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ABSTRACT

Wireless sensor networks (WSNSs) enable the collection and transmission of data in the Internet of Things (IoT), and are widely
used in various sectors, such as the military, industrial, agricultural, environmental, transport, social and medical sectors. WSNs are
networks that provide continuous communication and access to information at any time and in any place. The main areas of research
in this work relate to the application of intelligent data analysis methods to improve data transmission characteristics and quality of
service in a heterogeneous wireless sensor network, which consists of a ground segment with stationary sensor nodes and an aerial
network; this is an extremely pressing challenge in the monitoring and control of coverage areas using the Internet of Things. This
paper investigates a method for efficient clustering in a ground-based wireless sensor network, which ensures the identification and
allocation of an optimal number of clusters and the designation of primary cluster nodes, thereby ensuring efficient processing and
transmission of traffic across different network segments. Approaches have been proposed and are continuing to be developed that
combine various methods of cluster formation and data transmission between nodes of different topological types. Data can be sent
from an end node directly to the base station, via a primary cluster node, or via a sequence of such nodes before reaching the base
station. In solving the tasks set, methods from graph theory, artificial neural networks, genetic algorithms and K-means, as well as
software engineering, were utilized.
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Relevance of the research topic. At present, the development and implementation of new
systems and devices incorporating elements of artificial intelligence across all sectors of the national
economy is a priority area of scientific research. The 21st century is the era of the Internet of Things
(1oT), both in industrial and social contexts, with the daily application of a range of methods and
technologies for intelligent data analysis.

The 10T architecture comprises four layers: the sensor and sensor network layer, the gateway
and network layer, the service layer and the application layer. The base layer consists of low-speed
wireless sensor networks (WSNSs) based on several standards.

Technological progress, linked in particular to the application of intelligent data analysis

methods, has spurred the emergence of new types of WSNs, such as flying networks, swarm
robotics, the tactile internet, and intelligent telecommunications services [1], [2].
In this context, the use of heterogeneous networks is promising; these integrate segments of a
ground-based network comprising stationary sensor nodes with wireless sensors with an aerial
network of low-cost unmanned aerial vehicles for transmitting data over long distances to a base
station for processing.

Given the limited resources of UAV-based communication systems in particular, power, the
protocols and algorithms used in such systems, the choice of how to organize information memory
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and data transmission speed which directly influence the development and testing of transmission is
one of the key challenges during the design of UAV-based communication systems.

With a view to enhancing the efficiency of WSNs and improving Quality of Service (QoS)
metrics, it is advisable to investigate the application of modern intelligent technologies that will
enable the transmission of information in distributed networks even in cases of partial degradation
or integrity breaches [3].

In this regard, comprehensive automated monitoring is being implemented using wireless
sensor network technologies and unmanned aerial vehicles. Within the coverage area, a specified
number of fixed sensors required for detailed monitoring are deployed; these transmit information
via an air corridor through which unmanned aerial vehicles (UAVs) operate, linking a ground
gateway in a fertile area of mountainous terrain and a base station to the Internet of Things (loT)
control center.

Aims and objectives of the research. The aim of this work is to improve the efficiency of the
UAS by applying methods and algorithms of intelligent analysis during the collection and routing
data in a heterogeneous UAS network that integrates a ground-based network with stationary sensor
nodes and an aerial sensor network. To achieve this aim, two tasks are addressed in this study. First:
to investigate methods, algorithms and the software tools that implement them, relating to the
Quality of Service (QoS) of the UAS network. To develop a mathematical model of a
heterogeneous wireless sensor network that ensures efficient processing and transmission of traffic
across different network segments. Second: to investigate a method for efficient clustering in a
ground-based wireless sensor network, which ensures the determination and allocation of the
optimal number of clusters and the designation of primary cluster nodes (PCNSs).

Problem formulation. To implement traffic optimization tasks in a heterogeneous wireless
sensor network comprising two segments — a ground-based wireless network with stationary sensor
nodes and an aerial UAV network — a number of intelligent artificial network (IAN) methods are
employed. The approach is based on the use of a radio visibility matrix. For the ground segment, the
Kohonen network and Constructive Modified K-Means methods are used for clustering and routing,
in conjunction with the Hopfield neural network model; whilst for the UAV corridor, Dijkstra’s
algorithm and a genetic algorithm are employed.

Sensors measuring carbon dioxide, soil moisture, temperature, air humidity and precipitation
are randomly distributed within the ground segment; each sensor is equipped with a GPS (Global
Positioning System) unit to determine its location, and each sensor has a range of 100 meters
(Fig. 1). Data is transmitted between sensors using the IEEE 802.15.4 standard and the Zigbee
protocol, which utilizes this technology and provides a transmission rate of 20 to 250 kbit/s over a
distance of 1 to 100 meters. The information collected by the ground-based network is transmitted
via a gateway to a swarm of UAVSs, where the data is routed and subsequently transmitted to the
base station.

Radio visibility matrix of WSN nodes. Based on the arrangement of the sensors and their
detection range, a WSN radio visibility matrix can be derived, which defines the communication
mechanism between the sensors, i.e. identifies which sensors are physically connected to one
another.

If a neighbour is outside a node’s coverage area, it is assigned a value of 0.

If a neighbour is within a node’s range, proximity is determined by calculating the distance
between the node and its neighbour.

Mathematically, the radio visibility matrix is described as follows:

E)EZi={p}E{z}=plezl,...,pjEzj,...,pLEzL, 1)
Vq;3Z; € qi:(pl €2,...,0j €Zj,...,p, € ZL) € q;. (2)
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Fig. 1. Model for a heterogeneous wireless sensor networks
Source: compiled by the authors

Thus, the connections between nodes and the line-of-sight visibility of each node relative to the
other nodes can be modelled using the so-called line-of-sight visibility matrix P.
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The first line indicates the radio visibility of the first node in relation to the other nodes. The
second line indicates the radio visibility of the second node in relation to the other nodes, and so on.

Based on an analysis of modern methods and algorithms for transmitting and processing
information in a WSN, there are several types of routing protocols.

Design of a Kohonen network training algorithm. There are various methods for organizing
data transmission in a WSN, but clustering is predominantly used, as it plays a major role in routing
data to the base station by identifying the cluster centers that transmit data. This reduces the number
of data transmission paths and lowers the load on the network. One effective method of reducing the
power consumption of sensor nodes and the WSN is clustering, which helps to extend the WSN’s
operational lifetime [5].

During the clustering process, the following tasks must be addressed:

1) determining the set of cluster objects (groups of WSN considered as traffic sources);

2) determining the properties of the clustering objects (the location of the nodes, i.e. their
coordinates in two- or three-dimensional space and their radio visibility);

3) determining the purpose of clustering (defining the structure of the access network, i.e.
selecting the coordinates of the main cluster nodes (MCNSs), which are treated as intermediate nodes
for access to the gateway);

4) determination of the cluster selection criterion — the requirements or conditions for
separating network nodes to assess the similarity of object characteristics within the formed
clusters, such as: the maximum number of clusters, cluster size, the number of nodes in clusters, and
others (in our case, a specified number of clusters is selected).

One of the clustering methods selected for this study is based on the Kohonen network learning
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algorithm using the Constructive Method [6] and is founded on the representation of nodes as a
radio visibility matrix P according to formula (3). In this algorithm, the signal strengths (RSS) of
each node’s neighbours are assigned to that node in the radio visibility matrix.

Once the radio visibility matrix P has been formed, it must be normalized using the following formula:

d 4)

Pyorm = P
max

where B, = 100
TheNET network used for clustering depends on the following parameters:
NET(N,K,ay,T,R,&,{L}), (5)

where N is the number of input neurons, equal to the number of network nodes; K is the number of
output neurons, equal to the number of clusters; «, is the initial value of the learning rate; and
decreases over time; 7 is the learning time constant; R is the sensitivity radius; ¢ is the learning
accuracy, {L} is the training sample, equal to By, -

Using these parameters, cluster formation using the constructive method proceeds as follows
and consists of six stages:

1) the rows of the radio-visibility matrix are fed as training vectors into the neural network;

2) in the case of the first operation of the neural network, there is only one neuron, and its
weights are initialized with the values of the first row of the radio visibility matrix; the process then
proceeds to step 1, otherwise it proceeds to step 3;

The Euclidean distance is calculated using formula (6) between the current input vector and the
weights of each neuron, and then the smallest distance is selected, which represents the winning
neuron (or cluster) for the current input vector.

d(x,w;) =l x —w; = \/zj.;l(xj - Wij)z' (6)
d(x,w;) <+/NR, (7

1) If the Euclidean distance between the winning cluster and the input vector (x, w;) does not
satisfy condition (7), then a new neuron will be added to the neural network, and its weights will be
the values of this input vector, followed by a return to step 1.

2) The weights of the winning cluster and the learning rate are adjusted using formula (8).

wit = wi + a(0). (x — wh), (8)
where .w'is the weight vector of the i-th neuron; t is the training iteration number; x is the input
vector; (t)is the learning rate.

a(t) = ay.exp (— 5) = 0.7.exp (— L) 9)

1000

3) If the current training vector is the last one, and if the weights of each neuron change by
more thane compared to the previous case (the final weight matrix will not change at each training
iteration if the weights of each neuron change by less than ), then the training of the neural network
is terminated; otherwise, the process returns to step 1, and training resumes from the first training
vector.

Effective clustering. Below a method the method for the effective clustering of a terrestrial
wireless sensor network using a modified K-means algorithm, taking into account radio visibility
zones and the GPS coordinates of nodes, which allows the number of clusters to be optimized and
prevents the ‘clustering’” of wireless sensor nodes in a small area of the coverage zone. The
effectiveness of clustering ultimately depends on finding the optimal number of clusters in the
network.

To achieve this aim, the author has modified the basic K-means algorithm as follows [7]:
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Stage 1. The initial number of clusters is determined using formula (10), based on the shape of
the survey area (square area), the radio propagation model (free space) and the number of nodes
distributed within the survey area [8].

Kope = /3er =0.977 VN, (10)

whereN is the number of nodes.

Stage 2. The drawback of random initialization of cluster centers (GKV) is overcome by
determining the initial virtual points of the cluster centers on a circle, as shown in Fig. 2, in
accordance with formula (11):

9 = 2*11’
Kopt
Xpne =R*cos(@ xk), k=1,..., Ky, R = %, (11)

where K__, is the optimal number of clusters; Lis the length of the sensor field; @ is the angle

defining the distance between the GKVs on the circle; R is the radius of the circle, equal to a quarter
of the length of the sensing zone.

This approach avoids the ‘clustering’ of PCNs within a small area of the coverage zone. To
determine the PCN, it is necessary to find the nodes closest to the center points of each cluster.
Then, within each cluster, it is necessary to ensure that all nodes in the cluster are within the range
of a PCN node.

Stage 3. Identify the nodes belonging to each cluster, as in stage 2 of the basic K-means
algorithm. Nodes that are not within the radio visibility range of any PCN send their data directly to
the base station;

Stage 4. The algorithm for finding the node closest to the cluster center and designating it as the

PCN is executed using the Euclidean distance.

Y
A

opt

A
\/

PCN
Y_PCN

L/4 X_RCN M

L/2

Fig. 2. Distribution of PCN around the circumference
Source: compiled by the authors
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Fig. 3 shows a flowchart of the modified K-means algorithm. The initial parameters are specified at the
input; then the optimal number of clusters K, is determined using formula (10), and test experiments are
carried out to validate the values used; subsequently, the initial coordinates of the cluster centersuy on the
circle are initialized using formula (11). Inside the loop, the Euclidean distance p(X, y)between each node

and its nearest cluster center is calculated, and a vector of nodes C is determined, containing the cluster
numbers to which each node belongs. The coordinates of the cluster centers g, in each cluster are then

recalculated by finding the average sum of the coordinates of the node vectors belonging to each cluster. A
check is then carried out to see whether the coordinates of the current cluster centers have changed compared
to the previous ones. If they have changed, the cycle is repeated to find new cluster center coordinates. If the
coordinates have not changed, the cycle stops, and in each cluster the node closest to that cluster’s center is

identified and designated as the PCN.

Number of nodes N,
length of the sensing field L,
initial energy of the nodes Eo

'

Determining the optimal number of clusters Kopt

4

Initialisation of the initial cluster centres z,

!

Calculation of the Euclidean distance p(x,y) between each
node and its nearest cluster centre

'

Identifying the nodes C belonging to each cluster

!

Recalculation of cluster centres 44 within each
cluster

Have the cluster centres changed
He?

Yes

No

v

Identifying the node closest to the centre 4 of the cluster within
each cluster as PCN

Fig. 3. Block diagram of the modified K-means algorithm
Source: compiled by the authors
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As a result, an optimal sequence of clusters is formed in the sensor field and all principal
cluster nodes are identified. The Hopfield neural network is used to construct the routing path via
the obtained principal cluster nodes [7].

The Hopfield neural network model. The Hopfield neural network (HNN) is a single-layer recurrent
network in which the neurons are fully connected, i.e. each neuron is connected to all other neurons. If there
are two neurons i and j, then the connectivity weight between them is w; ;, which is symmetric

w; j = w;,;. The Hopfield neural computing scheme [7], [9] is shown in Fig. 4.

1

' L4
L

» V)
Iy

Sphere 0 Sphere 1

Fig. 4. Basic structure of a Hopfield neural network
Source compiled by the authors
Neurons are the processing elements. The output of each neuron is connected to the inputs of
all other neurons via weights. Each connection in the communication network between two
neighbouring nodes is associated with a single neuron. For example, the connection between
node x and node i is associated with neuron. The output of neuron V_, is determined by the input

(x) and is evaluated using the sigmoid function (12). The input to each neuron is the sum of the

outputs of other neurons y;, weighted by the weights (matrixT, ), taking into account the

external bias |, . The parameter A determines the convergence time and the correctness of the

algorithm. For large values of 1, the logistic function becomes more step-like [7], [10].
1

Vei = 9(Uxi) = =7 (12)

V(x,i)eﬁxﬁ,xii,

where V, ; is the neuron’s output; U, ; is the input to a neuron.

The aim of the HNN is to determine a directed path, represented as an ordered sequence of
nodes, which connects the source node ‘s’ to the destination node ‘d’, whilst ensuring that all links
in the network have a non-negative cost (Ci,j). This path is called the ° ’ and represents the
minimum cost between the source and destination nodes. The cost matrix is usually symmetric
(Cx,= Ci,x). The elements Ci, are zero, since a node. cannot be connected to itself. The matrixpx,
(13) determines whether a connectionxi exists in the network topology.

Pyi 1S defined as:
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(13)

px,i

_ {1,if the link x; does not exist
~ |0,otherwise

The HNN converges when the change in each output value between consecutive iterations
(AV,)is below the threshold, i.e. AV,, <10E—-5. After this, a new matrix (Y,) is estimated. If the
output is greater than 0.5, Y,, is set to “1°; otherwise, is set to 0°. If Y, = 1, then the link x; is part

of the shortest path; otherwise, it is not [7].
Furthermore, each neuron is externally stimulated by an input bias 1, (14), which incorporates the cost
of connections and information about the network topology, as shown below:

Ix,i = _% * Cx,i * (1 - Sx,d6i,s) - % * Cx,i * (1 - 6x,d * 6i,s) - % + %&c,d * 5i,s (14)

V(x #1)
(0,if i #
0ij = {1, ifi = (15)

Where | ; is the external shift, & is the Kronecker function, and g4, s, 1, and u, are
the HNN parameters. 4, minimizes the total cost, , allows only links that exist in the path,

U, ensures convergence to a steady state, and g, checks that the source and destination

nodes are part of the path.
The matrix T ,is defined as:

Triyj = Ua * 6x,y * 6i,j —Hz* 5x,y — U3z * 6i,j + Uz * 6j,x + Uz * 6j,y (16)
V(x# D),V # )
whereT,;, is connection or weight matrix; x, isan HNN parameter used to ensure convergence.
Thus, if the system is Lyapunov-stable, the iterations lead to smaller changes in the output.
Consequently, after a certain number of iterations, the HNN converges. Schuler et al. updated the neurons
using equation (17). This equation made it possible to reduce the number of iterations required to achieve
convergence and to minimize errors in pathfinding [7], [11].
Uptt = Uy — A URTH + B+ B0y Bicy Taiyj * Vo + C % L (17)
j#y
where A, B and C are constants that configure the weights of the previous inputs.
The pseudocode for the HNN -based routing algorithm is shown below, in which Ux; is
initialized with low and random values (—0.0002 <U ; <0.0002) to accelerate convergence.

Pseudocode for the Hopfield neural network [7]:
— obtaining parameters for constructing the weight matrix (¢, i, 145, 4y, 145 ;

— define the weight matrix (T, ;);
— obtaining the parameters (source, destination, 1, A, B, C);
— obtaining the cost matrix (C,);

— calculating the topological matrix and the displacement matrix (p,;,1,;);
— initialize the input neuron matrix (U, ;) ;

— compute the output neuron matrix (V, ;) ;

— while AV, ; <AV, do;

— calculation of the new matrix of input neurons (U, ;) using (17);

— calculation of the output neuron matrix (V, ;) using (12);

— applying a threshold function to the matrix of output neurons (Y,);

— determining the route from Y, .

Data collection and routing protocol. A protocol has been developed for a terrestrial wireless
sensor network that combines clustering, data collection and shortest path finding via all
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KmHNNSP (K-means and Hopfield Neural Network for Shortest Path) clusters between cluster
nodes for data transmission to a terrestrial gateway. This protocol is based on the integration of a
modified K-means algorithm for clustering the NWSN and identifying PCN, and the Hopfield
neural network algorithm for finding a data transmission path between PCN to the ground-based
gateway.

Fig. 5 illustrates the operating principle of the KmHNNSP protocol, which consists of two
stages:

1) The cluster formation stage — which includes:

- selection of the optimal number of clusters using formula (10);

- cluster formation using a modified K-means algorithm;

2) The data transmission stage — each round of data transmission involves:

- selection of PCN within the formed clusters and subsequent periodic transmission of the
PCN status in each cluster in accordance with the following formula to extend the network’s
lifetime:

Ypcy =T mod n,

where n is the number of nodes in the cluster; r is the round number; ypqy is the node that will be
selected as the PCN.

- Intra-cluster data transmission: sending data from nodes and collecting it at PCN.

- Selection of the shortest path passing through all PCN using a Hopfield neural network,

— Inter-cluster data transmission: data is transmitted from PCN to a ground gateway. In each

round of data transmission/reception, the energy consumption of each node is calculated.

Round
-t |

( Intra-cluster and inter-cluster data transmission )

Cluster-formation stage
Determining the . Data transfer round
. Formation -
optimal number Selection of Data . Data
of a cluster . Data routing
of clusters PCN aggregation transfer

Fig. 5. Diagram of the stages of the KmHNNSP routing algorithm

Source: compiled by the authors

Block diagram of the NWSN clustering and routing algorithm for the KmHNNSP protocol is
shown in Fig. 6.

The diagram illustrates the formation of clusters using a modified K-means algorithm, and the
check in each round to determine whether all nodes are dead. If all nodes are dead, the protocol
terminates; if there are live nodes, then PCN are selected for each cluster, a path between these PCN
is determined, and data transmission begins first within the cluster, then between clusters, and
finally to the base station. During each data transmission and reception, only those nodes that are
sending data consume energy in accordance with the node life cycle flowchart, whilst dormant
nodes do not send data and do not consume energy. At the end of a round, a survey of the nodes is
carried out; dead nodes are removed from the clusters, after which the next round begins, and so on.

Dijkstra’s algorithm. After data collection in the ground segment of a heterogeneous UAV
network, the aggregated data packet is transmitted from the ground gateway to the base station via a
swarm of UAVS, which requires a routing problem to be solved. This is one of the key tasks in
UAV networks, involving the search for the shortest path for data transmission from the source to
the receiver. In this study, Dijkstra’s algorithm was used as a test case; it constructs a shortest-path
tree starting from the source based on two groups: the first group contains vertices in the shortest-
path tree, whilst the second group contains vertices that have not yet been added to the shortest-
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path tree. Whilst the algorithm is running, we search for a vertex in the set of vertices not yet added
to the tree that has the shortest possible distance from the source.

Calculation of the energy consumption of each node in Sending a broadcast command packet to all
accordance with the node lifecycle flowchart nodes to request their coordinates

Y
Calculation of a broadcast data packet from Receiving a broadcast data packet from all
all nodes, including their coordinates nodes containing their coordinates

) J
Setting the required values for

the inputs

Determining the optimal number of
clusters Kopt

\
Initialisation of the initial cluster Are all the nodes
centres A - down?

Calculation of the Euclidean distance
p(X,y) between each node and its nearest [«
cluster centre

Identifying the nodes C +
belonging to each cluster Determining the route passing through all PCNs
Recalculation of cluster centres £,
within each cluster

Determining the PCN node closest to the gateway

Start of intra-cluster data transmission; dormant nodes do not
transmit data; data aggregation in PCN nodes

v

Calculation of the energy consumption of each node in
accordance with the node lifecycle flowchart

v

Initiation of inter-cluster data transfer
and data aggregation in PCN nodes

v

Calculation of the energy consumption of each node in
accordance with the node lifecycle flowchart

v

Data transfer from the nearest PCN to the gateway

v

Calculation of the energy consumption of each node in
accordance with the node lifecycle flowchart

v

Removing dead nodes from clusters

v

Selecting new PCN for each cluster

Fig. 6. Block diagram of the NWSN clustering and routing algorithm
Source: compiled by the authors

Have the cluster centres
changed u?

Identifying the node closest to the centre 4 of the |—
cluster within each cluster as PCN
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The simulation model developed utilizes a number of constraints, described below in the
proposed shortest-path search algorithm. The following assumptions and constraints were made in
the simulation modelling:

— UAVs in the model are treated as points with specified coordinates that change over time;

- the situation is considered at a fixed point in time;

- the points (UAVs) are approximately uniformly distributed within a three-dimensional
model cube, with relative coordinates x, y, z (0, 0, 0), (1, 1, 1) in the layer between the planes

z=0.7and z =1,

- the signal source from the network of ground-based sensors is located near the point (0, 0,
0) — the origin. This is a model of a signal receiver from the network of ground-based sensors;

- the base station or server to which the signal is to be transmitted is located near point
(1,1,0);

- atagiven point in time, the UAV swarm is clustered using the K-means method;

- the clusters in which the UAVs are located closest to the signal source from the network of
ground-based sensors (UAV _1) and to the base station (UAV_2) are then identified.

The signal is transmitted from the receiver to UCP_1, then the Dijkstra algorithm is activated to
find the shortest path between UCP_1 and UCP_2, and the signal from UCP_2 is transmitted to the
base station.

Discussion and limitations. A study was conducted of two clustering algorithms for a ground-
based wireless sensor network with varying numbers of sensors: the Kohonen network training
algorithm using the Constructive Method and the modified K-means algorithm. It was found that
the Kohonen neural network with the Constructive Method is unable to determine the optimal
number of clusters, whilst the modified K-means algorithm allows the optimal number of clusters to
be found; consequently, the modified K-means algorithm was selected for the software package.
The investigation and modelling of data routing in a swarm of UAVs using Dijkstra’s algorithm and
a genetic algorithm showed that the genetic algorithm enables the shortest path between UAVSs to
be found in a fraction of a second whilst the network topology is dynamically changing, whereas
Dijkstra’s algorithm does not take into account data from the radio visibility matrix;

Conclusions. This paper presents an algorithm that combines the Kohonen network
construction method with the Constructive Method for clustering a ground-based wireless sensor
network;

A method has been developed for the efficient clustering of a ground-based wireless sensor
network using a modified K-means algorithm, which employs an analytical method to determine the
optimal number of clusters for a given number of nodes distributed across the sensing area. The
modified K-means algorithm enables the optimisation of the number of clusters and avoid the
‘congestion’ of UAVs in a small area of the coverage zone, thereby reducing the time required for
information processing at the ground gateway; for the aerial segment of a heterogeneous UAV
network, based on UAV location data, Dijkstra’s algorithm was tested, which enables the shortest
route within the swarm to be found. This method enables data to be transmitted from the ground
gateway to the base station for processing.
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AHOTAIIA

besmporosi cencopi Mepesxi (BCM) naroth 3Mory 36uparu Ta nepenasaru aani B Iarepreri peueit (IoT — Internet of Things),
IpY LbOMY, BOHH LIMPOKO BHKOPHCTOBYIOTHCS B PI3HHX Tally3sX, TaKMX SK BIHCBKOBA, IPOMHCIIOBA, ClIbCHKOTOCIOAPCHKA,
€KOJIOTiYHA, TPAHCIOPTHA, COIlladbHA Ta MeOU4YHA. bBe3IpoTOoBI CEHCOpPHI Mepexi Hajlexarb OO MepexX, L0 3a0e3NedyroTh
Oe3rnepepBHUIT 3B’ 30K Ta HOCTyn a0 iHdopmamii B Oyab-skuif gac i B Oyab-sikoMy Micui. OCHOBHI HAaIpsIMKH JTOCIiKEHb B PoOOTI
TIOB’s[3aHi 13 3aCTOCYBaHHSIM METOJIB IHTEJICKTYaJILHOTO aHANI3y JaHHX 3 METOIO IOJIMIIEHHS XapaKTepUCTHK Iepenavi JaHuX Ta
MIOKa3HMKIB SIKOCTI B TeTEPOTeHHiH Oe3pOTOBIM CEHCOpPHIH Mepexi, SKa CKIQNaeThCs 3 Ha3eMHOTO CETMEHTY 31 CTalliOHapHUMHU
CCHCOPHHMH By3JIaMH Ta JITAIOYOI0 MEpexelo, IO € BKpall aKTyaJbHHM 3aBIaHHSAM IIiJ] 9ac MOHITOPHHTY Ta KOHTPONIO 30H
MOKPUTTSL 3 BHKOpUCTaHHAM [HTepHeTy peueil. B poboti mocimimkeno meron edexTnBHOI KiacTepusallii B Ha3eMHiil 0e3xpoToBi
CEHCOpHI Mepexi, sIKHi 3a0e3reuye BU3HAYEHHS Ta PO3MOALT ONTUMAJIBHOI KUTBKOCTI KJIACTEPiB 1 MO3HAUYCHHS TOJIOBHUX KIACTEPHHUX
BY3IiB, 10, B pe3yJbrari, 3abe3rneuye epekTHBHY oOpoOKy Ta mepemady Tpadiky B pi3HHX CErMEHTax Mepexi. 3amporoHOBaHO i
MIPOIOBXKYIOTH PO3POOIATHCSA MiAXOAH, IO 00’ €HYIOTH Pi3Hi criocobu moOyoBU KiacTepiB 1 mepenadi JaHUX MK By3JIaMH Pi3HHX
TOIOJIOTIYHMX THIIB. JlaHi MOXXYTh OyTH BiIIIpaBlieHi 3 KIHI[EBOTO By3sla Oe3locepenHbo Ha 0a30By CTaHIIIO abo depe3 TOJOBHUM
KJIACTepHUH By30JI, a00 depe3 IX MOCIIiTOBHICTh, MEPII HIK MOTPamUTH Ha 6a30By craHmiio. IIpy BUpiNIeHHI IOCTaBICHUX 3aBlaHb
BUKOPHCTOBYBAINCS METOAW Teopii rpadis, IMITYyYHHX HEHPOHHMX Mepek, TeHEeTHYHOIo anroputMy Ta K-cepemHix, a Takox
IHKeHepil mporpaMHOro 3a0e3rnedeHHs.

Ki1rouoBi ci1oBa: anroput™; aHami3 JaHWX; IOTY4YHiM iHTeNeKT; [HTepHET pedeill; METON; KIACTEPHUI By30JI; KIacTepHU3allis;
Tpadik; HelipoHHA Meperxa; Oe3APOTOBa CEHCOPHA Meperka; IHKeHepil MPorpaMHOro 3a0e3nedeHHs
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