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Background. The article explores the problem of combining the motion control of existing FITRs and the deployment of
new FITRs so that the number of new FITRs deployed to support the communication of terrestrial subscribers can be
minimized. This problem is formulated as the Steiner Minimum Tree Problem (SMT) with existing mobile Steiner points with
a constraint on the edges length of the network graph.

Objective. Improve the mathematical model for ensuring the connectivity of episodic radio networks using FITRs and
improve the algorithms for providing the connectivity of episodic radio networks using FITRs.

Methods. The two algorithms (deploying new FITRs before moving existing FITRs, and moving existing FITRs before
deployment of new FITRs) separate the problem and solve the deployment problem, the movement one after the other. In
contrast, the algorithm for deploying new FITRs while moving existing FITRs optimizes the deployment problem and the
control of movement across and solves these two problems simultaneously.

Results. A proposed method includes three heuristic algorithms for placing new FITRs, taking into account the movement
of existing FITRs (that is, considering scenarios for moving existing FITRs: deploying new FITRs before, after, or during the
movement of existing FITRs) for the SMT problem with existing mobile Steiner points with a constraint on the edges length of
the network graph.

Conclusions. Evaluation of the effectiveness of the proposed algorithms in various scenarios shows that algorithms taking
into account the movement of existing FITRs are always more efficient (in terms of the number of newly added FITRs) than an
algorithm without taking into account the movement of existing FITRs.

Keywords: flying information and telecommunication robots;, mobile episodic radio network; algorithm; topology,
location.

Introduction The works of Lysenko O.I.,, Romaniuk V.A.,
Chumachenko S.M., and Valuiskyi S.V. are devoted
to theoretical and practical research on methods for
increasing the throughput of episodic radio networks
with position control of telecommunication air
platforms [1-3]. In [4], the authors also explore the
problem of increasing the connectivity of mobile
episodic radio networks by placing new and moving
existing FITRs. Still, the mathematical model does
not consider the air-to-air communication range,
which will be considered in this work.

The task is to improve the mathematical model for
ensuring the connectivity of episodic radio networks
using FITRs and improve the algorithms for
providing the connectivity of episodic radio networks
using FITRs.

The movement of terrestrial mobile subscribers
leads to a rapid and unpredictable change in the
topology of episodic radio networks, which can lead
to disruption of network connectivity and loss of
communication  be-tween  some  subscribers.
Increasing the connectivity of such networks is
possible by introducing new additional air-based
nodes (FITRs), which have a large radio coverage
area and unite disconnected sections of the network.
However, to date, the problem of optimal control of
the position of such FITRs has not been sufficiently
solved, namely, the problem of combining the traffic
control of existing FITRs and the deployment of new
FITRs so that the number of newly deployed FITRs
to maintain communication with  terrestrial
subscribers can be minimized.

© The Author(s) 2022. Published by Igor Sikorsky Kyiv Polytechnic Institute.
This is an Open Access article distributed under the terms of the license CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/), which permits re-use,
distribution, and reproduction in any medium, provided the original work is properly cited.



54 INFORMATION AND TELECOMMUNICATION SCIENCES VOLUME 13 NUMBER 2 JULY-DECEMBER 2022

Practical Value of FITRs

FITRs have several unique characteristics suitable
for providing packet relay in mobile episodic radio
networks.

First, the flexibility of FITRs movement can
expand the scope of terrestrial network application,
especially in obstacle scenarios.

Second, FITRs can communicate with ground
nodes in line of sight, improving bandwidth
connectivity between ground nodes.

Last but not least, FITRs are integrated with
communication system, computing system and
control system of various sensors; they can explore
the environment and adaptively control their
movement. The adaptability of FITRs makes them
suitable for providing relay services for mobile
episodic radio networks with a dynamic network

topology.
Problem of deploying new FITRs

In the existing works, when deploying FITRs, the
situation that some FITRs have already been
deployed in the field is not considered. The
movement of terrestrial mobile subscribers of
episodic radio networks may lead to the fact that
existing FITRs do not provide connectivity to all
terrestrial nodes. Therefore, it is necessary to bring
out new FITRs to support the communication of
terrestrial subscribers. But to minimize the number of
new FITRs added, it is essential to consider both the
movement of existing FITRs and the deployment of
new FITRs. This is a joint optimization problem that
optimizes both the deployment and motion control of
multiple FITRs.

Let's consider using existing FITRs by moving
them to appropriate positions to reduce the amount of
new FITRs needed. Existing FITRs have a limited
movement range, depending on the speed of the
FITRs and the charge of the battery. To maintain bi-
directional communication between FITRs and
ground nodes, we assume that FITRs have the same
communication range as ground nodes. Fig. 1 shows
an example of how the movement control of existing
FITRs can reduce the number of new FITRs needed.
Assume two ground nodes and two existing FITRs
are deployed in the field. Since the distance between
two terrestrial nodes is more significant than their
communication range 71, the terrestrial mobile
episodic radio network is divided into two parts, as
shown in Fig. 1 (a).

®  Ground node
®  Existing FITR

®  Ground node e Ground node

®  Existing FITR ®  Existing FITR
4  New added FITR *  New added FITR

~— Communication = Communication

> Communication range ¢} Communication range

4 Newadded FITR
~—— Communication
<} Communication range

a) b) Dl

Fig. 1 - An example illustrates the importance of
existing FITRs in maintaining the communication of
land mobile episodic radio networks

To support the communication of terrestrial
subscribers of mobile episodic radio networks,
existing methods that do not take into account
existing FITRs will add new FITRs to connect the
separated parts, as shown in Fig. 1. (b). Here new
FITR is added and deployed inside two ground
nodes. Therefore, these two ground nodes can now
communicate using the new FITR. If we are not
considering existing FITRs, at least one additional
FITR needs to be deployed to keep ground FITRs
connected.

Reducing the number of new FITRs added is
advisable to reduce capital costs. In other words,
using existing FITRs instead of ignoring them and
moving existing FITRs to an appropriate location,
and using existing FITRs as repeaters can improve
the connectivity of terrestrial FITRs. Fig. 1 (¢) shows
the movement of two existing FITRs directly to a
link consisting of two ground nodes until the distance
between the existing FITRs and one ground node is
less than the communication range r. A connection is
then established between the two ground nodes. In
this way, communication of terrestrial subscribers is
maintained, and the deployment of new FITRs is not
required.

This article addresses the problem of optimizing
the deployment and movement control of multiple
FITRs according to the criterion of minimizing the
number of newly added FITRs that form a connected
net-work. Initially, this problem is formulated as the
Steiner Minimum Tree Problem (SMT) with existing
mobile Steiner points with a constraint on the length
of the edges of the network graph. Consider the
existing algorithm for placing new FITRs without
taking into account the movement of existing FITRs,
presented in the work of Valuiskyi S.V. [1], and the
proposing three new placement algorithms for both
new and existing FITRs:
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e Deployment of new FITRs before moving
existing FITRs;

* Moving existing FITRs before deploying new
FITRs;

e Deployment of new FITRs while moving
existing FITRs.

The first two algorithms divide the general
problem into the problem of deploying new FITRs
and the problem of the movement control of existing
FITRs. The algorithm for deploying new FITRs
before moving existing FITRs optimizes the
deployment of new FITRs before moving existing
FITRs. The algorithm for moving existing FITRs
before deploying new FITRs solves the problem in
reverse. The algorithm for deploying new FITRs
while moving existing FITRs is a hybrid algorithm
that cross-resolves the problem of moving and
deploying. Simulation experiments show that all
algorithms for placing new FITRs, taking into
account the movement of existing FITRs, have better
performance in terms of the number of new FITRs
than algorithms without considering the movement of
existing FITRs. The algorithm for deploying new
FITRs while moving existing FITRs is always better
than the algorithms for deploying new FITRs before
moving existing FITRs and moving existing FITRs
before deploying new FITRs. It can improve
performance by up to 70% compared to the algorithm
for deploying new FITRs before moving existing
FITRs.

This article assumes that all current locations of
ground nodes and existing FITRs are known. It is
also believed that no physical interference affects the
mobility of FITRs or radio channel. This problem can
be de-scribed as follows: given a set of ground nodes
and existing FITRs, find new positions for existing
FITRs and positions for newly added FITRs to form
a tree covering all ground nodes. That the number of
newly added FITRs was kept to a minimum.

There are two limitations to this problem. One is
the distance between the new position and the current
position of each existing FITR, which does not
exceed the specified movement range. The other is
that the length of each edge in the tree does not
exceed the given communication range.

Mathematical formulation of the Steiner
minimum tree problem with existing mobile
Steiner points with a constraint on the length

of edges of the network graph

Since this problem is similar to the Steiner tree
problem with the minimum number of Steiner points,

in this section, this problem is formulated as the
Steiner minimum tree problem with existing mobile
Steiner points with a constraint on the length of the
edges of the network graph. Steiner points here mean
FITRs, and the restriction on the length of the edges
of the network graph is the range of the maximum
communication range of the network node,
determined by the energy of the radio link
(transmitter power, receiver sensitivity, antenna
characteristics, etc.), terrain and various interferences
[7].

A formal definition of the Steiner minimum tree
problem with existing mobile Steiner points with a
constraint on the length of edges of the network
graph is shown as follows:

Let there be a set of ground nodes P,
characterized by the current position of each node p,
a set of existing FITRs @, characterized by the
current position of each existing FITRs, the
movement range of FITRs [, the communication
range of the ground node r, the ground-to-air
communication range R and the air-to-air
communication range D.

In this way r <R,

P = {p1, 02, -, Dn} (1
Q = {9192 - qm}>

where n - the number of ground nodes, m - the
number of existing FITRs.

The new positions of the existing FITRs will
make up the set U, the positions of the newly added
FITRs — S, and the network graph tree T will consist
of the aggregate set of nodes (P, U end S) and the set
of edges E:

U= {u,uy, ..., uynk

S = {51'52""’516} (2)
T= {PUUUS,E).

Then the mathematical formulation of the problem
can be formulated as follows: find the minimum
number k of new added FITRs, the placement of
which will ensure the connectivity of the episodic
network

min(k) 3)

while fulfilling the following restrictions and
maintaining the integrity of the network:

Di:le,j| < r(ei,j €E,i,jeP),
Dy len,jl| < R (ej,jeE,ieP,jeUUS), (4)
0s:le;,j| < D,(e,jeE,i,jeUU S),
lui—q;| £L1<i<m
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where |e;,j| - the length of the edge of the
network graph between nodes i and j.

The integrity of the network is understood as the
presence of only one component of the connectivity
of the network graph. Therefore, checking the
integrity of the network is possible by constructing a
Steiner minimum tree (SMT) of the graph (for
example, according to Prim's algorithm) and
checking each edge of the tree for the conditions (2,
£,, 5. If the conditions are met, the network is
structurally connected at time # otherwise, a
management decision is needed (for example, the
output of a new (relocation of the existing) FITR.

Algorithm for placing new FITRs without
taking into account the movement of existing
FITRs

There is already a heuristic algorithm based on the
SMT for the Steiner minimal tree problem with
existing mobile Steiner points, the worst-case
approximation coefficient of which is 4 [7]. Then it
divides each edge e in the tree into small pieces of
length no more than R, inserting Steiner points
number of [I(e)/R] — 1, so that all the pieces in the
edge e have the same length. Here (e) — is the
Euclidean length of the edge e.

Since mobile Steiner points are not considered,
the SMT heuristic algorithm cannot be used directly
for the Steiner minimum tree problem with existing
mobile Steiner points with a constraint on the edge
length of the network graph. Here, the Lynn and Xue
methods are taken as a comparative method. Since
this method does not consider existing FITRs, we call
this method the algorithm for placing new FITRs
without considering the movement of existing FITRs.
This algorithm calculates the minimum number of
new FITRs required to connect all ground nodes.
None of the existing FITRs will be reused to connect
mobile terrestrial episodic radio networks. Thus, the
number of new FITRs needed to be calculated by this
algorithm should be an upper limit of other
algorithms considering the placement (relocation) of
existing FITRs. This algorithm is shown in Fig. 2.

Algorithm for deploying new FITRs before
moving existing FITRs (Algorithm 1)

The first proposed algorithm is an algorithm for
deploying new FITRs before moving existing FITRs,
which first optimizes the deployment of new FITRs
and then optimizes the movement control of existing
FITRs.

The basic idea of the algorithm for deploying new
FITRs before moving existing FITRs is shown as
follows. First, an algorithm for placing new FITRs
without considering the movement of existing FITRs
is used to create candidate positions for newly added
FITRs without considering existing FITRs. We then
compare existing FITRs with candidates for newly
added FITRs. A match between an existing FITR and
a candidate position of a newly added FITR means
that an existing FITR will replace the newly added
FITR by moving that existing FITR to the candidate
position. Because the movement range of existing
FITRs is limited, the number of matches is also
limited. Here we use an algorithm for deploying new
FITRs before moving existing FITRs (DBM) to find
the maximum matches so that the number of new
needed FITRs can be minimized. The algorithm for
deploying new FITRs before moving existing FITRs
is shown in Fig. 3.

Algorithm for moving existing FITRs before
deploying new FITRs (Algorithm 2)

The main idea of the algorithm for moving
existing FITRs before deploying new FITRs is as
follows. First, a heuristic function is used to create
new positions for existing FITRs Q°. Then the set of
ground nodes P and the set of existing FITRs with
new positions Q' are combined into a large set of
nodes PUQ'. After that, we generate a minimum
spanning tree T over the set PUQ", and then the
process of discarding existing FITRs will be used to
cut all existing FITRs under 1 degree in the tree, until
all existing FITRs in the tree have at least two
neighbouring nodes. Then, for the rest of the subtree
T" of T new FITRs will be added to the edges of T",
that are longer than 7.

Algorithm for deploying new FITRs while
moving existing FITRs (Algorithm 3)

The main idea of the algorithm for deploying new
FITRs when moving existing FITRs is as follows. At
first, a complete graph (V, E) is generated on the base
nodes, and we sort all the edges E in order of
increasing length. Then consider all edges e;, j in the
set E, in which the length of the edge is at most 7,
and the vertices of the edge belong to different
components. After this step, we will have several
components consisting of connected grounding
nodes. Now we will recursively move the existing
FITRs and add new FITRs to connect the separated
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components until all the separated components are
connected into one component. In each loop, we will
try to connect all pairs of vertices V;and V;belonging
to different components using two different methods.
One method uses existing FITRs to establish a link
between V; and V; by moving the FITRs to specific
positions. And new FITRs will be added to chain
edges there are longer than r. Another method does
not consider existing FITRs and simply tries to set up
a connection chain between V; and V; by adding new
FITRs. The number of newly added FITRs using

spanninz
tree Thasedon G

Foreachedge ¢,
inthetree T’

Yes Place 1 Steiner point in|

Yeu
op Place [i(e;VR| — 1 Steiner point
in positions 5;-

Fig. 2 - Block diagram of the existing
algorithm for placing new FITRs without
considering the movement of existing
FITRs

these two methods will be compared, and the lower
number will be written as the minimum number of
new FITRs (MNN) for connecting V; and V;. The pair
of vertices with the minimum MNN will be selected
in this loop to connect two separated components.
New positions of existing FITRs and positions of
newly added FITRs created to connect this pair of
vertices will also be recorded as part of the final
result. The algorithm for deploying new FITRs when
moving existing FITRs is shown in Fig. 5.
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Fig. 3 - Block diagram of the proposed
algorithm for deploying new FITRs before
moving existing FITRs (Algorithm 1)
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Conclusions

The paper explores the problem of using FITRs to
maintain communication of terrestrial mobile
episodic radio networks. Unlike existing works, this
paper considers the condition that some FITRs have
already been deployed in the field. However, due to
the movement of terrestrial subscribers of mobile
episodic radio networks and limited communication
range, existing FITRs cannot connect all terrestrial
nodes, so new FITRs must be deployed to maintain
communication.

Also, three algorithms are proposed: 1) an
algorithm for deploying new FITRs before moving
existing FITRs, 2) an algorithm for moving existing
FITRs before deploying new FITRs and 3) an
algorithm for deploying new FITRs when moving
existing FITRs for the SMT problem with existing
Steiner Mobile Points with the constraint of the
length of the edges of the network graph.

After testing the performance of the proposed
algorithms 1in various scenarios with changing
simulation parameters (including the number of
ground nodes, the number of existing FITRs, the
communication range and the movement distance), it
can be concluded that the algorithms considering the
movement of existing FITRs always have better
performance than the method without considering the
movement of existing FITRs in terms of the number
of new added FITRs. Among the three algorithms for
deploying new FITRs considering the movement of
existing FITRs, the algorithm for moving existing
FITRs before deploying new FITRs is better than the
algorithm for deploying new FITRs before moving
existing FITRs in most scenarios. The algorithm for
deploying new FITRs while moving existing FITRs
always has the best performance during all scenarios.
In some scenarios, the algorithm for deploying new
FITRs while moving existing FITRs can reduce a
maximum of 70% of new FITRs compared to the

algorithm for deploying new FITRs before moving
existing FITRs.
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Banyicokui C.B., Iucenko O.1., Yymauenxo C.M., Hogixoe B.1., I'yiioa O.I'., Cywiun 1.0.
Eppucruuni anropurmu nomyky MiHiMaiabHoro aepesa Illteiinepa B 3agaui onrTumizaunii po3ropraHHsi Ta
KepyBaHHS PyXoM KiJIbKOX JiiTalouux ingopmauiiiHo-TesekoMyHikaniiiHux podoris

IIpobsemaTuka. Y cTaTTi DOCIIHKEHO NPOOIeMy MO€IHAHHS YHPABIiHHSA PyXOM ICHYIOUMX JIITal04uX iH(popManiiiHo-
TeleKoMyHikaniifHux podorie (JIITP), Mo0inbHa emizoguyHa pajioMepeka, alrOpUTM, Tomonoris, posmimenHs JIITP Tta
posropranns HOBuX JIITP, mo6 kinbkicTe HOBUX po3ropHyTux JIITP mis miarpuMku 38°s13Ky Ha3eMHUX aOOHEHTIB MOTrJia OyTH
MiHIMI30BaHa. JlaHa mpobnema cdopMynboBaHa, SK MpodiaemMa MiHiMambHOTO aepea lllTeifHepa 3 icHyIoUHMMH MOOLTEHHMH
toukamu llITeliHepa i3 0OMEKEeHHSIM JJOBXKUHK pedep rpady Mepexki.
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Merta pociaigkeHHs. YIOCKOHAJIMTH MaTeMaTH4HY MOJICIb 3a0e3Me4YeHHs 3B 53Ky eMi30AMYHHUX pPaJTioMepex 3
BukopuctaHHsM JIITP Ta BIOCKOHAIUTH aJTOPUTMHU 3a0E3MCUCHHS 3B’SI3KY CIMI30JUYHHX PAIiOMEpEkK i3 BHKOPUCTAHHIM
JITP.

Metoauka peadnizanii. /[Ba anroputmu: posropranHs HoBux JIITP po mouarky mnepemimenHs icuyrouux JIITP i
nepemimenns icuytouux JIITP no mowarky posropranus HoBux JIITP posainstiors npobGiemMy Ta BUPILIYIOTH MpoOsieMy
PO3TOPTaHHs, MEPEMIIeHHS] OJTHA 32 OJHOIO, TOMI SIK anroput™ po3ropranHs HoBux JIITP mix wac mepeMilieHHs i1CHYIOUMX
JIITP ontumizye npobieMy po3ropTaHHs Ta KEpyBaHHS PyXOM IOIEPeK 1 BUpILLye Li ABi MPpoOIeMU 0HOUACHO.

Pe3yabTaTn ociaiKeHHs1. 3aporoHOBAaHO METO/I, SIKUI BKIIFOYA€ TPU CBPUCTUYHI aJTOpUTMHU posmitieHHs: HoBux JIITP
3 ypaxyBaHHsM mnepemiiieHHs icHytounx JIITP mns 3amawi MJIII 3 icHyrounmu moOinbHuUMM Toukamu I[lITeiiHepa i3
0OMEXKCHHSIM JIOBXKUHU pedep rpady mepexi: anroputMmu posroptanHs HoBux JIITP g0 mouarky mepemilieHHs iCHYROUHX
JIITP, nepemimenns icuyrounx JIITP no nouarky posropranns HoBux JIITP i posropranus HoBux JIITP min yac nepemirueHHs
icuyrouux JIITP.

BucHoBku. OmniHka e(pEeKTUBHOCTI 3alpPONOHOBAHMX AITOPUTMIB y PI3HUX CLEHApiAX CBIAYUTH, IO AJITOPUTMHU 3
ypaxyBaHHSIM TepeMimeHHs icHytounx JIITP 3aBxam MarloTh Kpamly NpOXyKTUBHICTH, HDK alrOpUTM 0Oe3 ypaxyBaHHS
nepeminieHHs icuyrounx JIITP 3 Touku 30py kijgbkocTi HOBuX jgoxanux JIITP. Cepen TppoxX anropuTMiB pO3MIlIEHHS HOBHX
JITP 3 ypaxyBanusaM nepemimenss icayrounx JIITP, amropurm nepemimenus icHyrounx JIITP nmo mowaTtky posropraHHS
HoBux JIITP kpammii 3a anroputm posropranHs HoBux JIITP no mouatky mepemimieHus icHyrounx JIITP y Oinbmiocti
cLeHapiiB, a anroput™ posropranus HoBux JIITP nix yac nepemimenns icHyrouux JIITP 3aBxau Mae Halkpaly eQeKTUBHICTh
y BCIX CIICHApIsX.

Knrwwuoei cnosa: nimaroui inghopmayitino-menekomyrikayitini pobomu, MobinbHa enizoouuna padiomepexcd; areopumm,
mononozis, po3MIiujeHHs.
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