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This paper presents an approach for identifying the optimal configuration of avionic sys-
tems of the unmanned aerial vehicle (UAV) based on an additive multi-attribute utility
function. The function arguments are technical and economic indicators of avionics design
quality that are specified in accordance with the UAV requirements. The method is devel-
oped on an improved decision model that has a high degree of adequacy primarily by the
increasing number of the utility attributes and using advanced reliability models of avionic
systems. These reliability models consider in addition to the reliability parameters of main
and standby elements of fault-tolerant units the effectiveness of non-perfect detection and
switching devices. The proposed method enables the increasing certainty of design anal-
ysis results. It allows determining the optimal configurations of the avionic systems and
rational maintenance regime ensuring needed effectiveness and reliability, minimizing the
expenditure of resources.
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1. Introduction

The experience of armed conflicts for the past twenty years shows that unmanned aerial vehicles (UAV)
play a growing role in obtaining intelligence data to enhance situation awareness and performing other
important tasks. The UAV effectiveness strongly depends on their reliability due to the continual
increase of intensity of unmanned aircraft employment, widening range of operating conditions, and
growing avionics complexity [1, 2]. The increasing level of avionics sophistication causes additional
reliability problems that demand more complex solutions [3]. The reliability of avionic systems is
especially important when a line-of-sight link with control stations is absent or the enemy uses electronic
countermeasures equipment.

The required avionics reliability is formed at the early design stages and can be realized primarily
using fault tolerance, fault avoidance and forming expedient maintenance strategies and modes [1–5].
Applying these principles engineers should consider achieving all ranges of numerous conflicting objec-
tives under uncertainty of decision outcomes [6–13]. In this sense, designers need to assess the versatile
value trade-offs meeting acceptable avionics weight, size, power consumption, overall cost, other engi-
neering characteristics and lifecycle performances. All above-mentioned factors comprehensively affect
choosing the optimal avionic systems configurations among many alternatives [14–17].

Such complex design analysis problems are commonly solved in the frame of Utility Theory and
Decision Theory using various design methodologies with formal analysis, namely the Set-Based Design,
Value Driven Design and Multi-Attribute Utility Analysis [6–17]. The existed corresponding techniques
for implementing the UAV avionics structural optimization [14–17] have both considerable capabilities
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and certain limitations. The main constraint of these methods lies in applying simplified formal
decision-making models and downsizing the sets of multidisciplinary values. Furthermore, to estimate
reliability and find an optimal avionics design, decision-makers usually do not consider maintenance
regimes (MR) and use mainly simplified reliability models for various types of redundancy with the
assumption of perfect detection and switching devices (DSD) [1, 3–5,19].

In the frame of accepted maintenance strategy, the different MR vary with frequency and volume
of preventive and repair maintenance (PRM) activities, in particular periodic maintenance inspec-
tion (PMI) [1, 19–21]. The PMI is divided into operational (preflight and postflight) and scheduled
maintenance [20, 21]. Choosing for avionics the most preferred MR affects the strength and qualifica-
tion of unmanned aircraft system (UAS) maintenance personnel, UAV operating and support costs,
availability, and other characteristics [19, 21].

Using the simplified reliability models for redundancy amount calculation often causes lowering the
field reliability of avionics below the expected level [1,3–5,19]. Reliability of fault-tolerant units (FTU)
depends not only on the reliability of their main and standby elements, redundancy techniques and
amount of redundancy. Furthermore, it is affected by the effectiveness of equipment, which detects
faults, diagnoses and isolates them, reconfigures such units [3–5, 16, 19]. As avionic systems typically
have a large amount of structural redundancy, there is a necessity for applying improved reliability
models considering the effectiveness of non-perfect DSD.

Thus, the aim of this article is to improve the known methods for optimizing UAV avionics struc-
ture ensuring needed effectiveness and reliability, considering the rational MR and minimizing the
expenditure of resources. Development of the proposed methodology involves:

1) building a formal decision model with high adequacy;
2) developing of an optimality criterion and optimization constraints;
3) formulation of an optimization task;
4) building an algorithm for solving the optimization task.

2. Developing the decision model for UAV avionics structural optimization

Developing the decision model is divided into three main steps:

1) multivariate analysis of factors influencing the UAV avionics design;
2) forming a vector of utility attributes;
3) selecting an optimization method.

2.1. Multivariate analysis of factors influencing the UAV avionics design

The UAV avionics design is primarily oriented to achieve required combat effectiveness which is de-
termined by the degree of unmanned aircraft adaptation to perform its main functions. Since most
UAVs are designed for surveillance and reconnaissance, the unmanned aircraft effectiveness can be
determined as a target task performance metric [22] from the formula:

PE(t) = {PD(t), PC(t), PR(t), PUAV (t), . . .}, (1)

where PD(t), PC(t), PR(t) and PUAV (t) are probabilities of detection, classification, recognition of
targets, and UAV reliability.

The UAV effectiveness is characterized by other metrics, for instance, by flight time TF , which
depends on the unmanned aircraft performances, combat tasks, weather conditions and other factors.
Total flight times of the UAV in supporting military operation over DO days with combat intensity
kCI defines a period of the unmanned aircraft employment cycle TEC from the formula:

TEC = TF DO kCI . (2)
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The unmanned aircraft effectiveness depends primarily on its characteristics, in particular on the
UAV and avionics reliability. One of the main ways to increase avionic systems reliability as well as
reduce frequency and volume of PMI activities is to introduce redundancy to these systems [16,19,21].
As a result of this approach, avionics is operated in the failure-free (automatic self-recovery) mode
without performing repair maintenance over the UAV employment cycle [23–25]. In this case, during
the operational maintenance and UAV flights, only operation state of the main FTU elements is
monitored. So, the failures of the main and standby FTU elements may be considered respectively as
evident and latent failures [5, 23–25].

On the other hand, insufficient reliability of avionics without using addition of redundancy requires
performing the PRM of avionic systems after each UAV flight. If we choose two contrasting (corre-
sponding) maintenance regimes with intervals between the PRM activities TM1 for the 1st MR and TM2

for the 2nd MR, the avionics failure probability QA(t) can be represented for these modes accordingly
by the graphs QA1(t) and QA2(t) (see Fig. 1).

Fig. 1. Graphs of avionics failure probability: QA1(t)
for the 1st maintenance regime and QA2(t) for the 2nd

maintenance regime.

To implement the 1st MR, the UAS units
should be staffed with highly skilled maintenance
specialists that have appropriate education and
training for performing complex PRM activities.
This approach allows minimizing time of the UAV
withdrawal from operation. On the other hand, it
makes increasing of operating and support costs,
and lowering mobility of the UAS units [19].

Using addition of redundancy of avionics im-
proves its reliability and enables adjusting the fre-
quency of PRM activities, for example, by increas-
ing period between them to the required value
TM2. This interval corresponds to appropriate
number of UAV launches with total flights time
that is longer or equal to the period between the
scheduled maintenance activities. Respectively, the 2nd MR application results in using automatic
self-recovery function for avionic systems and performing only operational maintenance. To implement
the 2nd MR, it is rational to create the centralized maintenance workshops in the area of operation for
supporting several UAS units. This leads to extending time of the UAVs withdrawal from operation
and reducing their availability. Time that required for PRM of avionics should be added to the times
of unmanned aircraft delivery to workshop and return to UAS unit, or to the time for transporting
maintenance teams to UAS units. Besides, it should be considered the time for staying UAVs in the
line for needed PRM. In addition to achieving the required avionics reliability, use of the 2nd MR allows
increasing the UAS mobility by saving human, technical and economic resources that are involved in
the PRM during the UAV employment cycle. However, these advantages are followed by increasing
the avionics complexity, weight, size and power consumption, as well as, design cost.

Based on analysis of the current state and trends of the UAV avionics development, the following
main four types of FTUs should be considered for ensuring required reliability [2, 3, 16, 19]: bimodal
parallel; bimodal series; three component redundancy, and k-out-of-n majority voting redundancy, in
particular 2-out-of-3 systems with inherent standby elements. Most of the known reliability models
for these types of hardware redundancy are obtained with assumption of using perfect DSD [3–5,19].
Therefore, for more accurate estimation of avionics reliability there is a need to use reliability models
for the selected FTUs considering effectiveness of non-perfect DSD. Derived from the evaluation of
existing methods for building such models, Markov method and modified space states technology were
applied [19]. The paper [19] presents improved reliability models of the FTUs that unlike known
models take into account of the DSD parameters besides reliability parameters of main and standby
FTU elements. Using of these models enables increasing validity of reliability evaluation.
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To improve the unmanned aircraft effectiveness, particularly increase their reliability and extend
the period of UAV employment cycle, it is crucial to solve another conflicting problem. First of all,
designers should meet the minimum expenditure of technical (weight, size and power consumption)
and economic resources [15, 16, 19]. For military unmanned aircraft to achieve the needed technical
characteristics is a dominant design objective comparatively to costs saving. The avionics weight is
considered as a key parameter that reflects its design quality. Even its slight reduce allows increasing,
for instance, the unmanned aircraft flight times, duration of the UAVs employment cycle, and accord-
ingly their effectiveness. The UAV takeoff weight is defined from the weight balance equation (3) and
formula (4) [26]:

mUAV = mAF +mPP +mAS +mPL +mF , (3)

1 = mAF +mPP +mAS +mPL +mF , (4)

where mAF , mPP , mAS , mPL and mF are respectively weight of the UAV airframe, powerplant, avion-
ics, payload and fuel, and mAF , mPP , mAS , mPL, mF are normalized values of the above mentioned
parameters.

Recent progress in the avionic systems enables optimization of their structure considering only
weight and power consumption, as main technical indices, and disregarding their size.

According to the major principles of systems design, decision makers should diminish the overall
cost of avionics that includes costs of design, engineering, and procurement, as well as operating,
support and other costs [3, 6, 19, 27]. Since military unmanned aircraft do not generate profit, it is
appropriate to consider the overall avionics cost as the main economic metric for assessing its efficiency
design. This metric includes the UAV design, manufacturing and maintenance costs. Usually a ratio
of these costs is approximately equal to 1 : 2.5 : 3 [27].

Hence, after structuring the main objectives of avionics design we are able to build their hierarchy
with the UAV combat effectiveness at the top.

2.2. Forming the vector of utility attributes

To compete design analysis engineers usually use the following formal equation [28]:

D = {Y,QS ,K,QK}, (5)

where D is set of input data; Y = {Y1, . . . , Yp} is set of conditions; QS = {QS1, . . . , QSq} is set of
constrains on developing avionics structure; K = {K1, . . . ,Km} is set (vector) of utility attributes
QK = {QK1, . . . , QKr} is set of constrains on applying utility attributes.

Avionic systems configurations, which match the set of conditions Y , are deter-mined as acceptable
variants, and configurations that also correspond to the set of input data D are strictly acceptable [28].
A design among all strictly acceptable variants, which ensures the best value of vector K, is optimal.
The assessment is provided according to pre-selected rule (optimality criteria), on the basis of which
one value of the vector K should be considered better (worse) than other values [28]. In this context,
the optimal variant has the maximum expected utility [7–11].

Based on results of the above-mentioned analysis of factors, we can define the main utility attributes
specifying the set of multidisciplinary values and building their hierarchy. Thus, the set of utility
attributes includes the following incommensurable components that characterize various aspects of the
UAV and its avionics design:

1) unmanned aircraft effectiveness PE(t);
2) UAV reliability PUAV (t);
3) flight time TF ;
4) period of the unmanned aircraft employment cycle TEC ;
5) interval between the PRM activities TM ;
6) reliability of avionics components;
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7) technical (weight and power consumption) and economic (overall avionics cost that includes design,
manufacturing and maintenance costs) indices for each avionic system.

The proposed multidimensional set of utility attributes is considered as the basis of improved
decision model for identifying the optimal avionics structure. Unlike the known models it has a higher
degree of adequacy primarily by increasing number of the utility attributes and using the refined
avionics reliability models.

2.3. Rationale of selecting the optimization method

Based on analysis of known optimization methodologies [3, 6–17], to solve the problem of optimizing
the avionics structure we propose to apply a multi-criteria decision analysis method that is based on
use of the additive multi-attribute utility function [8,28]. This approach enables the multidisciplinary
assessment of avionics design concepts and finding the preferred variant with the highest multi-attribute
utility. The method has the following practical advantages:

1) time-tested mathematical tools;
2) linear dependence of partial utility functions that enables increasing the number of arguments and

allows considering the priority of different attributes depending on the decision-makers’ preferences,
technical design specifications and other factors;

3) allows integrating of costs assessment for different kinds of resources expenditure in order to reach
the maximum expected utility;

4) enables minimizing time for providing calculations in support of making rational decisions at the
early design stages.

However, the efficiency of the above stated approach relies on the experts’ experience knowledge
and professional judgements as well as on their subjective assessment of different alternatives and
possible consequences. Furthermore, this method involves building the resulting multi-attribute utility
function that involves [8, 28]:

1) determination of the importance of each attribute;
2) identification of the main utility attributes and their importance weights;
3) defining of corresponding quantified constraints;
4) development of appropriate analytical model of optimality criterion.

3. Developing the optimality criterion and optimization constraints

The UAV avionics contains three main components [1, 19, 20]:

1) flight control system (FCS):
— navigation subsystem;
— flight computer;
— autopilot;

2) communications system (CS);
3) flight management system (FMS):

— electrical power supply subsystem;
— powerplant;
— airframe;
— fuel;
— different sensors.

All these avionic systems are functionally independent, so the task of optimizing their configurations
may be solved one after another.

The selected optimization approach stipulates differentiation of components of the vector of utility
attributes into two groups according to their hierarchy in compliance with the “design objectives tree”:
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1) dominated partial optimality criteria that reflect the most significant design goals and have obvious
advantages (preferences);

2) attributes that are used as constraints.

Since in practice the field reliability of the UAV avionic systems and respectively the UAV effective-
ness do not meet the requirements [1, 19], the priority in the avionics design is to achieve the needed
reliability and period of the UAV employment cycle. These terms are represented by the following
expressions:

TEC > TECmin, (6)

PUAV (T0 = TECmin) > PUAVmin, (7)

PFCS(T0 = TECmin) > PFCSmin, (8)

PCS(T0 = TECmin) > PCSmin, (9)

PFMS(T0 = TECmin) > PFMSmin, (10)

where TECmin is minimum value of period of the UAV employment cycle; PUAVmin, PFCSmin, PCSmin

and PFMSmin are minimum values of reliability accordingly for unmanned aerial vehicle, flight control
system, communications system and flight management system.

To implement the above stated requirements, first of all, we propose to identify the rational con-
figurations of avionic systems based on the results of their reliability calculations using the improved
reliability models and considering the maintenance regimes.

Thus, for each i (i ∈ 1, . . . , r) maintenance regime, which is determined by the operation inter-
val TMi (Table 1), three sets of rational fault-tolerant configurations for avionic systems are formed
accordingly: for FCS N1i(1, . . . , n1i); for CS N2i(1, . . . , n2i); for FMS N3i(1, . . . , n3i).

Table 1. Sets of rational configurations of avionic systems based on their reliability assessment considering
maintenance regimes.

Sets of rational configurations of avionic systems
Number Maintenance based on their reliability assessment
of MR interval Flight control Communications Flight management

system system system

1 TM1 N11 = {1, . . . , n11} N21 = {1, . . . , n21} N31 = {1, . . . , n31}

2 TM2 N12 = {1, . . . , n12} N22 = {1, . . . , n22} N32 = {1, . . . , n32}

. . . . . . . . . . . . . . .

r TMr N1r = {1, . . . , n1r} N2r = {1, . . . , n2r} N3r = {1, . . . , n3r}

The following denotations for three main components of avionics are given in the Table 1: for FCS
k = 1; j ∈ 1, . . . , n1i; for CS k = 2, j ∈ 1, . . . , n2i; and for FMS k = 3; j ∈ 1, . . . , n3i.

Ensuring the constraints (6)–(10) requires reducing corresponding expenditure of technical and
economic resources. According to the UAV technical design specifications the initial data for the
avionics design are the maximum allowable values of avionics weight (M1max; M2max; M3max), power
consumption (S1max; S2max; S3max) and overall cost (V1max; V2max; V3max) for FCS, CS and FMS
respectively.

To form a generalized optimality criterion, which determines the properties of the best design
decision with minimizing technical and economic costs, we propose to include the following independent
arguments in the resulting multi-attribute utility function: Mkij is weight, Skij is power consumption
and Vkij is overall cost for j configuration of k avionic system considering i maintenance regime.

According to the accepted optimization method the resulting utility function is presented in form
of integrated index of resources expenditure:

Zkij = γ1 Mkij + γ2 Skij + γ3 V kij, (11)

Mathematical Modeling and Computing, Vol. 7, No. 2, pp. 373–388 (2020)



Method for structural optimization of avionics of unmanned aerial vehicle 379

where Mkij =
Mkij

Mkmax
, Skij =

Skij

Skmax
, V kij =

Vkij

Vkmax
are utility functions of partial optimality criteria

(weight, power consumption and overall cost), which are normalized from 0 to 1 and have agreed mea-
surement scale [28]; γ1, γ2, γ3 are weight coefficients accordingly for weight, power consumption and
overall cost (γ1 > 0, γ2 > 0, γ3 > 0). These coefficients are normalized on the basis of developed hier-
archical decision model depending on experts’ professional judgements, knowledge and experience [8]:

1 = γ1 + γ2 + γ3. (12)

Usually designers choose the coefficients γ1, γ2, γ3 based on heuristic methods in accordance with
the specified requirements and other factors and commonly they consider the priority of the weight
indicator [2, 3, 8, 14].

The above stated index (11) defines the expenditure of technical and economic resources for j

(j ∈ 1, . . . , n1i j ∈ 1, . . . , n2i j ∈ 1, . . . , n2i) configuration of k (k ∈ 1, 2, 3) avionic system considering
i (i ∈ 1, . . . , ir) maintenance regime.

The minimum of technical and economic resources needed for avionics design when applying i

maintenance regime is determined from the formula:

Zi = Z1i + Z2i + Z3i, (13)

where Zki = minZkij · (k ∈ 1, 2, 3) are minimum values (local minimums) of indices of resources
expenditure for FCS, CS and FMS considering i maintenance regime. The optimal configurations of
avionic systems and rational MR can be identified on the basis of comparing results Zi (i ∈ 1, . . . , ir)
which are obtained for different maintenance regimes:

Z = minZi. (14)

Thus, the generalized optimality criterion in the form of multilinear utility function is proposed to
find the optimal variant of the avionics structure. The function arguments are technical and economic
indicators of avionics design quality that are specified in accordance with the UAV requirements.
The optimization constraints (6)–(10) include the minimum values of UAV reliability and reliability
of avionics components; duration of the UAV employment cycle; as well as the maximum values of
technical (weight and power consumption) and economic (overall cost) indices for avionic systems.

4. Formulation of the optimization task

In general, the multi-criteria problem of optimizing the avionics structure consists in determining
the configurations of avionic systems, which correspond to the sets of conditions and input data (5).
Furthermore, based on the selected optimality criterion these configurations must ensure the best value
of the vector of utility attributes K. Solving the optimization problem separately for each avionic
system involves:

1) forming possible configurations of avionic systems that match their reliability requirements consid-
ering i MR in the spaces of strictly acceptable variants RN

ki (RN
1i for FCS, RN

2i for CS, RN
3i for FMS),

which are represented by the corresponding bounded sets of points N1i, N2i, N3i;
2) finding the points from sets N1i, N2i, N3i that have the best values of the vectors K1i, K2i, K3i,

respectively for FCS, CS and FMS, taking i MR into account;
3) determining the optimal configurations of avionic systems that ensure the maxi-mum expected

utility.

The illustrative examples of the resulting multilinear utility function

Z11j = γ1M 11j + γ2 S11j + γ3 V 11j

and its partial linear components are depicted in Fig. 2 and Fig. 3 accordingly.
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Fig. 2. Geometric interpretation of the multilinear utility function for the
FCS considering the 1st maintenance regime.

Fig. 3. Geometric interpretation of the partial utility functions for the FCS
considering the 1st maintenance regime.

The following denota-
tions are used in these fig-
ures for j (j ∈ 1, . . . , n11)
configuration of flight con-
trol system (k = 1) consid-
ering i maintenance regime
(i = 1):

M11j =
M11j

M1max
,

S11j =
S11j

S1max
,

V 11j =
V11j

V1max

are utility functions of
partial optimality criteria
(weight, power consump-
tion and overall cost),
which are normalized from
0 to 1; Z11 is the mini-
mum value of the result-
ing utility function; RN

1i is
the space, where the set of
strictly acceptable configu-
rations of FCS is formed
under the terms of achiev-
ing required reliability and
considering i MR;

Mj = γ1 M11j =
M11j

M1max

,

Sj = γ2 S11j =
S11j

S1max
,

Vj = γ3 V 11j =
V11j

V1max

are partial linear com-
ponents of integrated in-

dex (11) that have respectively the following minimum values:

Mjmin = γ1M11min = γ1
M11min

M1max
;

Sjmin = γ2 S11min = γ2
S11min

S1max

;

Vjmin = γ3 V 11min = γ3
V11min

V1max

;

and maximum values:

Mjmax = γ1M11max = γ1
M11max

M1max
6 γ1;

Mathematical Modeling and Computing, Vol. 7, No. 2, pp. 373–388 (2020)



Method for structural optimization of avionics of unmanned aerial vehicle 381

Sjmax = γ2 S11max = γ2
S11max

S1max

6 γ2;

Vjmax = γ3 V 11max = γ3
V11max

V1max

6 γ3.

Based on previous material we propose to use the developed criterion for identifying the optimal
variant of the avionics structure ensuring the needed UAV effective-ness and reliability, complying with
the resource constraints and considering MRs.

5. Building the algorithm for solving the optimization task

The above stated optimization task can be solved using the algorithm that is shown in Fig. 4. The
algorithm is based on the dynamic programming method [29] and involves two main steps:

1) determination of the rational configurations of avionic systems under the terms of achieving required
reliability and considering the maintenance regimes;

2) identification of the optimal variant of avionics structure and rational maintenance regime ensuring
the needed UAV effectiveness and reliability, complying with the resource constraints.

Fig. 4. Generalized algorithm for solving the optimization task.

The essence of the first stage of solving the optimization task lies in a multivariate analysis of
possible configurations of the avionic systems and purposeful selection of reliability parameters of their
components and elements ensuring required reliability and considering maintenance regimes.
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Rational of selecting the expedient avionics configurations is performed step by step in ascending
order (FTUs-subsystems-systems-avionics) considering the preformed set of maintenance regimes R

(i ∈ 1, . . . , r) based on the following assumptions:

1) the avionic systems and subsystems are considered as series components. A failure of such systems
may be caused by a failure of any of their elements. For overall operability of these systems all
their elements must be serviceable;

2) reliability parameters of the avionic systems and their elements are random variables having an
exponential distribution.

Fig. 5. Partial model for solving the 2nd stage of the optimization task considering i maintenance regime
(i = 1).

Step 1. Building a formal model of solving the 2nd stage of the optimization task based on the
dynamic programming method. A part of this model considering i MR (i = 1) is shown in Fig. 5.

The formed sets of rational configurations for avionic systems considering i MR (Table 1, Fig. 4)
are the basic input data for incremental solving of the second stage of optimization task.

The main input data for solving the 2nd stage of the optimization task are the indices of technical
and economic costs for j configuration of k avionic system considering i MR: weight Mkij , power
consumption Skij and overall cost Vkij.

Other input data are:

— design specifications — the maximum values of weight (M1max; M2max; M3max), power consumption
(S1max; S2max; S3max) and overall cost (V1max; V2max; V3max) for FCS, CS and FMS respectively;

— restrictions (6)–(10) that characterize the required period of the UAV employment cycle TECmin,
reliability of UAV PUAVmin min and avionic systems (PFCSmin, PCSmin, PFMSmin).

Step 2. Defining the weight coefficients of partial optimality criteria (weight, power consumption
and overall cost) by decision makers with use of heuristic techniques based on their professional judge-
ments, knowledge and experience [8, 28].

Step 3. Calculation of values of resulting utility function (11) for j configuration of k avionic system
considering i maintenance regime with use of the dynamic programming method.

Step 4. Finding the local minimum values of indices of resources expenditure for avionic systems
considering i maintenance regime based on the formula (13).

Step 5. Identification of the optimal avionics structure and rational MR on the basis of comparing
results Zi (i ∈ 1, . . . , r) and finding among them the smallest value (14). In the case when some
configurations, for example configurations B1 and B2, have the same value of indices Z1 = Z2, then
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based on the priority of local optimality criteria the following in equations should be verified:

M(B1) < M(B1), (15)

S(B1) < S(B1), (16)

V (B1) < V (B1), (17)

where M(B1), M(B2), S(B1), S(B2), V (B1), V (B2) are weight, power consumption and overall cost
of the configurations B1 and B2 respectively.

Based on the developed algorithm, the created prototypes of specialized software (ASNA-1, Math-
Cad and Python) allow computerizing the procedures of design analysis that causes reducing the time
to complete these operations and improving quality of decision-making process.

6. Application of the developed optimization technique

The application of the proposed optimization method is illustrated by the following example with next
assumptions and limitations:

1) avionics reliability assessment is carried out after making design decisions which ensure achieving
the main UAV performance characteristics [30];

2) reliability assessment of avionic systems includes evaluation of their hardware reliability and does
not consider the reliability of avionics software and maintenance personnel [30];

3) preventive and repair maintenance is performed only by the UAS maintenance personnel who have
proper training, qualification and certification;

4) avionic systems have a certain reliability level that allows the maintenance personnel do not perform
the scheduled and repair maintenance during the UAV employment cycle;

5) cost of avionics maintenance is unchanged over all phases of the UAV life cycle.

We assume that the decision makers use the following input data according to the defined technical
design specifications:

— k avionic system (k = 1− FCS, k = 2−CS, k = 3− FMS);
— i maintenance regime (i ∈ 1, ..., r), TM1 = 50 hr, TM2 = 100 hr, TM3 = 200 hr;
— operation interval TOP = TECmin = 50 hr, PUAVmin(50) = 0.93, PFCSmin(50) = 0.983,

PCSmin(50) = 0.983, PFMSmin(50) = 0.983;
— the maximum values of weight (M1max = 0.75 kg, M2max = 0.4 kg, M3max = 0.98 kg), power

consumption (S1max = 0.36 kW, S2max = 0.4 kW, S3max = 0.81 kW) and overall cost (V1max =
3.9 · 103 $, V2max = 2.9 · 103 $, V13max = 4.9 · 103 $) for FCS, CS and FMS respectively;

— γ1 = 0.35, γ2 = 0.33, γ3 = 0.32 (considering the priority of the weight index) [2, 3, 8, 14, 18].

The 1st stage of solving the optimization task is provided in the frame of reliability synthesis of
avionic systems [3, 19, 30] with use of the well-known and proposed reliability models of FTUs [19]:

— multivariate analysis of possible fault-tolerant configurations of the avionic systems;
— purposeful selection of reliability parameters of the avionics components ensuring required reliability

and taking maintenance regimes into account;
— determination of the rational configurations of avionic systems.

Based on the accomplished calculations we can form the sets of rational configurations for avionic
systems considering i MR:

N = ∪3

k,i=1
Nki, (18)

where Nki = {1, . . . , nki} are subsets of rational configurations for avionic systems.
During the 2nd stage of solving the optimization task we determine the values of weight Mkij [26],

power consumption Skij [31] and overall cost Vkij [27] for j configuration of k avionic system considering
i maintenance regime, as well as identify the values of resulting utility function Zkij (Table 2).
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Table 2. Indices of resources expenditure for avionic systems considering i MR.

Number TMi, Number of Indices of resources expenditure
of MR hr configuration FCS (k = 1) CS (k = 2) FMS (k = 3)

1 (0.55; 0.31; 3.96) (0.32; 0.15; 3.06) (0.79; 0.58; 4.89)
Z111 = 0.8675 Z211 = 0.7407 Z311 = 0.8527

1 50 2 (0.69; 0.31; 3.37) (0.36; 0.18; 2.83) (0.91; 0.73; 3.71)
Z112 = 0.8827 Z212 = 0.7757 Z312 = 0.8829

3 (0.67; 0.32; 3.55) (0.37; 0.19; 2.79) (0.93; 0.74; 3.07)
Z113 = 0.8972 Z213 = 0.9786 Z313 = 0.7818

4 (0.57; 0.28; 3.31) (0.34; 0.13; 2.15) (0.83; 0.59; 4.81)
Z121 = 0.7943 Z221 = 0.6419 Z321 = 0.8663

2 100 5 (0.73; 0.37; 2.95) (0.38; 0.19; 1.97) (0.93; 0.61; 3.17)
Z122 = 0.9218 Z222 = 0.8974 Z322 = 0.8042

6 (0.71; 0.36; 3.03) (0.37; 0.18; 1.99) (0.95; 0.62; 2.82)
Z123 = 0.9099 Z223 = 0.8730 Z323 = 0.7322

7 (0.61; 0.33; 2.56) (0.38; 0.17; 1.96) (0.84; 0.60; 4.92)
Z131 = 0.7972 Z231 = 0.8616 Z331 = 0.8814

1 200 8 (0.76; 0.36; 2.41) (0.37; 0.18; 1.41) (0.94; 0.75; 2.74)
Z132 = 0.8824 Z232 = 0.6278 Z332 = 0.7672

9 (0.73; 0.36; 1.96) (0.37; 0.19; 1.84) (0.96; 0.78; 2.71)
Z133 = 0.8315 Z233 = 0.8739 Z333 = 0.8569

Remark 1. As an example, in the Table 2 for each maintenance regime there are only three rational
configurations of avionic systems. The configurations, which are represented by indices Z111, Z122, Z132,
Z211 and Z331, have values of weight, power consumption or overall cost that exceed the maximum
allowable values.

The obtained results allow determining:

1) the minimum values of indices of resources expenditure Zki for k system considering i maintenance
regime:

Z11 = 0.8827, Z21 = 0.7757, Z31 = 0.7818,

Z12 = 0.7943, Z22 = 0.6419, Z32 = 0.7322,

Z13 = 0.7972, Z23 = 0.6278, Z33 = 0.7672;

2) the minimum values of indices of resources expenditure Zi for avionics considering i maintenance
regime:

Z1 = 2.4403, Z2 = 2.1685, Z3 = 2.1923;

3) the optimal configurations of avionic systems Z2, which according to (14) has the smallest value of
the sum of Zki (Table 2);

4) the rational MR is the 2nd maintenance regime.

Table 3. Calculated reliability of the unmanned aerial vehicle TOP = 50, hr.

Reliability Detection and PFCS(50) PCS(50) PFMS(50) PUAV (50) TOP , hr
models switching devices (for PUAV = 0.93)

known perfect 0.98387 0.98401 0.98452 0.93408 51.2

offered non-perfect 0.96534 0.97148 0.97311 0.89584 37.9
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To compare the existed and proposed optimization techniques we calculated the reliability of de-
signed UAV with identified optimal configurations of avionic systems (Fig. 6 and Table 3) using their
well-known and developed reliability models [19].

Based on the obtained results we made the following conclusions:

1) the UAV reliability which is evaluated using the well-known reliability models with idealization
of the DSD [19] satisfies the condition PUAV (t) > 0.93 at the operation interval TOP1 = 51.2 hr
> TECmin. But the UAV reliability, which is calculated with the use of the proposed reliability
models considering the effectiveness of non-perfect DSD, does not satisfy the above-stated condition
(TOP2 = 37.9 hr < TECmin). The discrepancy in the results (Table 3 and Fig. 6) indicates a
significant impact of the DSD effectiveness on the reliability of fault-tolerant units and respectively
on reliability of avionics and unmanned aircraft;

2) application of the existed optimization techniques [14–17] that are based on the simplified reliability
models leads to the decreasing validity of the design analysis results. It causes the irrational design
decisions that pertain to reducing the amount of redundancy, selecting the less reliable elements.
Consequently, the field reliability of the UAV avionics can be 5−10% lower than expected [1,2,4,19];

3) use of the proposed optimization method, which is based on the improved decision model, enables
increasing reliability and validity of determination of the optimal avionics structure. At the same
time the developed technique allows ensuring required effectiveness and reliability with minimiza-
tion of resources expenditure.

Fig. 6. Graphs of the unmanned aerial vehicle reliability (FTUs of avionics
with perfect DSD (graph 1), FTUs with non-perfect DSD (graph 2)).

Validity of the results
that are obtained with use
of the proposed methodol-
ogy is confirmed by appli-
cation of the time-tested
methods of complex sys-
tems’ modeling, Markov
method and multicriteria
decision analysis methods.
The results have clear
physical interpretation and
do not contradict the well-
known scientific theories.
The outcomes of the reli-
ability modeling are char-
acterized by asymptotic
agreement with results that
were attained with appli-
cation of the known mod-
els [19].

Reliability of the obtained results is confirmed by:

— developing formal decision model with high adequacy considering the most important factors that
influence the UAV avionics design and increasing number of the utility attributes, using valid
assumptions and limitations;

— using advanced reliability models of avionic systems that consider besides reliability parameters of
main and standby elements of fault-tolerant units also effectiveness of non-perfect detection and
switching devices [19];

— solving the optimization task with use of well-known scientific and methodical approaches, as well
as proper input data, which are based on information from the field operation of UAVs [18];

Mathematical Modeling and Computing, Vol. 7, No. 2, pp. 373–388 (2020)



386 Pashchuk Yu.M., Salnyk Yu. P., Pashkovskyi V. V., Zaiets Ya.H., Miskiv V.-M.V., Shkiliuk O. P.

— convergence of results from the theoretical research and flight experiments with testing UAVs “X-
UAV Talon EPO 1718mm” [18]. One part of these aerial vehicles had a basic configuration and
other drones were modernized by adding structural redundancy for avionic systems based on the
analysis of their field reliability considering the least reliable elements. The experiments confirmed
that increasing the reliability of modernized UAVs have improved their efficiency in performing air
reconnaissance tasks but with deterioration of other quality indicators, particularly, their weight
and cost have increased.

7. Conclusions

Thus, in this paper, the development and application of the method that can be implemented for
optimizing the UAV avionics structure at the early design stages are described. The proposed approach
is based on the additive multi-attribute utility function. The technique allows determining the optimal
configurations of the avionic systems as well as rational maintenance activities ensuring the required
UAV effectiveness and reliability, minimizing the expenditure of resources.

The proposed methodology is developed on the improved decision model that has a high degree of
adequacy primarily by the increasing number of the utility attributes and using the advanced reliability
models of avionic systems [19]. These reliability models consider the effectiveness parameters of non-
perfect detection and switching devices of fault-tolerant units in addition to the reliability parameters
of their main and standby elements. The developed optimization technique enables increasing the
reliability and validity of design results.

The created algorithm and corresponding prototypes of specialized software for its implementation
allow the decision-makers to solve the optimization task with a significant reduction of the time for
performing the avionics design analysis and improving its quality. Since the developed technique is
based on the reliability models of universal fault-tolerant units as well as on the optimality criterion of
minimum technical and economic costs, it may be applied to determine the optimal structure of any
complex system with hardware redundancy.
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Метод структурної оптимiзацiї авiонiки безпiлотного лiтального
апарату
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вул. Героїв Майдану, 32, 79012, Львiв, Україна
2Нацiональний унiверситет “Львiвська полiтехнiка”,
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У статтi представлено пiдхiд до визначення оптимальних конфiгурацiй систем
авiонiки безпiлотного лiтального апарату (БпЛА) на основi використання узагаль-
неного критерiю оптимальностi у виглядi адитивної полiлiнiйної функцiї корисностi
з узгодженням шкали вимiрювання аргументiв. Аргументи функцiї в iнтегральнiй
формi характеризують основнi технiчнi та економiчнi показники якостi систем облад-
нання, що вiдповiдають вимогам до БпЛА. Методика оптимiзацiї структури авiонiки
БпЛА ґрунтується на удосконаленiй формалiзованiй моделi розв’язання задачi опти-
мiзацiї, що має високий ступiнь адекватностi через врахування багатомiрної множини
визначальних показникiв якостi та застосування удосконалених надiйнiсних моделей
систем бортового обладнання. Розробленi надiйнiснi моделi, на вiдмiну вiд вiдомих,
крiм показникiв надiйностi основних та резервних елементiв вiдмовостiйких модулiв,
ураховують показники ефективностi засобiв контролю та перемикання. Використання
запропонованої методики дає змогу пiдвищити достовiрнiсть визначення оптималь-
них конфiгурацiй систем бортового обладнання та рацiонального режиму технiчного
обслуговування, що уможливлює забезпечення заданого рiвня надiйностi та ефектив-
ностi застосування БпЛА з мiнiмiзацiєю технiко-економiчних затрат.

Ключовi слова: безпiлотний лiтальний апарат, авiонiка, оптимiзацiя структури

систем, надiйнiсть, надлишковiсть, технiчне обслуговування.
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