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Background. To implement the process of collecting UAV monitoring data from sensor nodes in the wireless sensor
networks (WSN) control system, it is necessary to implement appropriate methods and algorithms. To increase the efficiency
of the data collection process in the WSN, it is clustered, the main cluster nodes are selected that collect monitoring data in the
cluster and transmit this data to the UAV when it approaches. The methods proposed today for collecting data from nodes of
sensor networks using UAVs do not consider the requirements of various target control functions, especially the functioning of

specific networks and require further improvement.

Objective. The aim of the work is to analyze and consider ways to improve the efficiency of the process of collecting data

from sensor nodes of the WSN using UAVs during its clustering.

Methods. In contrast to the traditional ways to solve the problem of collecting UAV monitoring data from WSN nodes, a
set of methods is proposed to achieve various objective control functions (maximizing WSN functioning time, minimizing data
collection time, minimizing the number of UAV5s) at various stages of network operation.

Results. The application of the proposed methods to increase the efficiency of monitoring data collection allows increasing
the network lifetime, reducing data collection time and reducing the number of UAVs required for data collection.

Conclusions. To achieve various target management functions at the main stages of monitoring data collection in wireless
sensor networks, many methods have been proposed to improve the basic indicators of their functioning.

Keywords: wireless sensor networks; clustering; collection of monitoring data from UAVs; efficiency.

I. Introduction

Modern  wireless  sensor  network  (WSN)
technologies are becoming popular in various
applications (observation of forest areas, fields, oil and
gas pipelines, borders, battlefield, environmental and
meteorological monitoring, search and rescue missions,
etc.), including in remote (inaccessible) areas where
there is no telecommunication infrastructure [1]. WSN
can be designed to operate for several months or even
years in hard-to-reach areas. For data collection in such
conditions it is proposed to use the UAVs [1].

The autonomous sensor nodes monitor certain
parameters of their coverage areas, store the received
data and wait for their transfer to the data collection
center via UAV when it appears in the radio
communication zone. UAVs fly over the area of interest
and collect monitoring data from sensor nodes. When
flying over the territory along a certain route, the UAV
establishes a radio link with the sensor nodes, receives
monitoring data from them, stores them and on their
return transmits them to the data collection center for
further analysis. A feature of this class of networks is
the limited resources of its nodes by: battery power,
processor performance, memory, transmitter power,
radio bandwidth, etc.

Modern WSNs can consist of hundreds or even
thousands of sensory nodes. Replacing batteries for so
many nodes may be impractical or even impossible.
Reducing (redistributing) energy consumption by
sensory nodes is therefore critical to increasing their
operating time. One of the ways to solve this problem is
the clustering of the network, which allows reducing the
length of the flight route and increasing the time of
WSN functioning.

The methods of data collection from the nodes of
sensor networks with the use of UAVs proposed today
do not consider the requirements of various target
control functions [2 - 4], the peculiarities of functioning
of specific networks and require further improvement.
The purpose of the work is to analyze and consider
ways to improve the efficiency of the process of data
collection from sensor nodes of the WSN using UAVs
in its clustering.

II. Statement of objective

The methods of collecting monitoring data from
sensor nodes to the UAV can be divided into two main
groups.

1). Direct collection of monitoring data from the
UAYV from each node.
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In this case the UAV flies over the sensor field along
the calculated route and collects data from each sensor
node that stores the monitoring data of its area. The
main advantage of this method is the simplicity of the
algorithms of functioning of the network nodes (if there
is a connection with the UAV, the node must transmit
monitoring data to it). The disadvantage is a significant
increase in the UAV flight time, higher requirements to
the UAV parameters, and, accordingly, a significant
increase in the time of collecting monitoring
information.

2) Collecting the UAV information from the selected
(head) nodes that store information about the
monitoring parameters of the nodes of its network
cluster.

In this method, according to a certain algorithm, the
network is divided into clusters, which select the head
nodes of clusters [2 - 6]. Each cluster is built its
topology and routes of data transmission from nodes-
monitoring to the main nodes that collect data from the
nodes of its network cluster to the UAV flight. Next,
the UAV (or network control center) calculates the
route to fly only the main nodes, the UAV flies and
collects information from them. The disadvantages of
this method - it is necessary to synthesize and
implement  additional  algorithms  of  network
management [3 - 6]: dividing the network into clusters,
the choice of the main nodes in the clusters, building
the topology of the cluster, the organization of the
routing process of data collection to the main nodes,
calculating the flight path of the UAV of the main
nodes, etc. Advantage: the use of the main nodes will
reduce energy consumption of the cluster nodes, reduce
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flight time and thus reduce the time of collecting
monitoring information.

Target control functions during data collection can
be [5-6]:

1. Maximize or ensure the specified operating
time of the WSN (maxTt or T >T%,;,) with the specified
limitations on the time 7T, and volume of V4 of the
collected monitoring data, the number of available
UAVs for use — Ngiy.

This target function is achieved by reducing the
energy consumption of the WSN nodes in the following
ways (Fig. 1):

reducing the transmission power between two sensor
nodes;

reducing the distance and, consequently, reducing
the transmission power and energy consumption
between the cluster and UAV head units, which allows
to increase the data transmission speed (for example,
for the IEEE 802.11 protocol);

redistribution of energy consumption between nodes
through the implementation of appropriate network
management algorithms - coverage algorithms (dividing
into independent coverage nodes and making
monitoring schedules by sets), algorithms for building
and maintaining the topology and data transmission
routes in clusters [7], algorithms for selecting the main
nodes in the cluster (through the use of energy-
dependent metrics);

reducing the volume of service traffic in the
implementation of management algorithms at all OSI
levels (for example, by introducing cross-level);

reducing the computational complexity of network
management algorithms.

Ways to improve the efficiency of UAV data collection while clustering WSN |

| Methods of implementation |

Target In terms of the stages of
functions WSN functioning
max Tt | clustering
-mi.n Teor cluster size and quantity
min N

main cluster nodes selection
cluster topology design
route construction

- monitoring data transmission

- calculation of flying points
- flight route calculation

- rotation of the main nodes

- cluster size and quantity optimization

- reduction of node transmission power

- reduction the distance between the UAV and the node
- redistribution of energy consumption between nodes
- service traffic reduction

- algorithm complexity reduction

- node sleep time increasing

- decrease in flyby points (virtual clustering)

L UAV coverage area max bandwidth

Fig. 1. Ways to improve the efficiency of monitoring data collection
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In addition, the reduction of power consumption by
sensor nodes in the cluster can be achieved by means
of:

reducing the time nodes stay in active state or
increasing sleep mode;

reducing the monitoring radius of the node or the
area —monitoring by the network (formation of a-
coverage);

creating an excessive number of nodes required to
cover a given area (object);

aggregation of transmitted monitoring data from
simple nodes to the main one.

2. Minimize or ensure the specified data collection
time (min oo OF Teot < Teolgiv) With a set limit on the
number of UAV N<N,y, he specified amount of
monitoring data Vig< Vinaeiv and the operating time of
the T < ngiv [5-6].

The time of data collection depends on the length of
the flight route (depends on the number of clusters, the
location of their main nodes, the designated points of
exchange with the UAV), the speed of the UAV flight,
the speed of data exchange between the main nodes and
the UAV (depending, among other things, on the
distance between them), and others.

3. Minimize the number of UAVs (min N), required
to collect data with the specified quality, with
restrictions on the time of data collection 7¢y< Toolgivs
and the time of operation of the network 7 < Tiyiy.

It is achieved by dividing WSN into subnetworks
and optimizing the process of data collection in each
subnetwork.

III. Implementation of objective management

functions

The presence of several target control functions
leads to the tasks of multi-criteria optimization. In
general, its solution will depend on the requirements set
for the network management system. In a particular
case the task of multi-criteria optimization can be
solved by methods: main index, additive or
multiplicative convolution, concessions, etc.

Realization of target functions of WSN management
should be achieved at different stages of the network
functioning (Fig. 1).

1. Network clustering is a key task to achieve
minimization of node energy costs and network
stability. There are a number of clustering algorithms,
aimed at improving the performance of WSN [2 - 6]:
reducing energy consumption of nodes, load balancing,
increasing connectivity, reducing data transmission
delay, optimizing the number of clusters, etc.

The process of building clusters includes the
following stages:

a) Calculating the number, size of clusters and
rotation period of the main nodes. Optimization of these
parameters should ensure the implementation of target
management functions. Their specific values are
determined by the WSN dimension, the area of the
monitoring zone, the characteristics of sensor nodes
(initial ~battery energy, energy consumption for
monitoring, data reception and transmission, monitoring
and transmission radii, exchange protocols, etc.) and
UAV (flight time, energy reserve, flight altitude, speed
of information exchange, etc.), adopted control
algorithms and requirements for the process of data
collection (maximum time of data collection, given
amount of data, given network life, etc.).

Smaller number of clusters leads to a smaller
number of main nodes, shorter UAV flight route length
and reduces the flight time (data collection). However,
it increases the diameter of clusters and, accordingly,
increases the time for their organization. In addition, it
increases the energy consumption of nodes for service
traffic, data transmission from simple nodes to the main
nodes is carried out on longer routes. To calculate the
operating time of the WSN, we propose an analytical
model that considers the energy consumption of nodes
depending on its functions (only monitoring,
monitoring plus routing, monitoring plus the main node
of the cluster) and the amount of monitoring data, on
the given time of network operation (or the number of
rounds of data collection UAV) [5].

b) Formation of clusters [2 - 6]. It is carried out by
exchanging service messages between the nodes with
the implementation of appropriate algorithms for
selecting the main nodes of clusters, considering the
priority of the target functions of network management.
The algorithm for selecting the main node should
consider the convolution of the metrics: battery energy
of the cluster node, the signal level in the radio channel
node UAV, the location in the cluster (center or on the
edges), etc.

c) Construction of the cluster topology [7]. It should
be carried out according to the specified target network
management functions (for example, to minimize
energy consumption of nodes - the construction of
energy efficient topology, minimizing transmission
time - the construction of a small diameter topology,
etc.).

d) Construction and support of routes in the cluster
from simple nodes to the main ones by convolution of
metrics that also consider the target control functions:
transmission power, energy of mnodes' batteries,
throughput, etc. [8, 9].



2. Transfer of data to monitoring in clusters from
simple nodes to the main nodes with specified quality
on previously defined routes.

3 Finding the position in the UAV space (monitoring
data collection points, in the simplest case the main
node is the collection point).

In order to minimize the collection time, the
minimum number of points (UAV positions) of data
collection is searched. For this purpose, a virtual
clustering of the head nodes is carried out, for example,
using an algorithm FOREL (FORmal ELement) [10]
with adaptation of the size of the UAV coverage area R
(to reduce the distance between the main nodes and the
UAV) Fig. 2.

To maximize the throughput between the main
nodes of clusters and the UAV 1in its coverage area it is
proposed to calculate its position depending on their
load, using the appropriate mathematical model [11].

4. Construction of routes considering various target
functions for overflight of collection points: the shortest
(target function - minimum time of data collection);
routes with overflight of critical nodes (according to the
availability of battery energy, data volume, efficiency
of information), etc. [6, 7, 11].

® _ sensor node

% — main cluster node
- — transfer route to the main node
¢ starting and ending point of the UAV

— —UAV trajectory
¢ UAV data collection point
a) collection points match up with the main nodes b) virtual clustering

Fig. 2. UAV flight options for different locations of data
collection points

5. UAV flight along the calculated route and data
collection. For this purpose, the altitude (the distance
between the UAV and the main node is set to ensure a
given data transmission speed) and the flight speed are
calculated to ensure sufficient time to ensure the quality
of all monitoring data transmission [6, 11]. The
transmission power level between the UAV and the
main unit is kept to a minimum.

6. Rotation of main cluster nodes. Clusters are
restructured: exchange of service information and
selection of new main cluster nodes, construction of
new cluster topology, routes of transfer from
monitoring nodes to the main nodes. Calculation of
collection points and routes of UAV flight. Selection of
new main cluster nodes should be performed depending
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on the target management functions set by the network
control center.

The modeling of the proposed network management
methods  shows the effectiveness of  their
implementation. For WSN of 100, 150, 200 nodes the
increase in time of network operation was up to 20%,
reduction of time of data collection - up to 50%.

IV. CONCLUSION

A set of methods for managing the process of
collecting monitoring data from the nodes of the WSN
using the UAV is proposed, which allows to implement
various target functions of network management:
minimizing network life time, reducing data collection
time, minimizing the number of UAVs. The application
of specific methods of data collection management will
be determined by the characteristics of the network,
network nodes and the UAV, as well as requirements
for the quality of data collection. The proposed methods
can be used in a special software system of data
collection management in FSU using the UAV.
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Jucenko A.1., Pomaniok B.A., Pomaniok A.B, Kyk O.B.
HMinBumenns edpekTuBHOCTI 300py AaHuX MoHiTOpHHTY BIIJIA npu ki1acrepusanii 6e31poTOBHX CEHCOPHUX Mepek

Ipo6aemartuka. s peanizauii nporecy 300py AaHux MoHiTopury briJIA Bin ceHCOpHUX BY3IIB B CHCTEMi YIPABIiHHS
OecripoBoioBUMHE ceHcopHEMHE Mepexamu (BCM) HeoOXiqHO peanizyBaTH BiANOBIAHI METOAHU 1 anropuT™MH. JIJisl miABHIIEHHS
edexTHBHOCTI TIporecy 30opy maHux B BCM mpoBommthest 11 KiIacTepusanis, BUIUIIIOTECS TOJOBHI BY3JIM KJIAcTepiB, IO
30MparoTh JlaHi MOHITOPMHTY B KiacTepi i mepenaroTh 1i gaHi Ha BriJIA npu Horo mianpoTi. 3ampornoHOBaHI HA ChOTOJHI
MeTo/I1 300py JaHUX 3 BY3JIiB CEHCOPHHX Mepexk 3 BUKOpUCTaHHAM briJIA He BpaxoByrHOTh BUMOTH Pi3HUX IIIBOBUX (DYHKIIIH
YIPaBIiHHSA, 0COOIMBOCTI (pyHKITIOHYBAaHHS KOHKPETHUX MEPEXK i BUMAraroTh MOAJIBIIOr0 BAOCKOHATCHHS.

Meta npociimkeHb. MeTol0 po0OOTH € aHami3 1 PO3INISA CIOCOOIB MiIBUIIECHHS €EKTUBHOCTI Mporecy 300py MaHHX 3
cercopHuX By31iB BCM 3 BukopucranasaM brJIA mpu 1i kmacrepusanii.

MeTtoauka peadizanii. Ha BigMiHy B TpaauI[iiHUX NIISXiB BUPIIICHHS MpoOiaeMu 300py AaHuX MoHiTopuHry briJTA Bin
By31iB BCM 3ampomnoHoBaHa CyKYIHICTh METOAIB JOCATHEHHS PI3HHUX IMINBOBMX (YHKIH YIpaBiiHHA (MakCHMi3allis dacy
¢ynxnionysanas bCM, minimizamis dacy 300py maHuX, MiHIMi3amis kinekocTi briJIA) Ha pi3HEX eTamax (YHKIIOHYBaHHS
Mepexi: KIacTepusallisi Mepexi; mepeiada JaHHX MOHITOPHHIY B KIacTepax BiJl MPOCTHX BY3JIB JO TOJOBHUX BYS3IIB;
3HAXO/KEHHS MOJNIOkKeHHs B mpoctopi briJIA; moOynoBa mapupyty o0ib0Ty TOuok 300py; moiit briJIA 3a po3paxoBaHuM
MapuipyToM i 30ip JaHHX, POTAIlisi TOJIOBHUX BY3JIiB KJIACTEPIB.

Pesynbratn  focaiTkeHb. 3acTOCYBAaHHS 3alpONOHOBAHMX METOMIB IIiJIBUINCHHA e(EKTHBHOCTI 300py HaHUX
MOHITOPHHT'Y J03BOJISI€ 30UTBIINTH Yac KUTTS MEPEXi, SMCHIIUTH Yac 300py JaHHX 1 3MEHIINTH KinbKicTb BriJIA, HeoOXixHNX
JUIs 300py JaHUX.

BucHoBku. [ TOCATHEHHS Pi3HUX IIIbOBUX (DYHKIIN YIpaBIiHHA Ha OCHOBHUX €Tamax 300py JaHHX MOHITOPUHTY B
0e3/I[pOTOBHX CEHCOPHHX MEpEekax 3ampONOHOBAHO 031U METOIIB, IO J03BOJSAIOTH TOJIIIIIHTH OCHOBHI TMOKA3HWKU iX
(yHKIIOHYBaHHSL.

KutouoBi crioBa: 0€3/1p0oToBi CEHCOpHI Mepexi; Kiactepusaltis; 30ip 1aHux MoHiTopuHry 3 briJIA; eexTuBHICTS.

Jvicenko A.U., Pomanwok B.A., Pomaniok A.B, Kyk A.B.
IoBbimenne 3¢pexTUBHOCTH cOopa JaHHBLIX MOHUTOpPHHra BnJIA npu kiacrepusanuu 0GecipoOBOJAHBIX CEHCOPHBIX
cerei

IIpobaemaTnka. /[ peammsaumm mporecca cOopa JaHHBIX MOHWTOpHHTA BIJIA OT CEHCOPHBIX Y3IIOB B CHCTEME
yrpasienust OecripoBogHbIME  ceHCOpHbIME  ceTsiMu  (BCC) HeoOX0olMMO pealn30BaTh COOTBETCTBYIOIIME METOIBI U
anroput™sl. J{ns nmoseimenus ddpexkTuBHOCTH Mpouecca coopa AanHbIX B BCC mpoBoauTes ee Kiactepu3aiysi, BHIICISIOTCS
TTIaBHBIE Y3JIBI KJIACTEPOB, COOMpAONINE TaHHBIC MOHHTOPHHTA B KJIACTEPE W NEpealomie 3TH JaHHble Ha brJIA mpum ero
noiere. IIpennoxeHHble Ha cerojfHs MeToAbl cOopa JaHHBIX C Y3JI0B CEHCOPHBIX ceTell ¢ ucronb3oBaHueM brJIA ne
YUHTBIBAIOT TPEOOBAHUS PA3IMUHBIX LEeTIEBbIX (YHKLIMI yrpaBaeHus, 0COOEHHOCTH (DYHKIIMOHUPOBAHHS KOHKPETHBIX CeTel U
TpeOYIOT TalbHENIIIEr0 COBEPIICHCTBOBAHUS.

Ileas mccaenoBanmii. llenpio paboTHl sBISETCA aHAIM3 M PACCMOTPEHHE CIOCOOOB TOBBINICHHS 3()(EKTHBHOCTH
nporiecca coopa TIaHHBIX ¢ ceHCOpHBIX y310B bCC ¢ ncnonp3oBannem briJIA npu ee KnacTepu3aium.
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MeToauka peaqu3anuu. B oTimyne oT TPaAMIMOHHEIX MyTeH pelIeHus MpoblieMbl cOopa JTaHHBIX MOHUTOpHHra briJIA
ot y3noB bCC npejutoskeHa COBOKYITHOCTb METO/IOB TOCTIDKCHHS PA3IMYHBIX IIETEBBIX (QYHKIMI YIpaBIeHHs (MaKCHMA3AIA
BpeMeHH (yHKnuoHnpoBanus bCC, MUHUMHU3aLKs BpeMeHH cO0pa JaHHBIX, MUHUMHU3aLus KomrdecTBa BriJIA) Ha pa3inyHbIX
sTanax (yHKIMOHMPOBAHMS CETH: KIACTEPH3AIMs CETH; Mepeaada JaHHBIX MOHHTOPUHTY B KJIACTEPaX OT MPOCTHIX Y3JIO0B K
IJIABHBIM y3J1aM; HaXOKJICHUE MOJIOKEeHUs B mpocTpancTBe briJIA; moctpoenne Mapipyra obnera Touek coopa; nojer briJIA
[0 PACCYUTAHHOMY MApIIPYTy U cOOpa JaHHBIX, POTALKS [JIABHBIX Y3JI0B KIACTEPOB.

Pe3ysnbTaThl HccienoBaHmil. [IpiMeHeHHE NPEIOKCHHBIX METONOB MOBBIMICHUS 3(hdekTHBHOCTH cOOpa JaHHBIX
MOHHTOPHHTIA [O3BOJISACT YBEIUYHUTh BPEMSI JKU3HH CETH, YMCHBLINTH BPEMsi cOOpa JAHHBIX U YMEHBIIUThH KOIH4YecTBO briJIA,
HEOOXOMMMBIX I cOOpa JaHHBIX.

BoiBoabl. [[nsg OOCTIKEHWS pa3NHYHBIX [EleBBIX (YHKIME yIpaBieHWs Ha OCHOBHBIX JTamax cOopa JaHHBIX
MOHHTOPHHTA B OECIIPOBOHBIX CEHCOPHBIX CETAX MPEUIOKEHO MHOXXECTBO METOJOB, MO3BOJISIOMIUX YITYYIIHTH OCHOBHBIC
TIOKa3aTeNH X (QYHKIHOHUPOBAHNSL.

KiroueBbie cioBa: OeCrpOBOJHBIC CEHCOpHBIE CETH; KiIacTepu3amus; cOOp JaHHBIX MoHHTOpuHTa 3 brllA;
9} PEeKTHBHOCTS.





