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Abstract. The article presents the task of substantiating the selection of the de-
sign characteristics of a multi-purpose UAV system to simulate the optimal struc-
ture of a multi-purpose UAV system in the study of tropical cyclones, the task of
justifying the choice of characteristics for building a multi-purpose UAV system,
the algorithm of the generalized dynamic concentration method (GDCM) to solve
a class of optimization problems using the criterion of the minimum cost of the
UAYV system's target tasks at a given efficiency of their implementation. The so-
lution to the problem of substantiating the choice of characteristics for building
amulti-purpose UAV system, the simulation results of the optimal multi-purpose
UAYV system for monitoring tropical cyclones in Vietnam are proposed. The re-
sults of the solution of the formulated scientific problem should be used in the
future when forming the tactical and technical requirements (TTZ, TZ) of the
Customer for the creation (modernization) of promising multi-purpose UAV sys-
tems when solving remote sensing problems in terms of evaluating the effective-
ness of their functioning, and evaluating the resource provision, in particular,
costs.

Keywords: Unmanned Aerial Vehicle (UAV), a Multi-Purpose UAV System,
Imitation Modeling, Generalized Method of Dynamic Condensation (GMDC),
Algorithm, Statistical Sample, Optimization, Criterion, Optimal multi-purpose,
Remote sensing.

1 Introduction

Currently, many countries of the world are actively developing and using systems of
unmanned aerial vehicles (UAV) that would deliver special platforms for data collec-
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tion (PDC) to a certain area of the world ocean, to solve the problems of analysis, as-
sessment, monitoring, and forecasting the formation of tropical cyclones in specific
regions [1, 2]. At the same time, such special platforms should be so distributed over
the area of the ocean and its height that measurements of the characteristics of the at-
mosphere at various points of the probed object are synchronized. This synchronization
is necessary to build a General and maximally accurate model of the development of
atmospheric vortices with the possibility of its practical application on a time scale
close to the real one [3].

The multi-purpose feature of the UAV system is determined by the variety of tasks
performed by the system, the conditions of its operation, and the set of elements that
make up this system. In General, the construction of this system consists of the rational
distribution of a given set of target tasks {X} between individual elements of the UAV
system. Replacing the external target set of tasks {)X} with some "design characteristic"
in this case will be incorrect since the previously obtained "design characteristics" can
lead to a significant systematic error in evaluating the effectiveness of a multi-purpose
UAV system.

In General, regardless of what type of UAV should be used (operated) in the optimal
structure of a multi-purpose system, the justification for the choice of characteristics to
build the structure (framework) of such a system inevitably leads to the need to solve a
class of optimization problems using the criterion of the minimum cost of the UAV
system's target tasks at a given efficiency of their implementation.

The purpose of this work is to simulate the optimal structure of a multi-purpose UAV
system using the generalized method of dynamic condensation in the study of tropical
cyclones one of the most destructive and regularly recurring natural phenomena in the
territories of the Earth and the world Ocean adjacent to the Socialist Republic of Vi-
etnam.

2 The Task of Justifying the Choice of Characteristics for
Building a Multi-Purpose UAV System

Find
C[W,D,E(Z))}zmin minC[W,D,E(g))}, (1)
aeD E(X)
where C[W,D,E(w)] - the cost of a multi-purpose UAV system;
W - the external target set of tasks defined by vectors
a):{mp|,¢),/1, H} eW _

mp —the payload mass, latitude - ¢, longitude - 4 and altitude - H of a given cyclone
point;

(4]

( ) - the target distribution function, which is defined by elementary distribution
functions ejj:e;j=1, if the i-th task is performed by the j-th type of UAV and e;;=0, oth-
erwise.
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E(a)) = {e(l,l),e(l, 2),...e(i, j),....e(n, m)} di=Ln, j=1m,

Here n is the given number of target tasks, m is the given number of UAV types.

D is a set of strategies for building a variant of the UAV system (Dirichlet region).

e(i,j)=1 if the i-th task is completed by the j-th UAV type; e(i,j)=0, otherwise.

Thus, the task of justifying the choice of characteristics of the structure of a multi-
purpose UAV system is to search for such options (scenarios) for the survey of one of
N goals using various types of UAVS to obtain operational remote sensing information,
in which the probability of completing the target task Piwill be maximum.

In this task, not only the optimal distribution of target tasks by UAV types is selected,
but also the corresponding design solutions for each of the separate UAV types. Prob-
lem (1) is solved under the following parametric constraints on design solutions [4, 5]:

I:’Omin < PO < POmax;
Hpsmin = Hps = HpSmax >
MW min < My = M max

IVIOminSMOSMOmax- (2)

—

where the vector of design parameters a defines the key characteristics of the

UAV's appearance and has the following components: a_(PO’ﬂPS’m‘N’MO),
where Pq is the thrust of the propulsion system (PS); ues is the relative mass of the
propulsion system; my is the weight of the wing; Mo is the UAV’s initial mass.

Functional restrictions have the form:

m
= : ®)
here Dj = {a) EW|E(CO) B J}’ =1 m, - the Dirichlet region.

It is assumed that the solution to the problem of the functioning of a multi-purpose
UAV system is related to the area of acceptable design solutions for completing UAVs
with special (PDC) and service equipment, which is determined by parametric and
functional restrictions of the form [6]:

D ={a€ A,U EU,amini Sal Samaxi,l =l,n,umin j SU] Sumaxj, J =ﬁ,
9,(d)>0,r=1g} @
where A, U are the permissible regions in the parameters and control;

Bmini < &) < 8maxis | =10, Upin j SUj SUpgy j, J=1m
are the restrictions on the design parameters of the UAV and its motion control func-

tions, respectively; gf(d)_ O.r=1g are the functional restrictions; [ ( )]

is the UAV design solution vector; @ is the vector of characteristics of the target task
of a multi-purpose UAV system.
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The first functional restriction in the task (1) means that the set of target tasks per-
formed by the i-th type of UAV does not intersect with the set of target tasks performed
by the j-th type of UAV.

The physical meaning of the second functional constraint in problem (1) means that
the structure of the UAV system must be constructed specially. More specifically, it
should be possible to redistribute a given set of target tasks to each other on a time scale
that is close to real-time. At the same time, the cost of the entire UAV system for ob-
taining the necessary remote sensing information with the required frequency and up-
dating it should be minimal.

The generated problem of the form (1) belongs to the class of problems of multi-
criteria multiparametric multi-factor identification of indicators and characteristics of
complex organizational and technical systems and their structural and parametric opti-
mization. This problem is solved by the generalized method of dynamic condensation
[7,8,9].

3 The Algorithm of the Generalized Method of Dynamic
Condensation (GMDC)

The generalized method of dynamic condensation consists of using a combination of
the possibilities of the optimization method in the space of inverse functions and the
possibilities of the dynamic condensation method. Based on the method of dynamic
condensation, a certain verification function is formed that allows you to build the final
distribution of target tasks between individual types of UAVs based on the distances
between the design parameters of the UAV.

To apply the inverse function method, you must set parametric restrictions on the
variable parameters of the UAV type (2) and the corresponding functional restrictions.

The measure of adequacy between a subset A < Aand an object y is defined as
follows [10]:

D(Avy)z > u(@)d(ay)= T u(a)p’(ay), ®)
acA acA
where p(a) is " the weight" coefficient in the context of task (1), i.e. the required
number of modules required to justify the configuration of all types of UAV multi-
purpose system.
The function of representation (selection) of UAV parameters for a set of target tasks
g(P)=L matches each cluster Py with its representative I, by the condition:

Ik:g(H():|:aj€H< m?Xd(aj,y)] (6)

p
where Y € R™. cluster center of gravity Px.
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x u(aj)e(02))
y= ajeP )
z ufa)
aj eR

Thus, the object y that is closest to the center of gravity of the cluster with Py is
selected as the cluster representative.

The assignment function (distributing targets by UAV type) f(L)=P takes integer
values /7,2, ...,k and distributes objects to clusters:

R={acAld(al)>d(al;)}, ®)

In the case, if d(a,l;))=d(a,l;), then aeh when i<j.

Indicator of optimal splitting of a set of modules A into clusters

R.A={R};R NP =0
has the form:

K K
ArgminW (P,L)= Y D(R j)=X X y(a)d_l(a,li ). )
i=1 i=laeh
Where | is representative of the i-th cluster, selected based on the results of an as-
sessment of proximity to the center of gravity of this cluster.
It is obvious that the criterion Wexpresses the average intra-cluster dispersion of the
UAV's set of parameters {P} splitting into corresponding clusters P;.
The optimization problem of splitting a set of homogeneous modules A into an opti-
mal number of clusters is solved as follows.
The pair <P*, L*>, that characterizes the set of UAV design parameters and the
target tasks to be solved is formed as a set of partitions by UAV types and its corre-
sponding set of representatives so that the condition is met:

. K _
R

The algorithm for finding the optimal pair formation <P*, L*> and partition of sets
{P«*, L*} consists of the following iterative steps [8, 11]:
Stepl. Search for the optimal partition of the set Py at k=const.

Step2. Selecting a candidate object & € Afor the (k+1)-th cluster representatives
Px.

Step3. Checking for convergence to the desired solution.

The rule for selecting object y as a representative of the new (k+1) -th cluster Py+1
has the form:

min min d(aj,lk)]’ (11)

k ajEH(

|k+1:(aj e A
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that is, the object Y with the minimum similarity measure to its cluster Py.1 is se-
lected as a candidate for representatives, or, in other words, the most remote object in
metrics p(a,y).

Indicator of optimal splitting of a set of modules A into clusters

RoA={R};R NP =0

has the form:

K K
. -1
Arg minW (P,L)=Y D(R.;)=X X u(a)d ™ (al;) (12)
i=1 i=lach
where |;- the representative of the i-th cluster, selected based on the results of an
assessment of proximity to the center of gravity of this cluster.
To estimate the end of the iterative process, use the condition:
max p(aj,lk)SE,PkCA (13)
aj S Pk
where ¢ - the given accuracy of the target function.
The algorithm of the generalized method of dynamic condensation (GMDC) is
shown in figure 1 (see fig. 1). [5, 6].

Input
k=LA =4

'

Algorithm MDC
for k= const

Define) €4
f ] ~o F=k+1,
I = a; € Amin min d(a.l;) | - 2=
{ F a=P, )
b ¢ lr;- 1
Iha=y
J. Yes

Output
K <B.L'>

Fig. 1. Algorithm of the generalized method of dynamic condensation (GMDC).
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Figure 2 shows the algorithm of the generalized method of dynamic condensation
(GMDQ). In its final form the GMDC algorithm consists of the following sequence of
iterative steps [9, 11]:

Step 1. Put k=1, Px =A (li can be selected at random).

Step 2. Execute the GMDC algorithm for the current value k=const.

Step 3. For the given accuracy & check whether the condition (9) is met.

a. If this condition is met, the algorithm is complete, and the division of the set of
design parameters by UAV Py type and representation Ly by UAV target tasks are con-
sidered final.

b. If this condition is not met, then you need to go to step 4.

Step 4. Define the object yeA that meets the condition (11).

Step 5. Put k=k+1, Py =y, lk=y you can go to step 2 of the algorithm by excluding
the object from the cluster that it belonged to in the previous step.

Thus, the generalized method of dynamic condensation consists of using a combina-
tion of the possibilities of the optimization method in the space of inverse functions and
the possibilities of the dynamic condensation method. Based on the method of dynamic
condensation, a certain verification function is formed that allows you to build the final
distribution of target tasks between individual types of UAVs based on the distances
between the design parameters of the UAV.

4 The solution to the Problem of Substantiating the Choice of
Characteristics for Building a Multi-Purpose UAV System

The solution of a set of tasks for modeling the optimal structure of a multi-purpose
UAV system for sensing the Earth's atmosphere is carried out in the following se-
quence.

Step 1. For each payload using a UAV, a statistical sample of the form is constructed
(see Table 1) [7]:

Table 1. The statistical sample of UAV design parameters.

a Czi

where N - the volume of the statistical sample, 5 - the vector of UAV design parame-
ters, Cy; - the total cost of i-th acceptable variant of building a multi-purpose UAV sys-
tem.

Step 2. Based on the obtained statistical samples, in the class of power polynomials,
C;=Ci(a)i=18

for each payload using UAVSs, dependencies are constructed, and

optimization problems C; = minC; (5),i =1,8 are solved by the generalized method of
aeD
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dynamic condensation, which determines the optimal vectors of UAV design parame-

ters aopt,i =1,8 and the minimum cost of a multi-purpose UAV system.
Step 3. To implement strategies for structural selection of optimal variants of a multi-

purpose UAV system, all design parameters a are converted to a dimensionless form,
and new variants of the structure of UAV systems are formed for different accuracy
£°%PY(i,j) of building a multi-purpose UAV system.

Step 4. The total cost of a multi-purpose UAV system was calculated using the for-
mula [10, 12]:

s P
Cy=2.2.nc;, (14)
i=1j=1
where s is the number of UAV types in a multi-purpose UAV system, p is the number
of payloads (PDC) delivered by the i-th type of UAV, n; is the number of UAVS re-
quired to service the j-th payload (PDC).
The matrix of configuration options for a multi-purpose UAV system has the form
(Table 2).

Table 2. Matrix of options for completing a multi-purpose UAV system.

X1 X2 Xny J(X,AE(X))
(ar)wjn (a1)2,2 . (@z)nujny J1(X,AE(X))
(@21t (2222 . (a2)nu.jnu J(XAE(XX)
(an)1,j1 (an)2j2 .. (@n)ny.jny Jny(XAE(X))

Here, JiOpt is the optimality criterion of the i-th target task, ;,(e(i, j)) is a vector of

characteristics of i-th target task, ¢ is the vector of design parameters characterizing
the j-th type of UAV [10, 13].

Pt _ min | a;, @ (e,
Ji %@4[ oot (eti.) (15)

The vector of characteristics of the i-th target problem for the j-th type of UAV
iopt
of UAV the i-th target problem is performed in the interests of the UAV system. Be-
sides, for each target, you must generate the corresponding optimality criterion, in par-
ticular, these criteria may coincide. Based on the values of partial optimality criteria, a
generalized integral criterion for structural and parametric selection of a multi-purpose
UAV system is formed [14]:

Jgpt _ F(\]]_aJZ""’Ji"“’JnM)

awi(e(i,j)) characterizes the dependence of the optimality criterion J;" on which type

(16)
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Here F(...) is a convolution of partial criteria of optimality J1,Ja, ...,J;, ..., Jnij. In par-
ticular, when solving special problems, the most common convolution is the additive
convolution of particular criteria, which is typical for evaluating technical, economic,
and cost criteria [17,22].

Optimal accuracy of building a multi-purpose UAV system is achieved by formaliz-
ing algorithmic procedures that exclude subjectivism when justifying the structure of a
multi-purpose UAV system. Previously, the corresponding cost of the structure of a
multi-purpose UAV system is determined for various specified values and a statistical
sample of the type is formed (Table 3)

Table 3. The statistical sample of the cost of a multi-purpose UAV system structure.

€ J(AW,E(w))
€1 J1(A\W,E(®))
& J2(A\W,E(w))
. JAW E(w))
N IN(AWE(w))

Based on the data from a statistical sample, a dependency of the following type is
formed [15]:

o a Q,
J(AW,E(®))=c1g™ +cpe™ +...+ ™, an

Linear and nonlinear parameters C1:Co,...,Cp, @, &Xp,.... X are determined from
the minimum condition of the regularity criterion, and the optimal accuracy of the struc-
ture of a multi-purpose UAV system is determined from the condition:

0J (AW, E(w
( () 0 Ot

A special case of building a multi-purpose UAV system is a scenario where the j-th

target task is characterized by the delivered payload mass mplj with the launch fre-

quency nj, where j=1,n. The cost criterion CX for a multi-purpose UAV system is

used as an optimality criterion. It is assumed that if at a given value P(mplj) is the thrust
of the UAV propulsion system, the design solution allows you to deliver a payload of
mass mplj to a given height Hgv, then the same type of UAV can deliver payloads of a
smaller mass mplj-1, mplj-2,..., mpll to the same height.

Based on statistical samples from table 4, for each target problem, polynomials in
the power function class are restored from a given external set of targets [15]:

1) M (1)
¢, =cPdn" +cPaf? 4 +cWa®

(2) (2) (2)
C,=cPdt +cPay? 4. +cPad,

(n) (n) (n)
Cp=cMa " +cidg? +..+clMgdn, (19)
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A generalized criterion for the cost of creating a multi-purpose UAV system of op-
timal structure can be presented in the following form [10]:

Cy =J(X.AE() (20)

which characterizes, in General, the total cost of creating a multi-purpose UAV sys-
tem of the optimal structure taking into account the features of its design technical char-
acteristics and the diversity of the target tasks to be solved.

The cost of a multi-purpose UAV system is defined as the sum of the costs of the i-
th UAV structure, which are necessary for the formation of this variant of a multi-pur-
pose system, and the cost of R & d in the development of appropriate types of UAVSs.
R & d costs for the development of i-th type UAVSs are defined as:

Cirad = CyaMoi. 21)
where Cyq is specific R & d costs, My; is the starting mass of the i-th type of UAV.

Table 4. The statistical sample of options for completing a multi-purpose UAV system.

m il m 2 m plj m pin CZ
P(”?p.’ljl P(mpl,_j h P(”?p{f)l P(”?p.’r;Jl Cyy
PE’”p.’ljz P[:}?Pl;_j)z P[”?Pﬁ h PE’”p.’::JE Cyy
P(”?p.’ljf P(mpl,_j ); P(”?p{f)." P(”?p.’r;Jf Cy;
P(m p.’lj.‘{ P(m i Yv P(m ol )i P(m p.’?:j N Gy

The total cost of a multi-purpose UAV system is as follows:
n n
sz ZCJ + Z CjR&d’
= (22)

. . . . : 1 opt) .
The obtained value of the optimality criterion Arg min Cé )= Cs (51 P ) is compared
with the best extreme value of the target function:

cs-cf|<s
: (23)
where J - the given accuracy of cost estimates of variants of the structure of a multi-
purpose UAV system.

For the k-th step we have: Cék) = Cg(_l) — ACs, and local optimization is per-
formed according to the criterion [10]:

£ =X cos(zﬂég() ] + X sin[zgég()J
=X 2 - k k
X3 X3 ,C§)=C§)(5)*(24)

3 = min, |c80 — 0
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The condition for the end of the process of optimizing the accuracy of the structure
of a multi-purpose UAV system is the output of the variable parameter ¢ to the given
constraints.

The optimal multi-purpose UAV system was built from the condition of delivery of
eight target remote sensing data collection platforms (PDC) remote sensing of the Earth
(RSE) to various points (targets) in the South China sea. The origin of the coordinates
was located at the start point of the UAV in the area of da Nang, Vietnam. Target remote
sensing data collection platforms (PDC RSE) for monitoring tropical cyclones were
located at points with coordinates (figure 2) (in meters):

1. p. A (350 000; 50 000) 5. p. E (250 000; 40 000)

2. p. B (300 000; 80 000) 6. p. F (310 000; 10 000)

3. p. C (35 000; 20 000) 7. p. G (360 000; 90 000)

4. p. D (280 000; 70 000) 8. p. H (250 000; 10 000)
Oz

o BoetHam

Fig. 2. Point of delivery platforms to collect remote sensing data RSE using a UAV (in km).

5 Simulation Result

The probabilities of completing the target tasks P1,Ps, ..., Ps and the number of UAV
launches n1,ny, ...ng are shown in Table 5.

The required number of UAVs for a multi-purpose system with the required target
payloads (PDC) m;,i =1,8 is determined based on the given efficiency P; of the de-

livery of the i-th PDC to the specified area.

Table 5. Structural-parametric synthesis of a multi-purpose UAV system.

P1 P2 Ps3 P4 Ps Ps P7 Ps
0,6 0,7 0,65 0,5 0,8 0,75 0,8 0,8
ni nz n3 N4 N5 N6 nz Ng

4 3 3 5 2 3 2 2
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Probability of covering the i-th point of the goal [4, 5]:
Ny ..
PCOVi = -e(le), (25)
Ny

where nyo is the number of successful realizations (when there is a convergence with
the i-th goal); nyx is a total number of realizations.
The required number of UAVs of the i-th type is defined as [6]:

. lg(1-Py)
' lg(l-p)’
where Py is the total efficiency of a multi-purpose UAV system, which in this task

is assumed to be equal to P> =0.7.
The following numerical results are obtained:

(26)

Parameters The distribution of the targets according to the types of UAV
X(1)=1,367 e(1,1) =1- the first target task is solved by 1-th type of UAV;
X(2) =2,892 e(2,2) =1- the second target task is solved by 2-th type of UAV;
X(3) =1,245  e(3,1) =1- the 3-th target task is solved by 1-th type of UAV;
X(4) =2,080  e(4,2) =1- the 4-th target task is solved by 2-th type of UAV;
X(5) =2,591  e(5,2) =1- the 5-th target task is solved by 2-th type of UAV;
X(6) =3,969  e(6,3) =1- the 6-th target task is solved by 3-th type of UAV;
X(7)=3,003  e(7,3) =1- the 7-th target task is solved by 3-th type of UAV;
X(8) =3,479  e(8,3) =1- the 8-th target task is solved by 3-th type of UAV.

Thus, the obtained multi-purpose UAV system of an optimal structure consists of
three types: the first type of UAV serves target platforms with masses my=150kg and
mp=250kg; the second type of UAV serves platforms with masses mp=200kg,
mp=300kg, and my=350Kkg; the third type of UAV serves platforms with masses
mpi=400kg, mpi=450kg and my=500kg.

The total cost of the optimal structure of a multi-purpose optimal UAV system is:

t 6
Cgp =0,86x10" y.e. which gives a cost-benefit of about 4-5% less than using a

UAV system with the same type of specialized UAVS.

6 Conclusions

The developed generalized method of dynamic condensation (GMDC) consists in com-
prehensive use of the possibilities of solving a class of optimization problems in terms
of justification and selection of structures of multi-purpose UAV systems of a given
accuracy both in the space of its inverse characteristics and taking into account the
possibilities of final prioritization of the distribution of target tasks by types of UAVs
and restrictions on their design parameters.

As a result of solving the problem of finding the optimal design solution, the struc-
ture of a multi-purpose UAV system costs about 4-5% less than the use of a system
with the same type of specialized UAVs is obtained.
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The results of the solution of the formulated scientific problem should be used in the

future when forming the tactical and technical requirements (TTZ, TZ) of the Customer
for the creation (modernization) of promising multi-purpose UAV systems when solv-
ing remote sensing problems in terms of evaluating the effectiveness of their function-
ing, and evaluating the resource provision, in particular, costs.
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