE 4. Availability of the heterogeneous redundant UAV fleet
of 5 UAVs for different numbers of required functioning UAVs.

According to the data in Table 4, the availability of the
heterogenous redundant fleet availability decreases as the
number of required functioning UAVs increases. The defini-
tions of availability for the fleets of UAVs (10) – (17) allows
us to consider the influence of number of drones for each of
the considered structures.

The availability of irredundant homogenous (18) – (21)
and heterogenous (23) – (26) UAV fleets is of approxi-
mately equal order. The fleet with decentral control has the
best availability both for a homogeneous and heterogeneous

fleet (18), (19), (23), (24). The comparison of the availabil-
ities of the homogenous redundant fleet in Table 2 and the
heterogenous redundant fleet in Table 4 shows that there are
no principal differences between these topologies and the
availabilities increase depending on the decreasing of the
number of required active UAVs. The redundant fleet with
the central control unit has less availability in comparison
with the fleet with decentral control. Therefore, the redundant
fleet with decentral control can be considered as best from the
point of view of availability.

B. THE ANALYSIS OF THE AVAILABILITY OF UAV FLEETS
OF DIFFERENT STRUCTURES
The availability of the UAV fleets depends on the structure
of the fleet. Some of the typical structures are considered in
the section III-B above. However, the availability of a UAV
fleet is influenced not only by the structure but by the number
of UAVs in the fleet. Consider below some estimates of the
availability of the studied fleet structures depending on the
size of the fleet (number of UAVs, n).

The evaluation of the homogenous fleet has been imple-
mented for UAVs, which number in fleet n is change
from 2 to 20. The number of this fleet performance level m=

3. The probabilities of UAVs and control unit working states
have been defined randomly for state 1pi,1 from 0.100 to
0.700 and the probability of the fault state pi,0 is chosen from
set {0.050, 0.075, 0.100, . . . , 0.200}. The important condition
for the definition of the state probabilities is their sum is
equal 1, therefore, pi,2 = 1−pi,1 −pi,0. The availability of the
fleet is computed for fleet of 2, 3, . . . , 20 UAVs for each fixed
set of probabilities. This availability calculation experiment is
repeated 150 times for each different probability value, with
fault probability values defined at 0.025 intervals as 0.050,
0.075, 0.100, . . . , 0.200. Then, for each n (the number of
UAVs), the average availability value is calculated and shown
on the graph.

The comparation of availabilities of homogenous irredun-
dant UAV fleets with decentral and central control are in
Fig. 11.
According to this study, the availability of a fleet with

decentral control is better in comparison with a fleet with
central control. The increase in the number of UAVs in the
fleet causes a reduction in this difference, and with 15 UAVs
this difference is practically absent.

The availability of a homogenous redundant UAV fleet
depends on the number of operating UAVs k (Fig. 12).
Therefore, the analysis of this fleet availability depends on

the number of UAVs and the specified number of working
UAVs. This analysis shows that the increase in the number
of worked UAVs for the fixed number of UAVs in the fleet
results in a deterioration in availability. The availabilities in
Fig. 12 are shown for the average dependencies, and this
analysis was performed for sets of probabilities defined by
similar way as for the homogenous irredundant fleets. The
comparison of the availabilities of the performance levelsA(1)
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FIGURE 11. The availabilities of homogenous irredundant fleet of UAV.

FIGURE 12. The availability A(1) of a homogenous redundant fleet of
UAVs with decentralized control.

and A(2) for homogenous redundant fleets 2-out-of−n and 5-
out-of−n are shown in Fig. 13.
This diagram shows that the availability of the performance

level 2 is less. It can be explained by the definition of the
MSS availability (6): the availability of the performance level
1 includes the system states with performance level 1 and
performance level 2. The curves in Fig. 14 illustrate the
influence of the modification of the type of the fleet control.

The availability of the fleet with the control unit decreases
according to evaluation based on the examples 5-out-of−n
system.

The evaluation of the heterogeneous fleets of UAVs has
been implemented in a similar way to the homogenous fleets.
The number of this fleet performance levelM = 3. The num-
ber of component states is mi ≤3. The difference between
these experiments is the definition of the UAV state prob-
abilities. The evaluation of a homogenous fleet needs the
definition of the state probabilities for one UAV and these
probabilities are used for other UAVs and control unit, in the
case of the structure with central control. The evaluation of
the heterogenous fleet needs the definition of the different sets
of probabilities for each UAV. These probabilities are defined
similarly to the definition of the state probabilities for UAV
in a homogenous fleet: the probability of fault is randomly
assigned from the set {0.050, 0.075, 0.100, . . . , 0.200} for

FIGURE 13. The availability A(1) and A(2) of a homogenous redundant
fleets of UAVs with decentralized control (2-out-of-n and 5-out-of-n).

FIGURE 14. The availability A(1) and A(2) of a homogenous redundant
fleets of UAVs with decentralized and central control (5-out-of−n).

each of UAVs in the fleet and the probability of state 1 id
randomly indicated from 0.200 to 0.800 and probability of
state 2 is computed as pi,2 = 1 − pi,0 − pi,1.
The evaluation of the heterogenous fleet and its compar-

ison with the homogenous fleet shows that the availability
change for this fleet is similar (Fig. 15 and 16).

The interesting comparison can be done for the availability
of fleet based onMSS and BSS. The availability of fleet based
on BSS is computed by (7) and pi = pi,1 + pi,2 and qi = pi,0.
This comparison is illustrated by Fig. 17 and Fig.18 for the
fleet with decentral control.

The similar result is for the fleets with central control based
on control unit. This experiment shows that the MSS should
be used in case if the definition of the availabilities for all
performance levels is important. The BSS should be used
instead of MSS if the general availability for the performance
level 1 is enough. The use of MSS in such case leads the
redundance computation complexity of fleet analysis.

Also, for all structures, the availability value of perfor-
mance level 1 is higher than performance level 2. This
follows as expected from the definition of availability (6),
so here it is more appropriate to use the concept of a
probability of performance level, which was discussed, for
example, in [33]. The probability of the performance level j of
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FIGURE 15. The availabilities A(1) and A(2) of homogenous and
heterogenous irredundant fleets of UAV with the decentral control.

FIGURE 16. The availability A(1) and A(2) of a homogenous and
heterogenous redundant fleets of UAVs with decentralized control
(5-out-of−n).

FIGURE 17. The availabilities of homogenous and heterogenous
irredundant fleets of UAV with the decentral control computed based MSS
and BSS.

MSS is defined as:

P(j) = Pr{φ(x) = j}, j = 0, . . .,M − 1. (28)

The inappropriateness of using the concept of availabil-
ity is confirmed by the diagrams in Fig. 17 and Fig. 18,
where you can see that the availability for performance level
1 coincides with the availability calculated on the basis of

FIGURE 18. The availabilities of a homogenous and heterogenous
redundant fleets of UAVs with decentralized control (5-out-of-n)
computed based MSS and BSS.

FIGURE 19. The probabilities of the performance levels of a homogenous
and heterogenous irredundant fleets of UAVs with decentralized control
computed based MSS and BSS.

the BSS. This result also determines the direction of further
research. To further study the reliability of UAV fleets of var-
ious structures based on the mathematical model of the MSS,
the probability of the performance levels of the system (28)
will be used and an analysis of the importance of the fleet
components will be performed using importance analysis
methods. For example, the similar experiment for analysis
of irredundant fleet with the decentral control depending to
the number of UAVs in Fig.19 based on probabilities of
performance levels (28). The comparison of the similar fleets
availabilities (6) and probabilities of performance levels (28)
shows that the second evaluation more detail and useful.

The computational complexity of the proposed algorithms
for the calculation of UAV fleet availability based on MSS
was evaluated. The software for this experimental study has
been developed based on the proposed expression for avail-
ability calculation (10) – (15). The result of the evaluation
of time for the calculation of the availability for the dif-
ferent types of UAV fleet is shown in Fig.20. The time of
the algorithms running has been measured for systems of
three performance levels (m = 3 or M = 3) and the calcu-
lation of the availabilities of the performance level 1(A(1))
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FIGURE 20. The time for the calculation of availabilities of UAV fleets.

FIGURE 21. The comparison of time for the calculation of availabilities of
UAV fleets base on proposed algorithms and structure function.

of the UAV fleets. The time of availability calculation for
homogenous and heterogenous redundant fleets is computed
as the average time for systems from 2-out-of−n to (n −

1)−out-of−n. The software application ran on a computer
with Intel(R) Core(TM) i7-10750H CPU, 16GB, and MS
Windows 11 operating system.

The comparison of the proposed algorithms for the calcula-
tion of availabilities of different types of UAV fleets has been
done with the algorithm of UAV fleet availability computa-
tion based on the structure function, which is considered in
[19], [33]. The calculation of the UAV fleet availability based
on the structure function typical representation considered
in [19], [33] supposes the representation of the structure
function in the form of the truth table. In this experimental
study, we don’t take into account time for the truth table gen-
eration. The result of the comparison is shown in Fig. 21. This
comparison shows that the use of the proposed algorithms for
the calculation of UAV fleet availability needs less time and
this difference extremely increases depending on the number
of UAVs in the fleet. This difference is already sufficient

with five UAVs and the time for the availability computation
based on the truth table of the structure function increases
exponentially depending on the number of UAVs. The com-
parison with the calculation of the availability based on the
truth table of the structure function has been chosen because
it is similar initial representation of the system. Of course,
the methods based on fault trees or Multi-Valued Decision
Diagram (MDD) can be considered too. But in this case, the
time for the development of these representations should be
taken into account too.

V. DISCUSSION AND CONCLUSION
In this paper, an analysis of the UAV fleet is implemented
based on MSS. Structural function of MSS (1) was used
as a mathematical model. The analysis of UAV fleets is
carried out depending on their structural characteristics, such
as homogeneity/heterogeneity, type of control (decentral-
ized/centralized), and redundancy. For each type of structure,
the definitions of fleet availability and its calculation (10) -
(15) are introduced. The case study presented in Section III-
A illustrates the ease of using these definitions to calculate
the availability of a UAV fleet depending on its structural
characteristics. Availability calculations for a fleet of 5 UAVs
show that fleets with decentral control have higher reliability
in terms of structure (see Table 2 and Table 4). Expectedly,
a fleet with redundancy has better availability values than an
irredundant fleet.

An assessment of various UAV fleet structures based on
the obtained availability definitions (10) - (15) is carried out
in section IV-B. These estimates for all structures show a
decrease in availability when using central fleet control. This
result is due to the interpretation of central control as a system
in which the control unit is serial, as presented in the studies
[34], [35], [40]. At the same time, the influence of the central
unit on a fleet availability decreases if number of UAVs is
increased for irredundant fleet (for example, it is illustrated
in Fig.11 for homogenous fleet). The difference between the
availabilities of fleets under centralized and decentralized
control is negligible for a small number of UAVs but increases
with the number of UAVs in the fleet (for homogenous fleet
it is shown in Fig. 13).

The availability of a redundant fleet depends on the number
of required active UAVs (k) regardless of the type of fleet and
the type of control: the increase in the number of required
active UAVs (k) leads to a decrease in fleet availability. It is
typical for a mathematical model of k−out-of−n system
which is used for the representation of a redundant fleet.

It should also be noted that according to the studies did
not show a fundamental difference in the availabilities of
homogeneous and heterogeneous fleets. There is undoubt-
edly a difference in comparing individual fleets (Table 2
and Table 4). However, this difference does not appear in
analysing a large number of fleets (Fig.15, Fig.16, Fig.17,
Fig.18).

Also, for all structures, the availability value of perfor-
mance level 1 is higher than performance level 2. This follows
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as expected from the definition of availability (6), so here it
is more appropriate to use the concept of a probability of
performance level (28). It is the probability of the perfor-
mance level that will be used in further studies of the UAV
fleet, in particular, in the importance analysis of the principal
components (UAVs and control unit) of the fleet.
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