Cucremu 1 TexHoJor1i 3B’ A3KY, 1HpopMaru3auii Ta kidepoesnexu. BITI Ne 4 — 2023

DOI: 10.58254/vit1.4.2023.06.65

UDK 621.396.4
Doctor of Tech. Sciences Romaniuk Valery ORCID: 0000-0002-6218-2327 (MITIT)
PhD Hrymud Andrii ORCID: 0000-0003-4012-5185 (MITIT)

ANALYSIS OF THE RULES FOR CONSTRUCTING A FLIGHT TRAJECTORY
OF A COMMUNICATION AERIAL PLATFORM FOR DATA COLLECTION FROM
NODES OF A WIRELESS SENSOR NETWORK

Pomaniok B. A., Tpumyo A. I. Ananiz npasun nobyoosu mpackmopii novomy 01a 360py Odnux
KOMyHIKauitino1o aeponiamgopmoro 3 8y3ie 6e3npoeooosoi ceHcopHoi mepeuci.

Jlna 360py Oanux MOHimoOpuHzy 3 8V371ig 06e3nposoo0ogUX CEHCOPHUX MepedXc i3 He38 'a3HOI MONOJ02iern
NPONOHYEMBES GUKOPUCHIORYEAMYU KOMYHIKaYiliHy aeponaameopmy (oani — KA), axa nobyoosana Ha 6a3i 6e3nitomuo2o
aimanerozo anapama. KA @ npoyeci nonsomy ghopmye mumuacosi 1oKanbHi padiomepedci ma UKOHYE poJib NOGIMPIAHO20
uLno3y O7A 360py OAHUX 3 OKpEMUX 8V3Ti6 Ma 20JI0GHUX 8Y3TI8 ) 38 ASHUX (ppacmeHmax Mepedxci. EgexmueaHicnme npoyecy
300pY OQHUX 3ANeAHCUMb 8i0 XAPAKMEPUCIUK Mepedici, cnocobig (npasun) nobyoosu mpackmopii nonvomy KA, xinexocmi
ma Joxayii movox (inmepgainie) 0OMIHy Oanumy mowjo. Y cmammi npogooumscs OYinKa eqhexmueHOCH 3aCmMocy8ants
PIsHUX npoOyKyitinux npasui nobyoosu mpackmopii noavomy KA ons 360py oanux 3 ey3iie mMepeoici O 00cieHeHHs
nesHux Yinbosux GyHKyit: MiHiMizayii yacy 360py OaHUX, MAKCUMIZAYIT YACY PYHKYIOHY8AHHI MEPEiC.

YV pobomi cghopmynvosana sadaua noutyky mpaexmopii noxvonty ma 36opy oanux KA 3 gy3nie ax sa0ava nouyxy
HatiKopomuol mpaexmopii nepemiwjeHns 301U noxpumms KA 3 nouamxoeol g Kinyegy mouku noiwony, aKa 3abesneyye
NOKpummsi 6Cix 8y31ie (kiacmepie na niowyi) Ha Minimaneuiil giocmani oominy KA 3 eyznamu. J{ns oyinku eghexmuenocmi
3aCMOCy8antst npasul NOOYO0sU Mpackmopii noiwomy ma 360py Oauux po3pobieHa 6iOnogioHa iMimayitina Mooeis.
BxiOHuMU Oanumy MOOeNO8AHHA € XAPAKMEPUCIUKY Mepexcl, 8y3lig ma KOMyHiKayiliHol aeponiamegopmu, cnocobu
(npasguna) ynpaerinua npoyecom 360py Oanux. IMimayiiiHa MoOeib HAOAE MONCIUGICHIL OMPUMYSAMU 3ANEHCHOC]
NOKA3HUKIG ehexmugHocmi (vac 360py Oanux, sumpamu eHepaii bamapeil, 4ac QYHKYIOHY8AHH Mepedrci) Ha MHONCUHI
npasut nob6yoosu mpackmopii noiwonmy ma 360py oanux KA npu piznux exionux oanux.

Pesynomamu  iMimayitiHozo MOOeN08AHHA 30CMOCYBAHHA MHOXMCUHY  (0a3u) Npasun 008enu MONICIUGICHb
amenuenna wacy 36opy oanux 0o 20 % abo niosuugenns wacy Qyuxyionyeanus mepedici 0o 15 % nopisHsno 3 icHylouumu
piutennamu.

Kntouoei cnosa: 6e3nposodoga ceHcoOpHa Mepesrca, KOMYHIKayiiiHa aeponiameopma, mpackmopis noisonty, 30ip
Oanux, 6aza npasiii, MOOENIO8ANHSL.

V. Romaniuk, A. Hrymud Analysis of the rules for constructing a flight trajectory of a communication aerial
platform for data collection from nodes of a wireless sensor network.

To collect monitoring data from the nodes of wireless sensor networks with a disconnected topology, it is proposed
to use a communication aerial platform (CA), which is built on the basis of an unmanned aerial vehicle. During the flight,
the CA forms temporary local radio networks and performs the role of an air gateway for collecting data from individual
nodes and main nodes in connected network fragments. The efficiency of the data collection process depends on the
characteristics of the network, the methods (rules) of constructing the trajectory of the CA, the number and location of
points (intervals) of data exchange, etc. The article assesses the effectiveness of the application of various production
rules for building the trajectory of a CA to collect data from network nodes to achieve certain target functions: minimizing
the time of data collection, maximizing the time of network operation.

The paper formulates the task of finding a flight path and collecting CA data from nodes as the task of finding the
shortest trajectory of the movement of the CA coverage area from the initial to the end point of the flight, which provides
coverage of all nodes (clusters on the area) at the minimum distance of the CA exchange with the nodes. In order to
evaluate the effectiveness of the application of the flight path construction rules and data collection, a corresponding
simulation model was developed. The input data of the simulation are the characteristics of the network, nodes and
communication aerial platform, methods (rules) of managing the data collection process. The simulation model provides
an opportunity to obtain dependences of efficiency indicators (data collection time, battery energy consumption, network
operation time) on a set of flight path construction rules and CA data collection with different input data.

The results of simulated modeling of the application of a set (base) of rules proved the possibility of reducing the
time of data collection by up to 20% or increasing the time of network operation by up to 15% compared to existing
solutions.

Keywords: wireless sensor network, communication aerial platform, flight path, data collection, rule base,
modeling.
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1. Problem statement. In recent years, the technology of wireless sensor networks (WSNs) has
been rapidly developing as the transport basis of the Internet of Things to solve various problems for
both civilian and military purposes [1-3]:

monitoring the parameters of objects (territories) for pollution (radiation, chemical, biological,
etc.) and compliance with environmental standards;

monitoring the state of state borders, crop fields, forests, rivers, seas, food pipelines, power
lines, bridges, etc;

assistance in search and rescue missions;

seismic monitoring, tracking the movement of wild animals, etc;

control of military operations and the battlefield (monitoring the status of their own and enemy
troops, obtaining coordinates of movement of military equipment and personnel), etc.

The peculiarity of WSNs [1-3] is the limited resources of sensor nodes in terms of battery
power, processor speed, memory capacity, transmitter power, etc. Modern WSNs can have hundreds
or thousands of sensor nodes. The classical WSN architecture is a self-organizing radio network that
transmits monitoring data along built-in routes from nodes to a radio gateway, which then transmits
data to users via the communication infrastructure.

Certain areas of application of WSNs should consider the peculiarities of the nodes' location
and the possibility of obtaining an unconnected network topology. For example, in remote areas
affected by an emergency, with difficult terrain, occupied by the enemy, there is no possibility of
using public communication infrastructure to organize communication with the gateway and it is
impossible to build a connect topology of the entire network in conditions of a significant distance
between nodes.

In these conditions, it is proposed to use a communication airborne platform (hereinafter
referred to as the CA) as a mobile air gateway to collect data from network nodes [1-4]. In contrast
to the classical architecture of data collection in sensor networks (an ad-hoc radio network with data
collection along transmission routes between nodes to the gateway), this allows first, to organize the
collection of monitoring data from unconnected network nodes; second, to obtain line-of-sight radio
channels and shorter range, which reduces the level of energy consumption of nodes for data
transmission (respectively, increases the network lifetime), etc.

This raises the urgent scientific task of analyzing the methods (rules) for constructing a
trajectory for the overflight of the network nodes by the CA to collect data to achieve certain objective
functions (hereinafter referred to as the "OF"): minimizing the time of data collection and/or
minimizing the energy consumption of nodes (maximizing the network operation time) [3-5].
Solving this problem will allow optimizing the parameters of the data collection management system
and improving its efficiency.

2. Analysis of recent publications. The use of CA for data collection in remote high-
dimensional WSNss is a well-known solution and has been considered from different angles in many
publications [1-16].

The first group of publications [5; 6] considers two ways of solving the problem of constructing
a CA flight path:

flying over the entire territory of nodes [5] according to different models — horizontally, spiral,
zigzag, Hilbert curve, etc.

most of the territory (number of nodes), considering the limitation on the maximum flight time
of the CA (tractor, angular, circular, square flight models of the CA are proposed [6]).

The main disadvantage of the method of collecting data by flying over the territory is the
significant time of data collection, but this method will be used during the initial flight of the network
of CA to determine the actual parameters of the nodes (position coordinates, battery power level,
amount of monitoring data).
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The next group of publications [7—10] considers the construction of a CA flight path when
collecting data from nodes only as a solution to the classical traveling salesman problem — finding
the shortest route between the starting and ending points of the CA flight with a flight over nodes or
data collection points (cluster centers). This problem belongs to the class of NP-hard problems.
Obtaining an exact solution for a network of significant dimensionality is problematic. Therefore,
heuristic algorithms for obtaining an approximate solution are proposed in practice, which have a low
computational complexity: Lin-Kernighan traveling salesman heuristic (LKH) [8], Near Neighboring
(NN) [9], Spiral Decomposition (SD) [10], Fast Path Planning with Rules (FPPWR) [11], Convex
Hull Insertion Heuristic (CHIH) [12], ant algorithm [13], genetic algorithm [14], particle swarm
algorithm [15], etc. However, such a problem statement calculates only the shortest flight route but
does not consider the state of the nodes' parameters, nor does it optimize the energy consumption of
the nodes. Therefore, the application of the shortest path search algorithm can be used for the initial
(basic) solution for its further improvement.

The third group of publications defines [16-21] two main approaches to improve the efficiency
of CA data collection from nodes of large-dimensional WSNs:

1. Collecting CA data directly from each node by creating virtual clusters at the actual location
of the nodes.

2. Data collection only from the head nodes of real network clusters.

With the first approach (in the absence of connectivity between nodes), the network control
center calculates temporary clusters (local radio networks: CA — nodes of the cluster) and forms them
during the flight by the CA (air gateway). In the second case, if there is radio communication between
certain sensor nodes, the network is self-organized and divided into real clusters with the
identification of the main cluster nodes (according to well-known clustering algorithms LEACH,
HEED, etc.) [16], which collect data from simple monitoring nodes. The CA flies around and collects
data only from the main nodes of the clusters. In the following, we will take both approaches into
account.

Publications [17-21] investigate the peculiarities of individual stages of the data collection
process and ways to achieve the objective functions: minimum collection time, maximum area
coverage (number of nodes), etc.

In [17], the problem of reducing the data collection time by sequentially adding potentially
possible hang points is investigated. However, the search for variants of hang points leads to a
significant computational complexity, so the proposed solutions can be used in a small-dimensional
network.

In [18], several strategies for constructing data collection points from cluster nodes and the CA
flight path in a temporary clustered WSN are investigated: through the center of the cluster, data
collection on the flight path at the closest node-CA distance, flight through critical nodes in clusters,
flight with hovering at one collection point that minimizes the total energy consumption of nodes,
etc. However, the authors do not consider the possibility of building multiple data collection points
in a cluster, optimizing exchange intervals, optimizing multiple objective functions.

In [19], rules (heuristics) for shortening the CA trajectory are considered by considering the
direction of movement of the CA and the location of nodes in the cluster. Further improvement of
these rules and evaluation of their effectiveness will be presented later in the article.

In [20], a deep neural network is used to find the 3D flight path of a CA considering the quality
of the radio channel, but the set of performance indicators of the collection process is not considered.

In [21], it is proposed to achieve the objective function sequentially by hierarchy levels:
network, cluster, CA, group of nodes, and individual node. At the network level, performance
indicators are optimized by determining the number of clusters and their sizes, and building the
shortest flight path. At the levels of a CA group of nodes and a CA node, the distance is determined,
which allows optimizing the time of exchange between them and energy consumption (rules for
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adjusting the points (intervals) of trajectory data collection are proposed). To reduce the number of
options and reduce the time for finding a solution along the trajectory of overflighting nodes and
collecting data, an appropriate database of decision-making rules is proposed. However, no evaluation
of the effectiveness of the rules and the weighting of their priority is given.

Thus, the unresolved task when considering the rules for constructing a CA flight path is to
evaluate the effectiveness of their application and determine the order (priority) of application for
constructing a data collection path for a particular WSN to achieve two main optimization criteria:
minimizing the time of data acquisition and maximizing the network operation time.

The aim of the article is to analyze the effectiveness of applying the basic rules for building
and correcting the flight path and collecting data from the nodes of the BSM by a communication air
platform when achieving certain target functions.

Presenting main material. We consider a stationary wireless sensor network of considerable
dimensionality (hundreds of sensor nodes) for special purposes. Each sensor node consists of the
following basic elements: a battery, a certain set of sensors (e.g., vibration, magnetic, acoustic, etc.),
a processor, memory, transceiver, antenna, positioning system, and control system.

During its operation, each sensor node collects and stores environmental parameters (objects of
observation) of the monitoring zone assigned to it. The number of collection parameters is determined
by the type of sensor modules, and the frequency and methods of data collection (by events,
periodically, continuously) are determined by the ground-based network control center (NCC).

The WSN nodes are randomly located in a certain area and are unable to establish a unconnected
topology for data transmission to the gateway for various reasons: a significant distance between
them, specific terrain, lack of any public communication infrastructure, the need to periodically
perform radio silence, economic inexpediency of installing and operating gateways, etc. In other
words, under these conditions, the topology of a sensor network will consist of separate unconnected
nodes and/or separate unconnected network fragments (clusters). Nodes in connected clusters (if they
have an appropriate control system capable of implementing self-organization algorithms) can
introduce a control hierarchy: form the head nodes of clusters that will collect and store data from
other so-called simple cluster nodes [16].

For WSNs with an unconnected topology, the role of a mobile gateway is played by an
unmanned aerial vehicle (UAV) equipped with additional equipment to implement the process of
collecting data from sensor nodes: processor, memory, transceiver, antenna, positioning system, and
the corresponding control system.

At the planning stage, the NCC calculates the CA flight path and determines the preliminary
points (segments) for collecting data from nodes in space. During the CA flight, thanks to a directional
antenna at an altitude of /(7) forms temporary clusters (coverage and radio communication areas)
Cu®), k=1...K nodes with a radius of Ri(?), that is, it creates temporary local radio networks with an
air access point (CA). If during the flight of the CA some nodes (head nodes of real clusters of network
fragments) fall into the current radio communication zone, then it: establishes radio communication
with them (according to the MAC protocol), determines the exchange schedule and determines (or
corrects) the point (interval) of the exchange trajectory. When the CA approaches the point (interval)
of data collection on the trajectory, the node-CA data exchange process takes place (Fig. 1).

Given:

1. Characteristics of the wireless sensor network:

— the area of the WSN () and the type of its geometric shape (for example, rectangular, strip,
circle, arbitrary, etc.)

— the number of network nodes (unconnected and/or head nodes of real clusters), coordinates
of their location on the ground (x;, y:),i=1... N,

— density of node placement & = UX_, mR% /S nodes (where Ry — radius k-th coverage area of
the CA, k= 1.. K) and the type of their placement (homogeneous, grouped, etc.);
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Network operation time Ty, can be determined by the following indicators:
a) The period of stable operation of the network T, (5) — network operation time (monitoring
and data transmission in each round of the CA flight) until the first node fails due to battery depletion
Tyso = Min tgyp; (Nround), (5)
where tfyy; — 1s the time of operatiolr?(,)f the i-th node before its failure, which is determined by the
number of rounds of circling (Nround).

0) Percentage of nodes that failed (6) relative to the number of CA rounds

al d
Tryn = Was a percentage, (6)

where Nrq; (Nround) — the number of nodes where the battery energy is less than the permissible
level on the Nround round.

5. A set of methods (rules) for constructing a flight path and collecting CA data from the WSN
nodes.

Restrictions and requirements:

— the CA flight area has no prohibited zones, its flight trajectory is formed in the form of certain
coordinates of points in space, modeling of the CA flight process is not considered,;

— information on node status parameters (location coordinates, battery energy level, amount of
monitoring data) is collected during the initial overflight of the CA network, and then the information
on the node status is updated during each round of overflight;

— the CA has the ability to collect data both during hovering and during flight;

— The CA and sensor nodes have radio facilities with the same MAC protocol, which allows to
change the data transmission rate depending on the state of the radio channel (signal-to-noise ratio)
and to regulate the transmission power (energy consumption for transmission), for example, IEEE
802.11;

— memory capacity of sensor nodes and CA is sufficient to store monitoring data;

— the energy value of the CA battery is sufficient for a round of network overflight;

— algorithms for controlling the data collection process, which are implemented by the control
systems of nodes and CA, should have a low computational complexity due to the need to implement
autonomous flight and ensure the data collection process in real time.

It is necessary to: to analyze the effectiveness of applying various rules for constructing and
correcting the CA flight path to collect data from the WSN nodes while achieving certain objective
functions.

Solution.

The set of solutions for achieving the defined objective functions (1)—(4) lies between two
limiting methods: flying over the entire area of the WSN and flying over each node of the network.

1. CA overflight of the entire territory (area) occupied by the WSN nodes, with
simultaneous collection of monitoring data from network nodes. Thus, studies [5; 6] analyzed various
options for flying over the entire area and collecting data from the main nodes of real clusters: by
lanes (Fig. 2, a), by angle, by square, by circle. The aim of the study is to find overflight options that
allow to reduce the length of the overflight route or maximize the number of serviced (covered) nodes
for a limited time of the CA flight. It is shown that there is no single optimal overflight option: the
"strip" option is effective for maximizing the coverage area of the CA, the "circle" option is more
efficient in terms of overflight time. However, the length of the route and the flying time over the
entire area of the CA remains very long. For example, according to the results of the authors'
simulation modeling for a network of 100 nodes, the length of the CA trajectory when flying over the
entire area horizontally at R=100 is L = 7500 at the total energy consumption of the nodes
E.on = 4477. When the coverage radius is reduced by half R = 50 the length of the trajectory is already
L = 11878 with a halving of energy consumption to the value of E.,, = 2115 (Fig. 2, a), which
imposes additional requirements on the flight characteristics of the CA. The overtlight of the entire
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virtual clustering of the network is carried out according to a certain cluster analysis algorithm
- it is proposed to use the iterative cluster analysis algorithm FOREL (FORmal Element), which has
certain advantages over others — low computational complexity, correspondence of the cluster
concept to the physical content of the CA coverage area, etc;

the shortest (or permissible length) route for flying around the data collection points is built
according to a certain algorithm for solving the salesman problem;

the data collection points (intervals) of CA monitoring in clusters are determined according to
the adopted cluster overflight strategy and the priority of the objective functions (in the simplest case,
the center of the cluster is determined as the data collection point).

It should be noted that the effectiveness of the final optimization solution and the speed of its
obtaining (computational complexity) is largely determined by the initial clustering solution
(depending on the choice of the starting point of the area and radius of coverage of the satellite), the
algorithm for finding the shortest flight path, the strategy of flying around the nodes in the cluster, etc.

So data collection time T,.,; of CA from the network nodes depends on the following
parameters (5):

Teot = (N, K, TR(Sty), v, Vami, Qk, INT;, Si—ga(di—1a MAC), By, Q) (5)

—number of nodes i =1... N and the coordinates of their location on the ground (x;, y;);

— quantities k= 1.. K clusters, their area, the number of nodes in a cluster n, and their relative
position;

— trajectories 7R of the CAs flight in the network defined by the strategy S overflight and data
collection from the nodes of each 4-th cluster (data collection during the flight and/or when the CA
is hovering, one or more hovering points in the cluster, etc;)

— speeds v = {v,,,} CA flight on each of the trajectory segments l,,,, m = 1...M;

— the amount of monitoring data V,,,,; in network nodes;

—number of data collection points Q) with coordinates in space (x,,4); in each k-th cluster
when the CA hangs up;

—locations in the space and time of intervals INT; = {(x, y, A)vegin, (X, ¥, I)finisn, Ivegin, Linisn) i CA
flight trajectories, which are defined for data collection (exchange) in motion with the i-th node;

— transmission speed of the MAC protocol s;_c4(d;_ca, MAC), which depends on the distance
d;_c4 and parameters of the radio channel (signal-to-noise ratio), transmitter, receiver, antennas, etc;,

— flight altitude /4, limitations Q resources of nodes and CA, etc.

Increase in network operation time Tr,,;,, can be achieved:

reducing the energy consumption of nodes for data reception and transmission (reducing the
transmission power of the node) by reducing the distance between the CA and the node

di—ra = g(K(Ry), 1, TRy, Qp, INTY),

which is achieved by optimizing the number of clusters K (the size of the coverage area Ry), is the
number of nodes in the k-th cluster n,, trajectories TR, position of the points @, (intervals INT;)
exchange in the cluster exchange in the cluster exchange in the cluster exchange in the cluster
exchange in the cluster exchange in the cluster exchange in the cluster exchange in the cluster;

redistribution of energy consumption between nodes competing for transmission (if a node
has a higher battery energy level, then it must consume more energy).

In addition, when determining the trajectory of the cluster nodes and data exchange, it is
necessary to take into account:

—relative location of nodes relative to the trajectory (it is desirable to exchange data in the
nearest intervals of the CA flight trajectory from the node);

— critical energy level of the node's battery (plan to fly over "exhausted" nodes at a minimum
distance);

— the amount of node monitoring data — selecting the point (interval) of trajectory collection
that is closer to this node.
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A simulation model was developed to evaluate the effectiveness of the proposed different
methods (algorithms, rules) of collecting data from WSN nodes by CA. It is written in Python, has a
user-friendly interactive interface, and allows visual tracking of all stages of the process of collecting
CA data from network nodes.

The input data for the modeling are as follows.

1. Characteristics of the network, nodes, CA (according to the problem statement):
$=1000%1000 conventional units; N =50...200; node placement (homogeneous, with grouping), the
initial energy of the nodes and the amount of monitoring data e;; energy consumption of the node for
transmission (calculated by a simplified formula e, = ¢ * d? k., where ¢ =const, d — distance
between the node and the CA); coverage radius R; radio communication range between node and CA
— di.xa; number of overflight rounds Nround etc.

2. Methods (from the whole area, from each node, by clusters), methods (directly from each
node, from the head nodes of clusters) of data collection.

3. Algorithms for temporary network clustering (FOREL, k-averages, etc.).

4. Algorithms for finding the shortest route: heuristic (nearest neighbor, FPPWR, CHIH, etc.).

5. Clustering rules, determination of data collection points (intervals) on the CA flight path
rules, cluster overflight rules, rules for building the CA path, etc. (Table 1) [21].

Table 1
Decision-making hierarchy for collecting CA data from the WSN nodes

The stage decision

Managed parameter

Action (rule)

Obective function min7,;

Objective function min
E con

1. Virtual clustering of
the WSN
(network level)

Number and size of
homogeneous clusters R*,
starting point of clustering,

number of nodes in clusters,
size of each cluster Ry

Reduce the number of
clusters: increase R,
determine the starting point of
clustering in the places of
grouping nodes, redistribution
of nodes between clusters

Increase the number of
clusters: reduce R
while maintaining

connectivity between
cluster nodes and CA

2. Search for the initial
flight trajectory of the
CA
(network level)

An algorithm for finding the
shortest route (trajectory) to fly
around the centers of clusters
(collection points) of the WSN

Selection of the best heuristic
algorithm from the set,
optimization of the
algorithms' own parameters

3. Adjustment of data
collection points in
each cluster
(cluster level)

Position of the data collection

point (interval) relative to the

CA trajectory and location of
the cluster nodes

Rules for trajectory
shortening in a cluster when
ensuring radio
communication CA - the

in the cluster

nodes in the cluster, number

has a significant amount of

farthest node
4. Determination of the Location of the trajectory Rules for reducing the Rules for reducing the
data collection strategy | relative to the position of the distance of a CA node that node-CA distance for

battery power

collection points
(intervals), calculation
of the CA-node
exchange schedule
(CA node level)

intervals) of data collection on
the CA trajectory segments,
CA flight speed

points along the CA trajectory
segments, selection of the

maximum flight speed while
meeting the exchange time

(cluster level) and position of data collection data (reducing the exchange consumption
points time)
5. Correction of Number of points (length of Redistribution of collection | Rules for the priority of

exchange of node-CA
with a lower (low)
battery energy level

The simulation model provides an opportunity:

to obtain dependencies of performance indicators (data collection time (trajectory length),
battery power consumption, network operation time) on a set of control parameters (rules) for
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bunii6ing a Nigbi paib an6 coiieciing CA 6aia un6er 6ilTereni inpui 6aia (nei*ork 6iTension, iype ol
no6e iocaiion, nutber ol oyerMigbi ronn6s, eic;)

expiore ibe opiiTiraiion parateiers - ibe nutber an6 3ire ol cinsiers, ibe nuTber an6 iocaiion
ol 6aia coiieciion poinis (inieryais) on ibe Nigbi paib, cinsier Mying 3iraiegies; aigoriibT3s For rin6ing
Tbe 3boriesi rounie, eic.

bei's To6ei an6 eyainaie ibe el Teciiyenes3 ol eacb 3iage ol 3oiying ibe probieT ol coiieciing
CA 6aia I'roT ibe AVMK no6e3 an6 ibe correspon6ing ruies loriiieir itTpieteniaiion

1. Fin6ing a 3oiuiion lor nei™ork cinziering - opiiwiraiion or CA coyerage areas.

Ke6ucing ibe nutber ol ciusiers k in ibe neirork poieniiaiiy reéuces ibe iengib olibe CA Nigbi
rounie (an6 1bus ibe 6aia coiieciion TiTe), bui ieab3 io an increase in 3en3or no6e energy con3uTpiion
(6ue 7o ibe increase in ibe no6e-CA 6isiance) an6 an increase in no6e-CA coTtunicaiion iiTe
(6ecrease3 ibe MAC proiocoi iransTtission raie). An6 yice yersa: an increase inibe nutber ol cinsiers
iea63 1o an increase in ibe ienaib ol ibe CA WMiabi rouie, bui re6uces ibe no6e-CA 6isiance an6,
accorbingiy, reéuces ibeir excbange iite an6 no6e energy consutpiion. In oiber ~or63, ibere i3 a
cerfain opiiTuT olibe nutber ol cinsiers k*, ibeir 3ire K*, an6 ibe iocaiion ol poiniz inibeTt " K an6
inferyaiz WWTi CA 6aia coiieciion, "bicb 6eiertine3 a coTproTi3e 06ecision regar6ing ibe TP.
Tberelore, ibe INoiiowng basic runies appiy [21].

Tke ruie/or ieieTTining ike nuTher o/ciTiers in ike nePmork: IP ibe prioriiy ollibe ob]eciiye
Munciion Tcoi™-Tin (T™un”-Tax), THEK increase (6ecrease) ibe 3ire an6 nutber ol ciusiers.

Tbe resuniiz ol ibe 3inby ol ibe propo3eb ruie “"ben appiying yarions bewurisiic aigoriibt3 lor
rin6ing ibe 3boriesi paib (nearesi neigbbor, PPPAK, CHIH) ibrongb ibe ceniers ol cinsiers are sbo”n
in Pig. 3 an6 Pig. 4 (A = 100, no6e3 baye ibe coor6inaies sbo”n in Pig. 2). Cingier 3ire i3 opiiTire6
K* wibin ibe yaines ol K = 50...100 lNor eacb ol ibe aigoriibt3. Accor6ing io ibe POKEb ciusiering
aiporiibT, ibe nutber ol cinsiers i3 6efertined K= 69.33. Ae ob3erye ibai l'or eacb 3boriesi paib
searcb aigoriibT ibere i3 an opiitai yaine ol K* (K'wm = 94, MIPPP" P=100, KCHIH = 100), ~bicb
aiio”3 io signilicaniiy (Tore iban 20%) re6uce ibe pritary iengib ol ibe CA Nigbi paib.

8. 3. EsiiTaiion olibe irajeciory ienaib an6 energy consuTpiion ol no6e3 a3 a vnciion ol ibe coyerage
area 3ire K Mib botogeneouns nobe piaceteni unéer 6il'Tereni 3boriesi ronie 3earcb aigoriibT3

Por a nei®ork wib grovpe6 no6es, ibe 3iTuiaiion resniis are sbo”n in Pig. 4.

ris. 4. ory iengib an6 energy cons
ntpiion ol no6e3s a3 a Mvnciion ol'ibe coyerage area 3ire K Tcben no6es are piace6 in groups
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Tke appiicalion ol olker neixork rnies (Tabie 1) al'Tecl3 Ike nuwber ol cinzlers an6, accorbingiy,
Ike ienglk ol Ike romle, Ike energy consutplion lor Ike exckange ol CA 6ala w Ik no6es.

TWe runie /or 3eieciing ile inMai cinsiering poini: lo 3eiecl Ike iniliai ciuslering poinl ol Ike
nel™ork, 3eiecl Ike poinl w Ik Ike waxiwnw nuwber ol no6e3s in Ike cinsler (Ike goai i3 lo reébuce Ike
nutber ol cinzlers).

TWe ruie /or reitisiribniing noines bermeen cinsiers. IP Ikere i3 a 37ail nuTtber ol no6e3 in a
ciusler, Iken re6islribule Ike no6es ol Iki3 cinsler lo olker ciuslers il po33sible (i.e. reébuce Ike nutber
ol ciuziers).

TWe ruie /for aifapiing ille 3ire o/ eacW ciusier: IP ob]eciiye unciion (2) THEK reéuce K by
ciusier.

Tke benelil ol appiying Ike3e ruie3 can reack 5-7 %.

Tkal i3, oplitiralion ol' ke coyerafe area ra6iuns, appiicalion ol' Ike rnies (3eieclion ol Ike iniliai
cinslering poinl al Ike pianning 3lage, re6islribulion ol no6e3 bel”een ciuslers, abaplalion ol cinsler
3ire3) ka3 a signilicanl iTpacl on Ike elTiciency ol Ike 6ala coiieclion proce33 6éuring nel®ork
operalion..

2. Kwnies lor in6ing Ie sUorlesl rownie (Iraleclory) lor Aying oyer CA cinsiers.

To 30iye Ike probieT ol Tin6ing Ike 3korlesl roule lo Iy aroun6 eack ciusler, yarions kno”n
aipgorilkT3 can ai3o be n3e6. Ivii 3earck (lor a 3Taii nutber ol cinslers), keurislic, genelic, elc. Eack
ol IkeT 3ko0”3 6ilTerenl resmils 6epen6ing on Ike paratelers ol Ike nel®ork, no6es, an6 CA.
Pigures 5-8 3ko” Ike perlortance in6icalors (I, Econ, T"mn) ~ken m3ing Ikree keurislic aigorilkTs lor
rin6ing Ike 3korlesl palk (KK PPPAK, CHIH) w Ik KoTtogeneouns an6 group piacetenl ol no6es, Ike
3ire ol Ike coyerage area (K = 50, 100), nel®ork 6iten3ion3 (A = 100).

Tke To6eiing resunils 6etonslrale6 a signilicanl 6epen6ence ol Ike perFortance in6icalors on
Ike nmalure ol Ike iocalion ol wuniyersilies in Ike area (kotogeneous, grompe6) anb Ike abopleb
aipgorilkTt Tor Tin6ing Ike 3korlesl roule lo Iy aroun6 Ike ciuslers. In owur case, in 1031 cases, Ike
neare3l neigkbor aigorilkT ka3 Ike abyanlage ol Ike Ikree 6eline6 aigorilkts wlk Ike besl
perlorTance in6icalors.

In a66ilion, lor eack ol Ike aigorilkTs, Ikere i3 an a66ilionai po33sibiiily ol opliTiralion by Ike
inlernai parateler3 ol Ike 3korle3l palk 3earck aigorilkT3 IkeT3eiye3. Por exatpie, Ike nearesl
neigkbor aigorilkt can be n3e6 lo 3eiecl Ike nutber ol 3lep3 lo Ike nexl cinsler (one, 1"o, Ikree, elc.),
by 3guares (opliTiring Ike 3ire ol"a iallice 3guare), conyex kuii (opliTiring Ike 3ire ol" eack kuii). Al
Ike 3aTe liTe, lor 3pecilic nel®ork paratelers (area, piacetenl, no6e paratelers, CA, elc.), eack ol
IkeT Tay Kaye an abyanlage.

| = 5987 Econ = 3068 (K = 100) | = 6596 Econ = 3157 (K = 100) | = 6899 Econ = 3290 (K = 100)
a) b) c)
lig. 5. Keswilz ol To6eiing Ike IraJeclory ol"a CA Tiigkl in a cinslere6 nelroork Tcilk unilCortiy 6i3lribnle6
no6es in Ike * 8 K using 6ilTerenl 3korle3l romle 3earck aigorilkt3 (N=100, K=100):
a - Ike nearesl neigkbor; b- PPP"K; ¢ - CHIH Toilk 2-iayer 3keii
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b = 7153 Econ = 2115 (K = 50) b = 9042 Econ = 2128 (K = 50) b = 11844 Econ = 2143 (K = 50)
a) b) c)
8. 6. Tbe resuii or Toiteiing ibe ii™eciory or a CA oyer a ciusiereii ~ 8 K by grouping noiies using,
Mirrereni sboriesi romie 3earcb aigoriibt3 (N=100, K=50):
a - ibe nearesi neigbbor; b- PPP"K; c - CHIH 2-layer 3beii

a) b)

Ii§. 7. Tbe resuii orf Tolteiing anii esiiTaiing ibe iengib oribe CA Wi§bi rovie or unirortiy iisiribuieit anit
arouwpeii noiies in ibe ~ 8 K using iirrereni aigoriibT3 ror iniing ibe 3boriesi rovie
(K=100, a 3aTpie or 100 ranioT iocaiion3 or noie3 on ibe area):

a) K = 50 b) K = 100 ) K = 150

IMi8. 8. bepenitence or neitToork operaiion iiTe onibe nutber or CA rounii3 anii coyerage raiinz
(A= 100 ai K =50, 100, 150)

3. Kwies ror caicuiaiing (an|n8iing) iiaia coiieciion poini3 in a cimsier Tib a refiuciion in
rouvie lengib io iTproye ibe basic 3o0iniion (ibroungb cinsier ceniers).

Tbe ia3k or Tiniiing ibe 3boriesi rovie ror a CA LI8bi iirrers rroT ibe ciassicai irayeiing
3aiesTan probieT. In our rortuiaiion or ibe probieT, ii i3 enovgb ror a noiie io raii wiMn ibe
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coyeragie area ol'iPe CA. TPerelore, iei n3 consiéer Peurisiic ruies [or 3Poriening iPe rouie reiaiiye io
iPe iniiiai 3oiniion (3ee 3eciions 1, 2) (Pig. 9) [19; 21].

—> - iPe inifiai ira]eciory
- iraeciory 6ecision3

- excPange poini CA-no6e

O - note
- CA
a) mobe k i3 iPe oniy one in'iPe b) rocie i i3 locaieci ai a c) noGe K i3 iPe oniy one iniPe
ciusier, iPe cenier QFIP?. nexi ciisiance K I'rot Viie exciiange  ciusier, iPe cenier o"iPe nexi ciusier
ciuier 60e3 noi beiong, io iPe poini beiongs o iPe 3ecior ol iPe CA
CA woyewen’ secior Loyetueri 6ireciion

rig. 9. liinsiraiion ol ruies lor re6ucing MigPi paiP iengiP an6 CA 6aia coiieciion

Kuiea/or Teiucing ile Iengill o/ i CA/ligWipaill in a ciwisr (Pig. 9).

IP iPe prioriiy obJeciiye Munciion Tcoi-Tin, iPe iniiiai ciusier MigPi ronie passes iProugP iPe
cenier ol iPe ciusier wiP one no6e k, anb iPe nexi cinsier cenier 60e3 noi all in iPe 3ecior ol ' iPe CA
woyeweni 6ireciion, THEK 6eiertine iPe poini on iPe fangeniiine ai a 6i3iance K 'roT iPe ne” rouie
iniPe CA ToyeTeni Gireciion a3 iPe 6aia coiieciion poini (Pig. 9, a).

IP iPe prioriiy ob)eciiye Imnciion Tcoi”Tin, iPe iniiiai rouie ol iPe cinsier OVeigP" pa3ses
iPromgP iPe cenier ol iPe ciusier, iPe i-iP no6e i3 ai iPe greaiesi 6isiance I'rot iPe CA WNigPi paiP,
THEK o6Geiertine iPe poini iPai i3 ai a 6isiance K I'rot iPe ne” rowuie in iPe 6ireciion ol iPe CA
ToyeTeni a3 iPe 6aia coiieciion poini (Pig. 9, b).

IP iPe prioriiy ob)eciiye Mmnciion Tcoi” Tin, iPe iniiiai ronie ol iPe cinsier MiagPi passes iProngP
iPe cenier ol iPe cinsier wiP one nobe k, an6 TPe nexi cenier ol iPe ciusier laii3 in iPe 3ecior ol iPe
6ireciion ol toyeteni oliPe CA, THEK iPeiraJeciory ol ToyeTen’ i3 buiii 6ireciiy io iPe nexi cenier
ol iPe ciusier. 6eiertine iPe poini on iPe iraJeciory ciosesi io iPe cenier ol iPe ciusier a3 iPe 6aia
coiieciion poini (Pig. 9, c).

b =5987 Econ = 3068 b=6596 Econ = 3157 | =6899 Econ = 3290
Cuie = 4999 Econrviie = 3212 krmie 5117 Econrvie 3244 Cuie = 5337 Econrvie = 3302
a) b) c)

Iig. 10. Kesuiiz ol To6eiing iPe appiicaiion ol rouie 3Poriening ruies (A=100, K=100):
a - 1Pe nearesi neigPbor; b- PPP~K; ¢ - CHIH 2-iayer 3Peii

Ba3e6 on iPe re3niiz ol iPe siTuiaiion ol iPe rnie3 lor 3Poriening iPe rouie iengiP, e can
concinbe iPai iPe iraJeciory iengiP i3 reébuceb by unp io 20 %, "Piie energy con3uTtpiion increases by
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np lo 10 %. Accoriiing lo Ike 3iTuialion resuils (Pig. 10), Ike kewurislic Milk Ike nearesl neigkbor
aigorilktT wn3 again, bul w Ik olker neixork parartelers, any aigorilkT [or IFinding Ike 3korlesl roule
can 3k0o” Ike besl perlorrance.

4. Kwnies lor 3eieciing poini3 (inieryai3) or CA iaia coiieclion in cinziers (oyerlligbi
3iraiepgies).

Al Ike cinsler leyei, Ike nuTber anii cooritinales ol Ike poinl3 (inleryais) ol iala colleclion ol
Ike CA (ciusler oyerWiakl slralegy) are iielertineit. Possibie yarianls ol poinl 3eieclion ruies are
3ko™n in Pig. 11 [18; 21]:

a - 3eieclion ol exckanpge poinl3 cioser lo Ike CA lIraJeclory (Ikrougk Ike cenler or cenler ol

Ta33 ol Ike ciusler);
b - ala coiieclion oniy “ken Ike CA koyer3s in Ike cenler (cenler ol Ta33) ol Ike ciusler;

c - in-Migkl ala coiieclion w Ik aitifilionai ciwlering il Ikere are groups ol noiies;

i - in-Wigkl ala coiieclion laking inlo accounl Ike io” ballery energy ieyei ol initiyiiinai noiies.

Tke re3nil ol eack 3lralegy in Ike k-1k ciusler i3 eyainaleii by a 3el ol paratelers:

- i3 Ike energy con3utplion ol eack cinsler noiie lor iiala coiieclion (lran3Tission ani
receplion) econi, Ike lolai energy con3uTplion ol cinsler noines EcO = £ iek econi;

- lite ol iala coiieclion in Ike ciusler iCon, ~kick i3 ielertineit by Ike Wiakl liTe anii koyer
lite ol ke CA.

a) b) c) 4)
8. 11. Basic ruie3 lor inelertining poinl3 (inieryai3) ol" CA iiala coiieclion in a ciusler:
a - inlke Nigkl; b- oniy in Ike cenler ol Ike ciusler; c - Toiik aWiiilionai cimslering; 4 - Ikromgk crilicai noies

Tke 3iTuialion resuils 3ko”eii a reiiuclion in noiie energy consutplion ~ken wnsing Ike in-Nigkl
nala coiieclion slralegy (Pig. 11, a) Econir coTpareii lo coiiecling inala oniy in Ike cenler ol Ike cinsler
EGr (Pig. 11, b) - np lo 20% reiinclion in noite energy consuTtplion lor receplion ani Iran3Tis3ion

(Pig. 12).

Econir = 2115 (K = 50) Econir = 2512 (A4 = 80) Econir = 3841 (4 = 100)
Econr = 2210 (A = 50) E@r =2890 (A = 80) E@nr = 3069 (4 = 100)
Mi§. 12. Keswuiis ol Tolieiing itoo 3lralegies llor lying arovnii cinslers
(aiong Ike iraieciory anii oniy in Ike cenler)
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Ifthere is a grouping of nodes in the cluster, it is advisable to carry out their additional clustering
in order to reduce energy consumption and reduce the exchange time (with a significant amount of
monitoring data in the nodes) — Fig. 11, c.

The rule for determining the hover points for data collection: IF there is a cluster of nodes in
the cluster (loaded or with low battery energy), THEN determine the hover point for collecting data
from these nodes in the cluster that minimizes the communication time or energy consumption of
these nodes.

Rule for correcting the CA flight path: TF it is necessary to reduce the transmission time in the
node-CA radio channel and/or reduce the energy consumption of the node, THEN it is necessary to
place (move) the exchange points on the satellite path closer to the node.

Rule for reducing and equalizing transmission energy costs: IF multiple nodes compete for
exchange intervals with the CA, THEN determine the closest exchange interval /N7 on the CA flight
path of a node with a lower battery energy.

Rules for determining the number and location of hover points, exchange intervals, overflight
and exchange strategies in the cluster:

IF objective function T,,;—min, the number of nodes in the cluster is small (average) and the
amount of data is insignificant, THEN determine the basic strategy (flight of the CA through the
center of the cluster with the determination of exchange intervals on the flight path) (Fig. 11, a);

IF objective function TF Tf,, —max, a large number of nodes in the cluster, their data volume
is significant, THEN cluster the cluster with the definition of additional hang points (Fig. 11, d).

5. Rule with redistribution of nodes in different intervals of the constructed CA trajectory.

Each constructed CA flight trajectory consists of segments between collection points, which
can be estimated by the length of the segment [,,, and the number of exchange points. If there are
trajectory intervals with a significant (very small) number of collection points, then we try to add
(remove) nodes to (from) it and re-cluster without taking into account the added (removed) nodes.
The goal is to shorten the length of the trajectory or reduce the energy consumption of the nodes.

Rule for redistribution of data collection points: IF a trajectory segment has a significant (small)
number of collection points, THEN fix this trajectory segment, delete (redistribute) nodes according
to the objective function and re-cluster the network to achieve a certain objective function.

The results of modeling the application of the proposed rule demonstrated the possibility of
obtaining a gain in efficiency of up to 8 %.

The interval of exchange between a node and a CA is determined by the following
considerations: the node's flight time should be at least as long as the exchange time [21].

Since each rule is focused on achieving a certain objective function, it has a different result of
its achievement, therefore, their hierarchy in the form of meta-rules is proposed. For example [21].

Meta rule 1: TF objective function T.,;—min, THEN (single-criteria optimization) to find:

— the maximum (specified) number of network clusters;

— set the basic trajectory of the CA through the center of the clusters, find the shortest path (use
one algorithm from the set to find the shortest path) to fly around the centers;

— apply the rules for reducing the route length, determine possible additional collection points
(hovering) of the CA in accordance with the position and amount of data in the cluster nodes
(grouping of nodes with a significant amount of data);

— determine the strategy of flying around the cluster nodes;

— set the maximum speed of CA movement in the cluster that meets the requirements for data
exchange between CA and cluster nodes;

— calculate the intervals and schedule of node transmissions during the CA flight, taking into
account the state of the nodes, using rules that are focused on increasing the transmission rate in the
radio channel.
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Meta rule 2: IF objective function T,;—min and Tf,,, —>max, the first objective function takes
precedence over the second, THEN (lexicographic optimization method):

— find the maximum (defined) number of network clusters;

— determine the collection points (hovering) of the CA in accordance with the priority of the
objective function;

— determine the strategy of flying around the cluster nodes;

— calculate the trajectory of the CA through the collection points;

— calculate the intervals and schedule of node transmissions during a flight at a minimum
distance using rules that take into account the available energy of the nodes.

Evaluation of the effectiveness of the application of meta-rules showed the possibility of
reducing up to 20% of the data collection time and increasing up to 15% of the network operation
time compared to previously proposed solutions. It is important to note that the proposed situational
management model [21] can be used in special software of the data collection management system
of the NCC and CA. The low computational complexity of the model allows the use of CA in an
autonomous mode and making (correcting) decisions in real time.

Conclusions. The only solution for collecting data from WSN nodes with an unconnected
topology is the use of communication aerial platforms. In this case, the task of building a CA flight
path with the determination of data collection points (intervals) to ensure the main objective
functions: minimum data collection time and/or maximum network operation time.

A specific WSN will differ in many parameters: area size and shape; number, coordinates and
density of nodes, their relative positioning; battery power level, amount of monitoring data;
characteristics and limitations of nodes and CA parameters, etc. The developed simulation model was
used to study the dependence of data collection efficiency indicators on the application of various
rules for constructing a CA flight path with certain network, node, and CA parameters. It is proved
that there is no single method (set of rules) for finding a CA flight path that provides an optimal
solution for all variants of the WSN and possible situations on the network.

To optimize the decision on the flight trajectory and data collection, a rule base is proposed that
implements a hierarchy of rules for achieving the objective functions. The research made it possible
to determine the priority and order of application of the rules in the database, i.e., the development of
meta-rules. The results of simulation modeling have shown that the use of the rule base can reduce
the data collection time by up to 20 % or increase the network operation time by up to 15 % compared
to existing solutions.

The direction of further research is to improve the rule base for building a flight path and
collecting CA data from the WSN nodes for other objective control functions.
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