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Abstract
Socio-technical systems are characterized by dynamic relations between human actors, organizations, and
technical components, requiring sophisticated mathematical and engineering methods for their modelling,
analysis, and optimization. Graphs have been recognized as an e�cient and powerful abstraction for
modelling and analysing these systems, while graph clustering plays an important role in analysing
and optimizing their structure and characteristics. A method for graph clustering based on attribute
similarity of neighbouring nodes is introduced in this paper. The method contains two algorithms, the
�rst one for checking similarity between neighbouring nodes and the second one for merging similar
neighbouring nodes into clusters. The implementation of the method for determining the minimal
number of air pollution measurement stations dispersed in urban city environments is presented to
illustrate a possible scenario of use. Implementation is based on simulation of the method in a simulation
environment that creates initial scenarios with measurement stations presented as graph nodes, create
data sets for measurement stations, and calculates the minimal number of measurement stations by using
the presented graph clustering method.

Keywords
graph clustering, similarity measure, socio-technical systems, air pollution measurement

1. Introduction

Socio-technical systems (STS) are complex and dynamic systems characterized by relationships
and interplay between humans, organizational structures, and technical elements, aimed at
achieving speci�c objectives and behaviours [1, 2, 3]. In general, these systems have complex
topologies and very heterogeneous structures [4], the understanding of which requires dual
focus and diverse and broad knowledge of both technical and social disciplines [5, 6]. These
systems emerge in diverse domains such as healthcare, education, transportation, logistics,
social networks, cyber security, and collaborative software development. Modelling such
systems includes capturing their structural and behavioural aspects. Graph-based models have
emerged and are accepted as a powerful abstraction for representing complex networks in STSs
[7, 8, 9], where nodes denote both human and technical entities, while edges denote interactions
or relations between them. Graph-based models can e�ectively represent the complexity of
systems, enabling easy and e�cient analysis by applying various mathematical methods [10].
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Clusters in the context of graphs are sets of nodes that have stronger relationships with
each other within a cluster than with nodes in other clusters [11, 12]. Within the context of
complex STSs, graph clustering methods play a crucial role in uncovering the latent structures
of socio-technical networks and in grouping existing entities into speci�c clusters to improve
system performance and scalability, and to enhance resilience [11, 13]. Graph clustering enables
detection of functional or social communities and groups, communication bottlenecks and
potential structural vulnerabilities. The �exibility of graph clustering methods enables their
adaptation to weighted, directed, dynamic, or multilayer networks, making them suitable for
analysing a wide range of STSs [14, 15].

The objective of the presented research is to present a method for graph clustering by checking
similarity between neighbouring nodes in a sequence of discrete time moments (observations).
The nodes that satisfy the similarity criteria for observed period are merged into clusters, leading
to the minimal graph structure derived from the initial graph. For the validation of the method, a
simulation environment that generates simulation scenarios with initial graphs and air pollution
datasets is created. The implementation of the proposed graph clustering method in the case of
determining minimal number of air pollution measurement stations in urban environments is
presented for the city of Zrenjanin in Serbia.

2. Graph Clustering in Socio-Technical Systems

Clustering is a process of grouping data in an unsupervised manner based on a similarity
measure by analysing underlying structure of complex data in a given heterogeneous context
[16, 17, 18]. The result of clustering are clusters in which are highly correlated data. Graph
clustering relates to grouping nodes in clusters by considering some similarity measure for
nodes and edges in the graph [11]. Since the �eld of graph clustering is very attractive for
modern socio-technical systems and new methods and algorithms are emerging [19], the aim
of this review is only to gain insight into the �eld, and not to provide a complete overview of
existing methods.

In general, there are two approaches to graph clustering: (1) Classifying nodes into clusters
based on the node similarity measures for all nodes in the graph, and (2) Computing a �tness
measure over the set of possible clusters to inform the decision on how good or useful clustering
is.

For this research, the �rst group of approaches is of interest because the method proposed in
the next section can be classi�ed as node similarity-based clustering method. For this group of
methods, the need for grouping nodes in the same cluster is directly related to their similarity.
Instead of a similarity measure, a distance measure can be used, which suggests where the
cluster boundary should be located, so that including more outside nodes would not drastically
increase the intra-cluster distances [11]. Choosing the most suitable similarity or distance
measure depends on the implementation domain and stated clustering task, and for that purpose
may be used node or edge properties. A variety of graph clustering methods based on similarity
measures have been proposed, like a graph-theoretic clustering method based on the Highly
Connected Subgraphs (HCS) algorithm that identi�es clusters as highly connected subgraphs
[20], a new clustering algorithm based on graph connectivity that builds a similarity graph from
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data and identi�es clusters as connected subgraphs [21], a multi-similarity spectral clustering
method for community detection in dynamic networks that creates similarity matrices per time
slice based on attributes and topology of the network [22], and a spectral clustering method
based on local similarity derived from shared neighbours [23].

Insight into recent literature revealed the use of graph clustering in a variety of domains,
such as the reengineering of software architecture [24], software defect prediction [25], smart
city resource management [26], cyber-physical power grids [27], or community detection in
social networks [28]. Due to the importance of graph clustering in many scienti�c �elds, and its
use in a large variety of human life domains, some recent review articles present more detailed
reviews of graph clustering methods, such as a review of novel clustering methods [17], a review
of fast clustering methods [18], or a review of attributed graphs in which both nodes and edges
have attributes describing them [29].

3. Experience

This paper presents a method for minimizing the number of nodes in a graph by merging
neighbouring nodes that possess similar characteristics, and model implementation in a simula-
tion environment for minimizing the number of air pollution measurement stations in urban
environment. The model involves comparing a prede�ned set of attributes among adjacent
nodes, and when the similarity between them exceeds a speci�ed threshold, the nodes are
assigned to the same cluster.

In this section, a graph clustering method and its implementation in a study aimed at deter-
mining the minimal number of air pollution measurement stations in urban environments [30]
are described. The focus on the article [30] is on detailed presentation of the the implementation
of the method in case of the city of Zrenjanin in Serbia, while the focus of this paper is on a
detailed presentation of the graph clustering method, especially on algorithms for checking
node similarity and merging similar nodes into clusters.

3.1. A Method for Graph Clustering Based on Attribute Similarity of
Neighbouring Nodes

The method constructs a clustered graph by determining similarity between neighbouring
vertices (nodes) in an unweighted and undirected graph de�ned as G = (V;E), where V is a
set of M vertices and E is a set of edges.

To simplify comparison and merging of neighbouring nodes, a graph is presented as a
set of adjacency lists associated to nodes. Adjacency list for node v is de�ned as Adj(v) =
fu 2 V jfv; ug 2 Eg.

Description of the method assumes setting up the basis of the scenario for presenting and
manipulating unweighted and undirected graph in N observations in discrete time moments
(observations). These basis includes:

� The graph contains M nodes vi, where i = 1; :::;M .
� Each node vi is presented with a set of K attributes ah, where h = 1; :::;K . The values

of each attribute ah are in the set [minh;maxh].
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� For each node, N observations in discrete time moments of each attribute are considered,
so we have ahip, where p = 1; :::; N . The naming convention is that for each attribute,
the attribute index is �rst listed, then the node index, and �nally the observation index.

The method execution is divided in two phases. In the �rst phase, similarity between
neighbouring nodes is checked and a similarity matrix S is constructed for the graph. In the
second phase, merging of similar nodes into clusters is based on values in the similarity matrix
S and node similarity threshold T .

3.1.1. Checking the Similarity of Nodes

The similarity check is based on comparing the corresponding attributes of all nodes (e.g., the
h�th attributes of nodes are compared with each other). For this similarity check, the similarity
threshold of the h�th attribute is de�ned as Th. The corresponding attributes are similar if
their absolute di�erence is less than Th.

For each individual observation of the graph at a discrete observation moment p, a threshold
of nodes similarityKT is de�ned based on the number of similar attributes, where 1 < KT < K .
Nodes are similar if they have at least KT similar attributes at the observed moment p.

To observe the similarity of nodes at the level of a selected observation moment p, a notation
for the similarity of nodes i and j at the observation moment osijp (observation similarity) is
introduced. The total similarity of two nodes after comparing in all observation moments is the
value sij and it is entered into the similarity matrix S of the graph G. Pseudo algorithm for
creating the similarity matrix S for graph G is presented in Algorithm 1.

By executing Algorithm 1, an absolute similarity matrix S for the graph G is constructed.
Each element sij of the matrix S belongs to the set f0; 1; :::; Ng. The higher the value of sij ,
the more similar the nodes vi and vj are.

3.1.2. Merging Similar Nodes into Clusters

Merging similar neighbouring nodes in a cluster is based on checking how values from absolute
similarity matrix S relate to the overall similarity threshold T . To simplify notation and further
calculations, the following terms are introduced:

� Relative similarity matrixRS with elements �ij 2 [0; 1], which are calculated as �ij = sij
N .

� Relative threshold � = T
N , where � 2 [0; 1]. The greater the similarity of nodes, the closer

the � value is to 1.

Further, for the algorithm of merging similar neighbouring nodes into a cluster based on
attribute similarity, it is necessary to introduce the concept of one-dimensional normalized
attributes value Ai for each node vi. For this purpose, a maximum value Ahi = maxpAhip is
introduced for each attribute ah for node vi for all N observations.

Further, normalized maxim value for each attribute ah for node vi is de�ned as

norAhi = Ahi
maxh

.
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Algorithm 1 Create the similarity matrix S for graph G
Input: G � Initial graph
Input: M � Number of nodes
Input: K � Number of node attributes
Input: Th � Similarity threshold of the h/th attribute
Input: KT � Number of similar attributes for two nodes
Input: N � Number of observations
Output: S � Similarity matrix for graph G
{Check all nodes in graph G}
for i = 1 to M do

for j = 1 to M do
sij  0
{Check all N observations}
for p = 1 to N do
osi;j;p  0
{Check all K attributes of observed nodes}
for h = 1 to K do

if jah;i;p � ah;j;pj < Th then
osi;j;p  osi;j;p + 1

end if
end for
{Update the value for observed nodes in similarity matrix}
if osi;j;p � KT then
sij  sij + 1

end if
end for

end for
end for

Finally, one-dimensional normalized attributes value is determined as a functionA : V ! [0; 1].
For a node vi it is de�ned as

A(vi) =
1
K

P
h norAhi.

Based on the the values A(vi) for initial set of nodes V , an ordered list of nodes is created

V = (v1; v2; :::; vM ); A(vi) � A(vi+1)

Since the list of nodes V contains initial set of nodes but in new order (with decreasing A(vi)
values), new adjacency lists are created to re�ect new ordering of nodes. New adjacency lists
are Adj(vi); i = 1; :::;M .

Created list of nodes V and adjacency lists Adj(vi) are used in the algorithm for merging
nodes into clusters by starting from the node with the highest A(vi), which is v1. Algorithm
for merging similar neighbouring nodes in clusters is presented in Algorithm 2.
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For storing information about clustered graph after merging nodes into clusters, an empty
Clustered Graph set CG = fg is created. The elements of the set CG will be calculated as
ordered pairs in the form (C;Adj(C)), where C denotes a cluster in the clustered graph, while
Adj(C) denotes edges from the cluster C to neighbouring clusters.

Algorithm 2 Create clustered graph by merging similar neighbouring nodes
Input: V = fv1; v2; : : : ; vMg, Adj(vi) � List of nodes and their adjacency lists
Input: RS = [�i;j ] � Relative similarity matrix
Input: � � Relative nodes similarity threshold
Output: CG � Clustered graph
CG ;
Active v1
{Pass through the list of nodes starting from the node with the highest A(vi)}
while NEXT (Active) exists do
C(Active) fActiveg
for each vj 2 V n fActiveg do

Remove Active from Adj(vj)
end for
{Check a list of adjacent nodes for the active node}
for all u 2 Adj(Active) do

if �Active;u � � then
{Add adjacency list of node u to the adjacency list of the active node}
Adj(Active) Adj(Active) [Adj(u)
{Add node u to the cluster of the active node}
C(Active) C(Active) [ fug
Remove u from V
for each vj 2 V n fActiveg do

Remove u from Adj(vj)
end for

end if
end for
{Add the cluster of the active node to the clustered graph}
CG CG [ f(C(Active); Adj(Active))g
temp Active
Active NEXT (Active)
Delete temp

end while

3.2. Method Implementation

Presented graph clustering method is implemented in a study aimed at determining the min-
imum number of air pollution measurement stations in urban city environment [30]. The
implementation assumes covering the entire urban area of the city with a large number of
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Figure 1: Sample graph with measurement stations for air pollution monitoring in urban settings

densely distributed air pollution measurement stations. The measurement stations are repre-
sented as nodes in a graph, each one covering a square region. The edges are constructed to
connect neighbouring measurement stations (square regions). A typical scenario for creating a
graph with nodes representing air pollution measurement stations placed in the city of Zrenjanin
is presented in Figure 1. For the presented scenario measuring stations are 1000 meters apart.

The scenario for distributing measurement stations in the city area assumes considering the
zone types in the city. Measurement stations in residential zones are marked with green circles,
in commercial zones with yellow circles, and in industrial zones with red circles (see Figure 1).
This fact does not a�ect the graph construction, but it a�ects the construction of air pollution
data sets for speci�c zones.

The scenario for monitoring air pollution in the city includes the following pollutants:
Nitrogen Dioxide (NO2), Carbon Monoxide (CO), Sulfur Dioxide (SO2), and Particulate Matter
(PM10 and PM2.5). Typical values for residential, commercial and industrial zones in a city,
taken from leading international air pollution monitoring organizations (European Environment
Agency, World Health Organization) and the World Air Quality Index project are shown in
Table 1. These values are used to generate random datasets for the measurement stations in
corresponding zones.

3.2.1. Simulation Environment

Method implementation includes the design of a simulation environment for creating scenarios
with measurement stations spread over the city area, and data sets for measurement stations
based on their locations in di�erent city zones. A simulation environment is created as a
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Table 1
Typical values of air pollutants in di�erent city zones used in creating random datasets for measurement
stations in the simulation scenarios

NO2
(µg/m3)

CO
(ppm)

SO2
(µg/m3)

PM10
(µg/m3)

PM2.5
(µg/m3)

Range for residential zones 0�40 0�3 0�10 0�50 0�30
Range for commercial zones 20�60 2�4 4�20 30�70 20�50
Range for industrial zones 40�200 4�50 20�200 100�500 40�150
Average for residential zones 20 1.50 5 25 15
Average for commercial zones 40 3 12 50 35
Average for industrial zones 120 27 110 300 95
Max value for all zones 200 50 200 500 150
Min value for all zones 0 0 0 0 0

software solution implemented with Jakarta EE platform technologies [31]. The simulation
environment enables the creation of the initial graph scenarios and datasets for measurement
stations, and implementation of the presented graph clustering method for determining the
minimal number of measurement stations that cover the whole city area. Datasets are created
as MS Excel �les by using Apache POI library [32], which is typical format for air pollution
datasets. Data management and exchange between JEE software components is done by using
XML [33]. The architecture of the created simulation environment is presented in Figure 2.

The two main modules of the simulation environments are Scenario Generator and Scenario
Optimizer. The �rst one is used for generating scenarios for the simulation, while the second one
analyses created initial scenario and calculates the minimal number of measurement stations
for the city area by implementing the proposed graph clustering method. The Utility module
contains auxiliary functionalities that enable the implementation of scenario creation and
manipulation functionalities (graph manipulation utility, data processing utility, and method
utility).

Scenario Generator uses external data, including local area maps, information about a city
(spread of residential, commercial, and industrial zones), and typical values for air pollution in
urban city areas for creating a scenario.

The measurement stations that remain in the graph actually represent clusters that include
neighbouring measurement stations with similar characteristics of measured values. Each
cluster is represented by one measuring station that has the most critical measured pollutant
values. Each cluster is represented by one measuring station that has the most critical measured
pollutant values.

3.2.2. Method Adaptation

Measurement stations distributed in the city area are treated as nodes in the graph. For each
node, the attributes are measured values for �ve pollutants: Nitrogen Dioxide (NO2), Carbon
Monoxide (CO), Sulfur Dioxide (SO2), and Particulate Matter (PM10 and PM2.5).

A unit measurement at a measuring station i is labelled as mhip. Unit measurement mhip cor-
responds to node attribute ahip in the presented clustering method. For the unit of measurement
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Figure 2: Simulation environment architecture

mhip the indexes are:

� h = 1; :::;K � index representing measurement values for pollutants at each node.
� i = 1; :::;M � index representing the node in the set of nodes in the graph.
� p = 1; :::; N � index representing the ordinal number of a measurement in a set all

measurements.

Checking the similarity of two measured values (the same air pollutant at two neighbouring
measurement stations), the similarity thresholds Th are de�ned for each measured value (node
attribute). For each discrete time moment, for all measurement values, the overall similarity
threshold KT is set (how many measured values should be similar on neighbouring nodes),
where 1 < KT � K . The similarity checks for two measured values h of two neighbouring
nodes i and j at time p is calculated as

jmhip �mhjpj < Th � Rangeh; where Rangeh = maxh�minh :

If at least KT measured values of two neighbouring measurement stations at a given point
p are similar (satisfy the similarity threshold for that value), overall similarity for these two
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measurement stations in the similarity matrix S is increased by 1 (sij = sij + 1). Values Th,
Rangeh, maxh and minh are taken from Table 1 for all measured air pollutants.

After checking the similarity between neighbouring nodes for all N measurements (time
moments), the similarity matrix S contains similarity measures for all neighbouring nodes in
the range from 0 to N. For non-neighboring nodes similarity value is 0. Further, the relative
similarity matrix RS with elements �ij and the relative threshold � = T

N are calculated.
The following values were set in the simulation environment to check their in�uence on the

similarity level between neighbouring nodes:
� Distance between measurement stations: Dist 2 f500m; 1000mg
� Total number of measurements at each measurement station (simulation of one measure-

ment per day) N = 60.
� Th 2 f10%; 20%g. Threshold Th is the same for all pollutants to simplify the simulation.
� KT 2 fK � 1;Kg, where K = 5
� � 2 f0:8; 0:9; 1:0g

3.2.3. Results

Simulation was performed for two global scenarios. The �rst one has a 500m distance between
measurement stations and 92 measurement stations, while the second one has a 1000m distance
between measurement stations and 30 dispersed measurement stations. The total number of
measurements N in both cases is 60. With proposed variations of parameters Th, KT and � ,
12 di�erent sub-scenarios can be identi�ed for both global scenarios, and for each scenario 10
simulations with 10 di�erent datasets were performed.

The construction of a graph with a minimum number of measurement stations by clustering
the initial graph is shown in Figure 3. For illustration, an example scenario with 30 measuring
stations with the distance of 500m, Th = 20 , KT = K � 1, and � = 0:8 is shown. The
resulting minimal graph contains 7 nodes representing the 7 resulting clusters, and represents
the scenario with the highest minimization of 77%.

As a result of 10 simulations , the average number for the minimal number of measurement
stations is rounded to an integer value. After this initial simulation (the 1st phase minimization),
the �ve control simulations were performed (the 2nd phase minimization) with �ve created
minimal graphs and �ve new datasets for air pollutants. The results of minimizing the number
of measuring stations in percentages for scenarios with 1000m and 500m distances between
measuring stations are shown in Tables 2 and 3 respectively. For labelling di�erent scenarios in
Tables the following format is used: (Dist; Th;KT ; �).

The results obtained from the simulation indicate the following:
� Greater minimization of the number of measurement stations is obtained when the initial

number of stations is 30, i.e., when the initial distance between the measurement stations
is larger. This means that increasing the initial number of measurement stations will not
lead to a more e�cient minimization of the number of stations.

� Simulation results after the control simulations for all scenarios are, in the majority of
cases, the same or slightly di�erent than the results after the initial simulation (insigni�-
cant minimization of the graph). These results con�rm the correctness and e�ciency of
the presented graph clustering method.
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Figure 3: Creating a graph with a minimum number of measurement stations by clustering the initial
graph

3.3. Discussion

The main advantages of the presented graph clustering method and presented simulation
environment are their adaptability and extensibility.

Method adaptability is re�ected in the selection of simulation parameters in the method, such
as thresholds for determining the similarity of neighbouring nodes (attribute-related thresholds
and node-related thresholds ), the number of attributes per node, and the number of time points
for observing nodes. In addition, di�erent application scenarios may require adaptation of the
similarity checking method at the level of individual or all node attributes, but also at the level
of the nodes themselves (e.g., if we consider di�erent social networks, professional or expert
networks, distributed algorithms for complex engineering or scienti�c calculations, urban tra�c
and logistic networks).

Method extensibility is re�ected in the addition of new variables that can a�ect nodes’ attributes
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Table 2
Minimization in percentage of initial graphs with measurement stations distance of 1000m

Scenario 1st phase Minimization [%] 2nd phase Minimization [%]
S(1000,10,K-1,0.8) 70 70
S(1000,10,K-1,0.9) 53 57
S(1000,10,K-1,1.0) 3 3
S(1000,10,K,0.8) 60 60
S(1000,10,K,0.9) 43 43
S(1000,10,K,1.0) 0 0
S(1000,20,K-1,0.8) 77 77
S(1000,20,K-1,0.9) 63 63
S(1000,20,K-1,1.0) 10 10
S(1000,20,K,0.8) 53 57
S(1000,20,K,0.9) 47 47
S(1000,20,K,1.0) 3 3

Table 3
Minimization in percentage of initial graphs with measurement stations distance of 500m

Scenario 1st phase Minimization [%] 2nd phase Minimization [%]
S(500,10,K-1,0.8) 66 67
S(500,10,K-1,0.9) 48 48
S(500,10,K-1,1.0) 2 2
S(500,10,K,0.8) 51 51
S(500,10,K,0.9) 34 34
S(500,10,K,1.0) 0 0
S(500,20,K-1,0.8) 68 70
S(500,20,K-1,0.9) 55 55
S(500,20,K-1,1.0) 8 8
S(500,20,K,0.8) 54 54
S(500,20,K,0.9) 38 38
S(500,20,K,1.0) 4 4

in a way that nodes mutually a�ect each other, leading to the use of directed and weighted
graphs (for example, modelling weather conditions in the presented implementation of the
clustering method, where wind direction may in�uence air pollutants in di�erent city zones).

Simulation environment extensibility relates to enabling the support for importing datasets
from other sources and in other formats such as XML or JSON, which are commonly used in
distributed software systems. This would enable testing the presented method with di�erent
datasets and potentially improving its characteristics.

And �nally, the use of simulation environments for testing and �ne-tuning speci�c methods
is cost and time-e�ective, especially in the case of their implementation in complex distributed
environments. In the presented implementation scenario, it is easier and cheaper to simulate and
test measurements of air pollutants in the simulation environment than to install and maintain
a set of measurement stations over a long time period to achieve the optimal or minimal number
of measurement stations.
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4. Conclusions

This paper presents a novel method for graph clustering based on node attribute similarity, to-
gether with a simulation environment for validating the method. In addition, method adaptation
and implementation for determining the minimal number of air pollution measurement stations
in urban settings is presented. Despite the stated advantages and bene�ts of the presented
method and simulation environment, several future research directions are interesting for
additional validation and improvements of the presented method.

The �rst research direction relates to comparing the proposed clustering method with other
graph clustering methods on the same datasets. These comparisons will enable positioning
this method in the area of graph clustering methods and help in �nding potential method
improvements.

The second research direction relates to developing more speci�c similarity measures based
on the probability of potential states of nodes and their attributes over a long period, the
semantics of the data stored in node attributes, or the correlation among data in node attributes.

And �nally, the development and improvement of the simulation environment, and its evolu-
tion to a real system used in speci�c socio-technical systems (social networks, recommendation
systems, logistics and transportation, natural eco systems), is an attractive direction, leading to
empirical testing of the correctness and usability of the proposed method.
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Multiple mobile robots formation control using
behavioral-based approach
Anton A. Tolstikhin1

1 Matrosov Institute for System Dynamics and Control Theory SB RAS (ISDCT), 134 Lermontova St, Irkutsk, 664033,
Russian Federation

Abstract
This paper proposes a control strategy for a group of autonomous mobile robots to build a stable geometric
formation. The main advantage of this approach is its high resistance to robot failures, which allows
the formation to be maintained, as well as the absence of the need to prede�ne the connection graph
between them.

Keywords
autonomous mobile robots, formation control, behavioral structure

1. Introduction

Modern trends in robotics development have made it possible to apply robotic systems in a wide
range of practical tasks [1, 2]. At the same time, their production technology cost reduction, as
well as the improvement of hardware and software components, has made it possible to use
coordinated groups of autonomous mobile robots (AMRs) on a massive scale to solve such tasks.
When organizing group control, particular attention is paid to achieving and maintaining a
given geometric formation by the robots [3].

The currently existing approaches to building formations can be divided into three main cate-
gories [4]: "leader-follower", virtual structure, and behavioral approaches (behavioral structure).
According to the �rst approach [5, 6], one or more leaders are chosen among the agents of the
group, relative to which the other robots (followers) try to occupy the desired assigned position.
Despite its high popularity, mainly due to its simplicity of implementation, this approach has a
number of disadvantages. The main one is the low resistance to the failure of individual robots.
Thus, if one of the leaders breaks down, the formation may split into independent groups that
are unable to solve the task. In addition, it has a fairly high degree of centralization, since
follower robots often do not have mechanisms for solving practical tasks, but only maintain
a predetermined formation. These disadvantages are partially compensated for by using the
virtual structure method [7, 8]. In this case, each robot is assigned to a virtual leader, a position
in the formation that the robot must occupy. At the same time, the movement of the virtual
formation can be set either centrally or decentrally during collective decision-making, or even,
in rare cases, individually by each robot. Obviously, the decentralized option is of the greatest
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interest, but its application is associated with a signi�cant increase in the computational load
and communications within the group, which can be critical when robots solve a number of
practical tasks.

This paper proposes an approach to formation building based on the behavioral structure
method [9]. According to this approach, each robot adjusts its position relative to the current
coordinates of the other group members, which ultimately allows the desired formation to
be achieved. One of the main advantages of behavioral structure is the ability to organize
independent control loops (behaviors) aimed at the parallel solution of several subtasks by
robots. In addition, this approach allows for complete decentralization while maintaining
the coordination of the entire group’s actions. Currently, behavioral methods of formation
organization are widely used in the work of scientists around the world [1, 10, 11]. However,
many of them are designed in such a way that each robot is given a list of neighbors in advance,
relative to which its position in the formation is determined. As in the case of the "leader-
follower" approach, this can lead to incorrect formations in the event of the failure of several
AMRs. The proposed control strategy eliminates this drawback.

2. Formation controll

The paper considers a strategy for controlling a group of AMRs, which are described by the
following system of di�erential equations:

�
q_ i(t) = vi(t);
v_ i(t) = ui(t);

i 2 G; kvik � vmax; kuik � umax;
(1)

where qi 2 Rp, vi 2 Rp, and ui 2 Rp are the coordinate, velocity, and control vectors of the
i-th robot; p is the dimension of the search space (in this work, p = 2 is assumed); vmax and
umax are the velocity and control constraints; G is the set of available AMRs. Let the velocity
and control at the initial time (t = 0) be equal to zero, and the coordinates be randomly assigned
in some neighborhood of a given point q0.

According to the proposed approach, the control of each robot is speci�ed by a linear combi-
nation of forces, which are responsible for individual behaviors.

ui =
X

k2B

cjF k
i ; (2)

where cj 2 R+ are controllable weight coe�cients, B is the set of behaviors available to the
robot.

The simplest formation that can be obtained is speci�ed as follows:

F f
i = �

X

j2G

�
rqiU

c
ij (kqijk)

�
; i 6= j; (3)

U c
ij (kqijk) = �

 
1
2
�
kqijk � dA

ij
�2 + � ln kqijk+ �

dA
ij

kqijk

!

; (4)
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(a) "Blob" formation (b) "Line" formation (c) "Triangle" formation

Figure 1: Visualization of the proposed formations.

where qij = qi � qj ;rqi is the gradient with respect to the vector qi; dA
ij > 0 determines the

desired distance between agents; �; � 2 R+ are control parameters. Here, each robot tries to
maintain a given distance from every other robot in the group, that leads to a circular formation.
Its distinctive features are compactness and �exibility when robots pass through narrow areas.
The �line� formation is achieved through the use of a neighbor selection mechanic. Each AMR
selects its neighborhood Ni, which includes one robot closest to the center of mass of the group
and one in the opposite direction. At the same time, the second neighbor may be empty, which
is typical for robots at the edges of the line. The function that determines this behavior is
de�ned as:

F f
i = a1 tan (�i � �offset)� a2

X

j2Ni

�
rqiU

c
ij (kqijk)

�
; (5)

where �i is the angle between the main normal to the vector emanating from the robot to the
center of mass of the group and the vector de�ning the desired movement direction; a1; a2 2 R+

are control parameters. When �offset = 0, the robots line up perpendicular to the desired
movement direction, which can be obtained, for example, from other behaviors of the agent.
Changing this parameter allows the group to be oriented at any angle to the movement vector.
For example, when �offset = �=2, the group is lined up in a column.

Another way to apply the neighbor selection mechanic is to organize a triangular formation.
In this case, the two nearest AMRs in the direction of the center of mass of the group are selected
as neighbors, and the agent’s behavior consists of two ideas: maintaining a given distance from
neighbors and adjusting its position so that the angle � between the vectors directed at the
neighbors is equal to 600. Thus, the behavior for maintaining the formation is as follows:

F f
i = a3 tan(� � 3�)(�1)[

3�
� +1] � a4

X

j2Ni

�
rqiU

c
ij (kqijk)

�
; (6)

where a3; a4 2 R+ are control parameters; [] is the operator for rounding to the nearest integer.
Examples of the above formations for a group of six AMRs are shown in Figure 1.
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3. Conclusion

The proposed approaches to formation building based on the behavioral structure method have
two important features. First, the control strategy is completely decentralized and does not
require additional prior knowledge. Therefore, the failure of one or more robots does not lead to
the loss of the formation, but causes its restructuring without involving additional calculations or
planners. Second, the approach works correctly in the case of restrictions on the communication
range, causing incomplete information about the coordinates of the group agents. Currently,
work is underway to �nd behaviors for organizing a wider range of formations, as well as
to develop a mechanism for individual decision-making on whether to change the formation
during the task solution process, depending on its current conditions and environmental events.
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Figure 3: Final onboarding model 
 

Figure 4 and represents the autoethnographic basis of the onboarding process model. It includes 
core elements that are based on personal experience and introspection, such as daily communication 
with the mentor and team, use of internal documentation and tutorials and interaction with internal 
software, but also the process of constructing and developing onboarding model. Through mentioned 
daily activities, the first author engaged in continuous reflection based on the emotional-cognitive 
process of personal learning and adaptation. Feelings such as confusion, motivation and moments of 
complete clarity emerged through continuous questioning such as: (1) "Will I succeed?" (2) "Do I 
understand this type of integration?" (3) "What specifically should I focus on?", etc.). These 
reflections were systematically documented in both physical and digital format, capturing personal 
insights, project goals and critical practical knowledge specific to the use of the software. This 
documenting process enabled the construction of an initial personal onboarding model that was 
directly derived from reflective note analysis. 
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Figure 4: Autoethnographic landmark of onboarding process model 

 

5. Discussion 

Reflection is a key element in a person's professional development process, especially during the 
onboarding period. Through continuous note-taking (paper and digital format) and analysis of his own 
experience, first author had the opportunity to identify certain patterns of behavior, challenges and 
success that shaped inclusion in the company. From the introspective analysis, it is possible to 
recognize reactions to specific situations, which contributes to a deeper understanding of the culture 
within the company and first author's role within the team. As Schon [12] points out, reflection allows 
professionals to learn from their experiences, which is important for adaptation in a new work 
environment. 

Using an autoethnographic approach made it possible to analyze and model the onboarding 
process through personal experience. This approach provided an authentic insight into the 
organization's processes, but it also carries its own challenges related to subjectivity. According to 
Ellis [11], autoethnography allows the researcher to connect personal experience with broader 
cultural, political and social meanings, thereby enriching the understanding of organizational 
phenomena. 

The developed onboarding model is based on personal experience and analysis and can serve as a 
basis for improving existing practices in organizations that strive for more effective inclusion of new 
team members in the company. The model identifies the key entities and steps that shape the 
onboarding experience itself, providing a structure for effective onboarding of new hires. This 
structure can be especially useful for HR experts, mentors and managers in the IT sector where the 
speed and efficiency of the onboarding process is essential to the company. 
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Therefore, the paper proposes methods and tools aimed at analyzing, modeling and controlling a 
multi-component energy system on renewable energy sources. The schematic diagram of the hybrid 
microgrid is shown in Fig. 1. 
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Figure 1: Schematic diagram of a hybrid microgrid 

2. Monitoring system 

Because the ability to graphically visualize and access key parameters of the hybrid microgrid is of 
great importance, a monitoring system was created. An example of the hybrid microgrid monitoring 
system interface is shown in Fig. 2. 

 
Figure 2: An example of using a monitoring system to study a microgrid. The characteristics of solar 
cells for a daily period are shown 

At the stage of designing the hybrid microgrid, the task of the highest unification of the recorded 
data to assist in analytical work was established.  This task was solved by means of correct selection of 
a control node in the form of an inverter and its corresponding software, as well as auxiliary subroutines 
for data processing. 

Data on microgrid parameters require processing by the server structure for correct display. 
Conversions of data formats, writing to arrays and filtering are performed using the JavaScript 
language. Reflection of the hybrid microgrid parameters is performed by means of a web page 
implemented in the HTML hypertext markup language with CSS. 

When working with a hybrid microgrid, there is an important task of identifying patterns and 
forming predictive recommendations. Combining monitoring data, environmental data (for systems 
with photovoltaic cells), and experimental observations into a database allows to solve this task. The 
collected analytical data, together with subsequent studies, provide a basis for experiments on scaling 
up, expansion and implementation of the hybrid microgrid.  
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1 �B�g�k�l�b�l�m�l���^�b�g�Z�f�b�d�b���k�b�k�l�_�f���b���l�_�h�j�b�b���m�i�j�Z�\�e�_�g�b�y���b�f�����<���F�����F�Z�l�j�h�k�h�\�Z���K�H���J�:�G�����m�e�����E�_�j�f�h�g�l�h�\�Z��������������
�Z���y��������, �B�j�d�m�l�k�d����664033, �J�h�k�k�b�y 
2 �N�_�^�_�j�Z�e�v�g�u�c�� �b�k�k�e�_�^�h�\�Z�l�_�e�v�k�d�b�c�� �p�_�g�l�j�� �b�g�n�h�j�f�Z�p�b�h�g�g�u�o�� �b�� �\�u�q�b�k�e�b�l�_�e�v�g�u�o�� �l�_�o�g�h�e�h�]�b�c���� �i�j-�l��
�:�d�Z�^�_�f�b�d�Z���E�Z�\�j�_�g�l�v�_�\�Z�����������G�h�\�h�k�b�[�b�j�k�d, �����������������J�h�k�k�b�y 

  
�¤�&�&�(�/���6���A 
�=�_�g�_�j�Z�p�b�y���\�_�d�l�h�j�g�u�o���i�j�_�^�k�l�Z�\�e�_�g�b�c���y�\�e�y�_�l�k�y���\�Z�`�g�h�c���l�_�o�g�h�e�h�]�b�_�c���h�[�j�Z�[�h�l�d�b���^�Z�g�g�u�o����
�i�h�a�\�h�e�y�x�s�_�c�� �i�j�_�h�^�h�e�_�\�Z�l�v�� �k�_�f�Z�g�l�b�q�_�k�d�b�_�� �j�Z�a�j�u�\�u�� �f�_�`�^�m�� �n�h�j�f�Z�e�v�g�h�� �j�Z�a�g�u�f�b��
�^�Z�g�g�u�f�b�� �b�� �h�[�_�k�i�_�q�b�\�Z�x�s�_�c�� �w�n�n�_�d�l�b�\�g�u�c�� �k�_�f�Z�g�l�b�q�_�k�d�b�c�� �i�h�b�k�d�� �b�� �Z�g�Z�e�b�a��
�\�a�Z�b�f�h�k�\�y�a�_�c���� �W�l�h�� �k�h�a�^�Z�_�l�� �h�k�g�h�\�m�� �^�e�y�� �b�g�l�_�]�j�Z�p�b�b���f�m�e�v�l�b�f�h�^�Z�e�v�g�u�o �^�Z�g�g�u�o�� �b��
�j�Z�a�j�Z�[�h�l�d�b�� �k�e�h�`�g�u�o�� �b�g�l�_�e�e�_�d�l�m�Z�e�v�g�u�o�� �k�b�k�l�_�f���� �D�Z�q�_�k�l�\�_�g�g�Z�y�� �i�j�_�^�h�[�j�Z�[�h�l�d�Z�� �^�Z�g�g�u�o��
�\�u�k�l�m�i�Z�_�l���\�Z�`�g�u�f���w�l�Z�i�h�f�����g�Z�i�j�y�f�m�x���\�e�b�y�x�s�b�f���g�Z���d�Z�q�_�k�l�\�h���\�_�d�l�h�j�g�h�]�h���i�h�b�k�d�Z���k�j�_�^�b��
�b�l�h�]�h�\�u�o�� �w�f�[�_�^�^�b�g�]�h�\���� �H�k�h�[�_�g�g�h�� �w�l�h�� �Z�d�l�m�Z�e�v�g�h�� �^�e�y�� �j�Z�[�h�l�u�� �k�� �f�m�e�v�l�b�f�h�^�Z�e�v�g�u�f�b��
�d�e�b�f�Z�l�b�q�_�k�d�b�f�b�� �^�Z�g�g�u�f�b���� �]�^�_�� �g�_�h�[�o�h�^�b�f�h�� �m�q�b�l�u�\�Z�l�v�� �k�i�_�p�b�n�b�d�m�� �j�Z�a�e�b�q�g�u�o��
�n�h�j�f�Z�l�h�\�� 
�<�� �k�l�Z�l�v�_�� �i�j�_�^�k�l�Z�\�e�_�g�� �h�[�a�h�j�� �g�Z�� �f�_�l�h�^�u�� �i�j�_�^�h�[�j�Z�[�h�l�d�b�� �^�Z�g�g�u�o���� �k�h�^�_�j�`�Z�s�b�o��
�d�e�b�f�Z�l�b�q�_�k�d�m�x�� �b�g�n�h�j�f�Z�p�b�x���� �\�� �q�Z�k�l�g�h�k�l�b���� �l�_�d�k�l�h�\�u�o���� �]�j�Z�n�b�q�_�k�d�b�o�� �b��
�d�Z�j�l�h�]�j�Z�n�b�q�_�k�d�b�o���� �W�l�b�� �f�_�l�h�^�u�� �g�_�h�[�o�h�^�b�f�u�� �i�j�b�� �j�Z�a�j�Z�[�h�l�d�_�� �b�g�l�_�e�e�_�d�l�m�Z�e�v�g�u�o��
�b�g�n�h�j�f�Z�p�b�h�g�g�u�o���k�b�k�l�_�f �o�j�Z�g�_�g�b�y�����h�[�j�Z�[�h�l�d�b���b���Z�g�Z�e�b�a�Z���d�e�b�f�Z�l�b�q�_�k�d�h�c���b�g�n�h�j�f�Z�p�b�b�� 
 
�¶�#�@�8�����<�����-�#�(����  1
�<�_�d�l�h�j�g�u�_���i�j�_�^�k�l�Z�\�e�_�g�b�y�����i�j�_�^�h�[�j�Z�[�h�l�d�Z���^�Z�g�g�u�o�����f�m�e�v�l�b�f�h�^�Z�e�v�g�u�_���^�Z�g�g�u�_

1. �¦���������&����

�A�Z�^�Z�q�Z�� �]�_�g�_�j�Z�p�b�b�� �\�_�d�l�h�j�g�u�o�� �i�j�_�^�k�l�Z�\�e�_�g�b�c�� ���w�f�[�_�^�^�b�g�]�h�\���� �b�a�� �j�Z�a�g�h�j�h�^�g�u�o�� �^�Z�g�g�u�o�� �² �b�a
�l�_�d�k�l�Z���� �b�a�h�[�j�Z�`�_�g�b�y���� �Z�m�^�b�h�a�Z�i�b�k�b���� �\�b�^�_�h�� �b�e�b�� �b�g�u�o �²  �a�Z�g�b�f�Z�_�l�� �p�_�g�l�j�Z�e�v�g�h�_�� �f�_�k�l�h�� �\
�k�h�\�j�_�f�_�g�g�h�f�� �f�Z�r�b�g�g�h�f�� �h�[�m�q�_�g�b�b�� �b�� �b�k�d�m�k�k�l�\�_�g�g�h�f�� �b�g�l�_�e�e�_�d�l�_���� �W�l�Z�� �l�_�o�g�h�e�h�]�b�y�� �y�\�e�y�_�l�k�y
�n�m�g�^�Z�f�_�g�l�Z�e�v�g�h�c���� �i�h�k�d�h�e�v�d�m�� �i�h�a�\�h�e�y�_�l�� �j�_�r�Z�l�v�� �a�Z�^�Z�q�b�� �k�_�f�Z�g�l�b�q�_�k�d�h�]�h�� �i�h�b�k�d�Z�� �b�� �Z�g�Z�e�b�a�Z
�\�a�Z�b�f�h�k�\�y�a�_�c���f�_�`�^�m���h�[�t�_�d�l�Z�f�b�����D�e�x�q�_�\�Z�y���p�_�g�g�h�k�l�v�� �l�Z�d�h�c���l�_�o�g�h�e�h�]�b�b���a�Z�d�e�x�q�Z�_�l�k�y���\�� �l�h�f���� �q�l�h
�w�f�[�_�^�^�b�g�]�b�� �^�Z�x�l�� �\�h�a�f�h�`�g�h�k�l�v�� �g�Z�o�h�^�b�l�v�� �^�h�d�m�f�_�g�l�u�� �b�e�b�� �w�e�_�f�_�g�l�u�� �^�Z�g�g�u�o���� �h�[�e�Z�^�Z�x�s�b�_
�[�e�b�a�d�b�f�� �k�f�u�k�e�h�\�u�f�� �k�h�^�_�j�`�Z�g�b�_�f�� ���k�_�f�Z�g�l�b�q�_�k�d�h�c�� �[�e�b�a�h�k�l�v�x������ �^�Z�`�_�� �_�k�e�b�� �g�Z�� �i�h�\�_�j�o�g�h�k�l�g�h�f
�m�j�h�\�g�_�� ���g�Z�i�j�b�f�_�j���� �\�� �e�_�d�k�b�d�_�� �l�_�d�k�l�Z�� �b�e�b�� �\�b�a�m�Z�e�v�g�u�o�� �^�_�l�Z�e�y�o�� �b�a�h�[�j�Z�`�_�g�b�y���� �h�g�b�� �d�Z�`�m�l�k�y
�^�Z�e�_�d�b�f�b���i�h���k�\�h�b�f���n�h�j�f�Z�e�v�g�u�f���b�e�b���k�b�g�l�Z�d�k�b�q�_�k�d�b�f���o�Z�j�Z�d�l�_�j�b�k�l�b�d�Z�f��

�I�j�h�p�_�k�k�� �]�_�g�_�j�Z�p�b�b�� �w�f�[�_�^�^�b�g�]�h�\�� �a�Z�d�e�x�q�Z�_�l�k�y�� �\�� �l�j�Z�g�k�n�h�j�f�Z�p�b�b�� �g�_�k�l�j�m�d�l�m�j�b�j�h�\�Z�g�g�u�o�� �b�e�b
�k�e�Z�[�h�k�l�j�m�d�l�m�j�b�j�h�\�Z�g�g�u�o�� �^�Z�g�g�u�o�� ���d�h�l�h�j�u�_�� �k�e�h�`�g�h�� �h�[�j�Z�[�Z�l�u�\�Z�l�v�� �Z�e�]�h�j�b�l�f�Z�f�b �g�Z�i�j�y�f�m�x���� �\
�n�h�j�f�Z�e�b�a�h�\�Z�g�g�h�_�� �\�_�d�l�h�j�g�h�_�� �i�j�h�k�l�j�Z�g�k�l�\�h�� �\�u�k�h�d�h�c�� �j�Z�a�f�_�j�g�h�k�l�b���� �<�� �w�l�h�f�� �i�j�h�k�l�j�Z�g�k�l�\�_
�f�Z�l�_�f�Z�l�b�q�_�k�d�h�_�� �j�Z�k�k�l�h�y�g�b�_�� �f�_�`�^�m�� �\�_�d�l�h�j�Z�f�b�� ���g�Z�i�j�b�f�_�j���� �\�u�q�b�k�e�y�_�f�h�_�� �q�_�j�_�a�� �d�h�k�b�g�m�k�g�m�x
�[�e�b�a�h�k�l�v���b�e�b���_�\�d�e�b�^�h�\�m���f�_�l�j�b�d�m�����g�Z�i�j�y�f�m�x���d�h�j�j�_�e�b�j�m�_�l�k�y �k���k�h�^�_�j�`�Z�l�_�e�v�g�h�c�����k�_�f�Z�g�l�b�q�_�k�d�h�c��
�[�e�b�a�h�k�l�v�x�� �i�j�_�^�k�l�Z�\�e�y�_�f�u�o�� �b�f�b�� �h�[�t�_�d�l�h�\���� �L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �k�_�f�Z�g�l�b�q�_�k�d�b�_�� �h�l�g�h�r�_�g�b�y�� �f�_�`�^�m
�j�_�Z�e�v�g�u�f�b�� �^�Z�g�g�u�f�b�� �f�Z�l�_�j�b�Z�e�b�a�m�x�l�k�y�� �\�� �\�b�^�_�� �]�_�h�f�_�l�j�b�q�_�k�d�b�o�� �h�l�g�h�r�_�g�b�c�� �b�o�� �\�_�d�l�h�j�g�u�o
�i�j�_�^�k�l�Z�\�e�_�g�b�c���� �B�f�_�g�g�h�� �w�l�Z�� �l�_�o�g�h�e�h�]�b�y�� �h�[�_�k�i�_�q�b�\�Z�_�l�� �w�n�n�_�d�l�b�\�g�m�x�� �b�g�l�_�]�j�Z�p�b�x�� �j�Z�a�g�h�l�b�i�g�u�o
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�^�Z�g�g�u�o�� ���f�m�e�v�l�b�f�h�^�Z�e�v�g�h�k�l�v������ �k�h�a�^�Z�\�Z�y�� �h�k�g�h�\�m�� �^�e�y�� �j�Z�a�j�Z�[�h�l�d�b�� �k�e�h�`�g�u�o�� �f�m�e�v�l�b�f�h�^�Z�e�v�g�u�o��
�k�b�k�l�_�f�� �Z�g�Z�e�b�a�Z�� �^�Z�g�g�u�o�� �b�� �b�g�l�_�e�e�_�d�l�m�Z�e�v�g�u�o�� �k�b�k�l�_�f�� �i�j�b�g�y�l�b�y�� �j�_�r�_�g�b�c���� �k�i�h�k�h�[�g�u�o��
�h�[�j�Z�[�Z�l�u�\�Z�l�v���b���k�b�g�l�_�a�b�j�h�\�Z�l�v���b�g�n�h�j�f�Z�p�b�x���b�a���j�Z�a�e�b�q�g�u�o���b�k�l�h�q�g�b�d�h�\�� 

�I�j�_�^�h�[�j�Z�[�h�l�d�Z�� �\�o�h�^�g�u�o�� �^�Z�g�g�u�o�� �y�\�e�y�_�l�k�y�� �\�Z�`�g�u�f�� �w�l�Z�i�h�f�� �i�_�j�_�^�� �b�a�\�e�_�q�_�g�b�_�f�� �i�j�b�a�g�Z�d�h�\�� �b��
�g�_�i�h�k�j�_�^�k�l�\�_�g�g�h�� �]�_�g�_�j�Z�p�b�_�c�� �w�f�[�_�^�^�b�g�]�h�\���� �D�Z�q�_�k�l�\�h�� �i�j�_�^�h�[�j�Z�[�h�l�d�b�� �g�Z�i�j�y�f�m�x�� �h�i�j�_�^�_�e�y�_�l��
�d�Z�q�_�k�l�\�h�� �b�l�h�]�h�\�u�o�� �\�_�d�l�h�j�g�u�o�� �i�j�_�^�k�l�Z�\�e�_�g�b�c���� �P�_�e�v�� �w�l�h�]�h�� �w�l�Z�i�Z���²  �i�h�^�]�h�l�h�\�b�l�v�� ���k�u�j�u�_����
�^�Z�g�g�u�_�� �l�Z�d�b�f�� �h�[�j�Z�a�h�f���� �q�l�h�[�u�� �f�h�^�_�e�v�� �f�h�]�e�Z�� �\�u�^�_�e�b�l�v�� �b�a�� �g�b�o�� �g�Z�b�[�h�e�_�_�� �a�g�Z�q�b�f�u�_�� �b��
�j�_�e�_�\�Z�g�l�g�u�_�� �i�j�b�a�g�Z�d�b�� �^�e�y�� �i�h�k�e�_�^�m�x�s�_�]�h�� �h�[�m�q�_�g�b�y���� �<�Z�`�g�h���� �q�l�h�[�u, �\�� �j�_�a�m�e�v�l�Z�l�_�� �j�Z�[�h�l�u��
�f�h�^�_�e�b, �b�g�l�m�b�l�b�\�g�h�_�� �i�h�g�b�f�Z�g�b�_�� �k�f�u�k�e�h�\�h�c�� �[�e�b�a�h�k�l�b�� �h�[�t�_�d�l�h�\�� �q�_�e�h�\�_�d�h�f�� �g�Z�o�h�^�b�e�h�� �k�\�h�_��
�l�h�q�g�h�_�� �h�l�j�Z�`�_�g�b�_�� �\�� �[�e�b�a�h�k�l�b�� �k�h�h�l�\�_�l�k�l�\�m�x�s�b�o�� �\�_�d�l�h�j�h�\�� �\�� �k�h�a�^�Z�g�g�h�f�� �i�j�h�k�l�j�Z�g�k�l�\�_���� �B�g�u�f�b��
�k�e�h�\�Z�f�b���� �_�k�e�b�� �q�_�e�h�\�_�d�� �k�q�b�l�Z�_�l�� �^�\�Z�� �^�h�d�m�f�_�g�l�Z�� �b�e�b�� �b�a�h�[�j�Z�`�_�g�b�y�� �k�_�f�Z�g�l�b�q�_�k�d�b�� �i�h�o�h�`�b�f�b���� �b�o��
�w�f�[�_�^�^�b�g�]�b���i�j�b���d�Z�q�_�k�l�\�_�g�g�h�c���]�_�g�_�j�Z�p�b�b���^�h�e�`�g�u���[�u�l�v���j�Z�k�i�h�e�h�`�_�g�u���\���\�_�d�l�h�j�g�h�f���i�j�h�k�l�j�Z�g�k�l�\�_��
�[�e�b�a�d�h���^�j�m�]���d���^�j�m�]�m�� 

�<�� �^�Z�g�g�h�c�� �j�Z�[�h�l�_�� �i�j�_�^�k�l�Z�\�e�_�g�� �h�[�a�h�j�� �g�Z�b�[�h�e�_�_���q�Z�k�l�h���i�j�b�f�_�g�b�f�u�o�� �Z�e�]�h�j�b�l�f�h�\�� �]�_�g�_�j�Z�p�b�b��
�\�_�d�l�h�j�g�u�o�� �i�j�_�^�k�l�Z�\�e�_�g�b�c�� �b�a�� �b�k�o�h�^�g�u�o�� �^�Z�g�g�u�o�� �k�� �p�_�e�v�x�� �^�Z�e�v�g�_�c�r�_�]�h���b�o���b�k�i�h�e�v�a�h�\�Z�g�b�y�� �\��
�b�g�l�_�e�e�_�d�l�m�Z�e�v�g�h�c �k�b�k�l�_�f�_���� �h�[�j�Z�[�Z�l�u�\�Z�x�s�b�o�� �f�m�e�v�l�b�f�h�^�Z�e�v�g�u�_���d�e�b�f�Z�l�b�q�_�k�d�b�_ �^�Z�g�g�u�_��
�j�Z�a�e�b�q�g�h�]�h���n�h�j�f�Z�l�Z��  

2. �¿�,�����(�
�,���
�(�/�!���������&�&�<�5 

�I�h�k�d�h�e�v�d�m�� �j�_�q�v�� �b�^�_�l�� �b�f�_�g�g�h���h�� �^�Z�g�g�u�o���� �d�h�l�h�j�u�_�� �f�h�]�m�l�� �k�h�^�_�j�`�Z�l�v�� �\�� �k�_�[�_�� �d�e�b�f�Z�l�b�q�_�k�d�m�x��
�b�g�n�h�j�f�Z�p�b�x�����p�_�g�l�j�Z�e�v�g�u�f�b���l�b�i�Z�f�b���^�Z�g�g�u�o���h�i�j�_�^�_�e�b�f���l�_�d�k�l�h�\�u�_�����]�j�Z�n�b�q�_�k�d�b�_���b���]�_�h�^�Z�g�g�u�_�����\��
�q�Z�k�l�g�h�k�l�b���� �d�Z�j�l�h�]�j�Z�n�b�q�_�k�d�b�_���� �I�j�_�^�k�l�Z�\�e�y�_�l�k�y���� �q�l�h�� �l�b�i�h�\�� �^�Z�g�g�u�o���� �i�h�e�_�a�g�u�o�� �i�j�b�� �j�Z�[�h�l�_�� �k��
�w�d�h�e�h�]�b�q�_�k�d�b�f�b�� �^�Z�g�g�u�f�b���� �k�m�s�_�k�l�\�m�_�l�� �[�h�e�v�r�_���� �q�_�f�� �j�Z�k�k�f�h�l�j�_�g�g�u�o���� �i�h�k�d�h�e�v�d�m�� �\�h�a�f�h�`�g�h��
�b�k�i�h�e�v�a�h�\�Z�g�b�_���b���l�Z�d�b�o���^�Z�g�g�u�o�����d�Z�d���q�b�k�e�h�\�u�_�����\���\�b�^�_���l�Z�[�e�b�p�� 

2.1. �Ã���!�-�/�(���<���������&�&�<�� 

�I�_�j�_�^���b�a�\�e�_�q�_�g�b�_�f���i�j�b�a�g�Z�d�h�\���b�a���l�_�d�k�l�Z���g�_�h�[�o�h�^�b�f�h���_�]�h���i�j�_�^�\�Z�j�b�l�_�e�v�g�h���i�h�^�]�h�l�h�\�b�l�v���l�Z�d�b�f��
�h�[�j�Z�a�h�f���� �q�l�h�[�u�� �l�_�d�k�l�h�\�u�_�� �^�Z�g�g�u�_�� �k�l�Z�e�b�� �i�j�b�]�h�^�g�u�f�b�� �^�e�y���b�k�i�h�e�v�a�h�\�Z�g�b�y���k�i�_�p�b�Z�e�v�g�u�o��
�Z�e�]�h�j�b�l�f�h�\�����i�j�_�^�g�Z�a�g�Z�q�_�g�g�u�o�� �^�e�y�� �b�k�i�h�e�v�a�h�\�Z�g�b�y�� �\�� �j�Z�f�d�Z�o���b�k�d�m�k�k�l�\�_�g�g�h�]�h�� �b�g�l�_�e�e�_�d�l�Z�� �b��
�f�Z�r�b�g�g�h�]�h�� �h�[�m�q�_�g�b�y�����<�� �k�e�m�q�Z�_�� �k�� �l�_�d�k�l�h�\�u�f�b�� �^�Z�g�g�u�f�b�� �g�_�l�� �d�Z�d�b�o-�e�b�[�h�� �h�k�h�[�_�g�g�h�k�l�_�c����
�k�\�y�a�Z�g�g�u�o�� �k�� �g�Z�o�h�`�^�_�g�b�_�f�� �b�� �\�u�^�_�e�_�g�b�_�f�� �d�e�b�f�Z�l�b�q�_�k�d�h�c�� �b�g�n�h�j�f�Z�p�b�b�� �\�� �k�u�j�u�o�� �^�Z�g�g�u�o����
�i�h�w�l�h�f�m���i�j�_�^�h�[�j�Z�[�Z�l�d�Z���i�j�_�^�k�l�Z�\�e�y�_�l�k�y���k�l�Z�g�^�Z�j�l�g�h�c�� 

�H�^�g�b�f�� �b�a�� �h�k�g�h�\�g�u�o�� �r�Z�]�h�\�� �\�� �i�j�_�^�h�[�j�Z�[�h�l�d�_�� �^�Z�g�g�u�o�� �y�\�e�y�_�l�k�y�� �l�h�d�_�g�b�a�Z�p�b�y���� �l�h�� �_�k�l�v��
�i�j�_�h�[�j�Z�a�h�\�Z�g�b�_�� �l�_�d�k�l�Z�� �\�� �i�h�k�e�_�^�h�\�Z�l�_�e�v�g�h�k�l�v�� �h�l�^�_�e�v�g�u�o�� �[�e�h�d�h�\�� �^�Z�g�g�u�o���²  �l�h�d�_�g�h�\����
�I�j�_�^�i�h�e�Z�]�Z�_�l�k�y���� �q�l�h�� �i�j�b�� �l�h�d�_�g�b�a�Z�p�b�b�� �[�Z�a�Z�� �a�g�Z�g�b�c�� �j�Z�a�^�_�e�y�_�l�k�y�� �g�Z�� �g�_�d�h�l�h�j�u�_�� �k�_�f�Z�g�l�b�q�_�k�d�b��
�k�Z�f�h�k�l�h�y�l�_�e�v�g�u�_���n�j�Z�]�f�_�g�l�u���l�_�d�k�l�Z�����b���l�h�d�_�g���^�h�e�`�_�g���k�h�h�l�\�_�l�k�l�\�h�\�Z�l�v���e�h�]�b�q�_�k�d�b���a�Z�\�_�j�r�_�g�g�h�f�m��
�w�e�_�f�_�g�l�m���a�g�Z�g�b�c�����<���d�Z�q�_�k�l�\�_���l�h�d�_�g�h�\���f�h�]�m�l���[�u�l�v���h�i�j�_�^�_�e�_�g�u���k�e�h�\�Z�����k�b�f�\�h�e�u�����q�b�k�e�Z�����a�Z�q�Z�k�l�m�x��
�k���b�k�i�h�e�v�a�h�\�Z�g�b�_�f���^�h�i�h�e�g�b�l�_�e�v�g�u�o���f�Z�l�_�f�Z�l�b�q�_�k�d�b�o���k�b�f�\�h�e�h�\�����l�Z�d�����l�h�d�_�g���©�������ª���b���l�h�d�_�g���©-�����ª����
�\�_�j�h�y�l�g�h�����[�m�^�m�l���k�q�b�l�Z�l�v�k�y �j�Z�a�g�u�f�b�����l�Z�d���d�Z�d���g�_�k�m�l���j�Z�a�g�m�x���k�f�u�k�e�h�\�m�x���g�Z�]�j�m�a�d�m�������n�h�j�f�m�e�u���b�e�b��
�i�h�^�k�l�j�h�d�b���� �\�� �a�Z�\�b�k�b�f�h�k�l�b�� �h�l�� �a�Z�^�Z�q�b���� �K�m�s�_�k�l�\�m�x�l�� �j�Z�a�e�b�q�g�u�_�� �f�h�^�_�e�b�� �l�h�d�_�g�b�a�Z�p�b�b���� �g�Z�i�j�b�f�_�j����
�b�k�i�h�e�v�a�m�_�f�u�_��OpenAI �\�� �b�g�k�l�j�m�f�_�g�l�_��tiktoken [1]���� �l�Z�d�b�_�� �f�h�^�_�e�b���� �d�Z�d��GigaChat �l�Z�d�`�_��
�b�k�i�h�e�v�a�m�x�l���l�h�d�_�g�b�a�Z�p�b�x���i�j�b���k�h�a�^�Z�g�b�b���w�f�[�_�^�^�b�g�]�h�\ [2]. 

�K�e�_�^�m�x�s�b�f�� �r�Z�]�h�f�� �\�� �i�j�_�^�h�[�j�Z�[�h�l�d�_�� �f�h�`�_�l�� �[�u�l�v���g�h�j�f�Z�e�b�a�Z�p�b�y�����D�Z�`�^�u�c�� �l�h�d�_�g�� �f�h�`�_�l��
�i�h�^�\�_�j�]�g�m�l�v�k�y�� �g�h�j�f�Z�e�b�a�Z�p�b�b���� �l�h�� �_�k�l�v�� �i�j�b�\�_�^�_�g�b�x�� �k�e�h�\�� �b�� �k�b�f�\�h�e�h�\�� �d�� �_�^�b�g�h�h�[�j�Z�a�g�h�f�m�� �\�b�^�m����
�d�h�l�h�j�u�c�� �m�i�j�h�s�Z�_�l�� �^�Z�e�v�g�_�c�r�b�c�� �Z�g�Z�e�b�a�� �b�� �]�_�g�_�j�Z�p�b�x�� �w�f�[�_�^�^�b�g�]�h�\�����< �^�Z�g�g�h�f�� �k�e�m�q�Z�_�� �j�_�q�v�� �b�^�_�l��
�g�_�� �h�� �f�Z�k�r�l�Z�[�b�j�h�\�Z�g�b�b�� �q�b�k�e�h�\�u�o���^�Z�g�g�u�o���� �Z�� �h�� �k�l�Z�g�^�Z�j�l�b�a�Z�p�b�b�� �l�_�d�k�l�h�\�u�o�� �w�e�_�f�_�g�l�h�\���� �l�Z�d�b�o�� �d�Z�d��
�j�_�]�b�k�l�j���� �i�m�g�d�l�m�Z�p�b�y�� �b�e�b�� �g�Z�i�b�k�Z�g�b�_�� �G�h�j�f�Z�e�b�a�Z�p�b�y�� �h�[�_�k�i�_�q�b�\�Z�_�l�� �d�h�g�k�b�k�l�_�g�l�g�h�k�l�v��
�]�_�g�_�j�b�j�m�_�f�u�o�� �w�f�[�_�^�^�b�g�]�h�\���� �q�l�h�� �\�e�b�y�_�l�� �g�Z�� �d�Z�q�_�k�l�\�h�� �j�Z�[�h�l�u�� �f�h�^�_�e�_�c���� �� �H�^�g�Z�d�h�� �i�j�b�� �_�z��
�j�_�Z�e�b�a�Z�p�b�b���k�e�_�^�m�_�l���m�q�b�l�u�\�Z�l�v�� �k�i�_�p�b�n�b�d�m�� �l�_�d�k�l�Z���� �i�h�k�d�h�e�v�d�m�� �\�� �g�_�d�h�l�h�j�u�o�� �k�e�m�q�Z�y�o�� �©�e�b�r�g�b�_�ª��
�w�e�_�f�_�g�l�u�� ���g�Z�i�j�b�f�_�j���� �w�f�h�p�b�h�g�Z�e�v�g�Z�y�� �i�m�g�d�l�m�Z�p�b�y���� �f�h�]�m�l�� �[�u�l�v�� �\�Z�`�g�u�� �^�e�y�� �a�Z�^�Z�q�� �Z�g�Z�e�b�a�Z��
�l�h�g�Z�e�v�g�h�k�l�b���b�e�b���k�l�b�e�y�� 
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�K�e�_�^�m�x�s�b�_�� �r�Z�]�b���± �k�l�_�f�f�b�g�]����(�m�^�Z�e�_�g�b�_�� �n�e�_�d�k�b�c)���� �e�_�f�f�Z�l�b�a�Z�p�b�y��(�i�j�b�\�_�^�_�g�b�_�� �k�e�h�\�� �d��
�d�Z�g�h�g�b�q�_�k�d�h�c�� �n�h�j�f�_) �b�� �q�b�k�l�d�Z��(�m�^�Z�e�_�g�b�_�� �g�_�� �g�_�k�m�s�b�o�� �k�f�u�k�e�h�\�h�c�� �g�Z�]�j�m�a�d�b���k�e�h�\�� �± 
�i�j�b�f�_�g�y�x�l�k�y�� �g�_�� �l�Z�d�� �q�Z�k�l�h���� �i�h�k�d�h�e�v�d�m�� �f�h�]�m�l�� �i�j�b�\�h�^�b�l�v�� �d�� �i�h�l�_�j�_�� �e�b�g�]�\�b�k�l�b�q�_�k�d�b�� �j�_�e�_�\�Z�g�l�g�h�c��
�b�g�n�h�j�f�Z�p�b�b���� 

2.2. �§�,���4���8���-�!�����������&�&�<�� 

�H�^�g�b�f�� �b�a�� �g�Z�b�[�h�e�_�_�� �j�Z�g�g�b�o�� �i�h�^�o�h�^�h�\�� �]�_�g�_�j�Z�p�b�b�� �\�_�d�l�h�j�h�\�� �b�a�� �b�a�h�[�j�Z�`�_�g�b�c�� �k�� �p�_�e�v�x��
�^�Z�e�v�g�_�c�r�_�]�h�� �i�h�b�k�d�Z�� �i�h�o�h�`�b�o�� �b�a�h�[�j�Z�`�_�g�b�c�� �[�u�e�h�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�� �p�\�_�l�h�\�u�o�� �]�b�k�l�h�]�j�Z�f�f [3], 
�i�h�a�\�h�e�y�x�s�_�_ �h�k�m�s�_�k�l�\�e�y�l�v�� �i�h�b�k�d�� �i�h�� �p�\�_�l�h�\�u�f�� �i�j�h�n�b�e�y�f���� �q�l�h�� �m�i�j�h�s�Z�_�l�� �j�Z�[�h�l�m�� �k�� �[�h�e�v�r�b�f�b��
�h�[�t�_�f�Z�f�b���^�Z�g�g�u�o�����<���^�Z�g�g�h�f���i�h�^�o�h�^�_���i�j�_�^�h�[�j�Z�[�Z�l�u�\�Z�l�v���b�a�h�[�j�Z�`�_�g�b�y���g�_���l�j�_�[�m�_�l�k�y�����i�h�k�d�h�e�v�d�m��
�i�j�b�� �]�_�g�_�j�Z�p�b�b�� �w�f�[�_�^�^�b�g�]�h�\�� �\�� �^�Z�g�g�h�f�� �k�e�m�q�Z�_�� �b�a�h�[�j�Z�`�_�g�b�_�� �d�h�g�\�_�j�l�b�j�m�_�l�k�y�� �\�� �5�*�%-�n�h�j�f�Z�l����
�i�h�k�e�_�� �q�_�]�h�� �j�Z�a�[�b�\�Z�_�l�k�y�� �g�Z�� �l�j�b�� �p�\�_�l�h�\�u�o�� �d�Z�g�Z�e�Z���� �d�j�Z�k�g�u�c���� �a�_�e�z�g�u�c�� �b�� �k�b�g�b�c���� �i�h�k�e�_�� �q�_�]�h�� �^�e�y��
�d�Z�`�^�h�]�h�� �d�Z�g�Z�e�Z�� �k�l�j�h�b�l�k�y���]�b�k�l�h�]�j�Z�f�f�Z���� �]�^�_�� �i�h�� �h�k�b���;���²  �a�g�Z�q�_�g�b�_�� �p�\�_�l�Z�������±�������������Z�� �i�h�� �h�k�b�� �<���²  
�d�h�e�b�q�_�k�l�\�h�� �i�b�d�k�_�e�_�c�� �k�� �w�l�b�f�� �a�g�Z�q�_�g�b�_�f���� �D�h�g�_�q�g�u�_�� �\�_�d�l�h�j�Z�� �i�h�e�m�q�Z�x�l�k�y�� �d�h�g�d�Z�l�_�g�Z�p�b�_�c��
�]�b�k�l�h�]�j�Z�f�f�� 

�B�g�Z�q�_���i�j�h�b�k�o�h�^�b�l���i�j�b���b�k�i�h�e�v�a�h�\�Z�g�b�b���[�h�e�_�_���i�h�a�^�g�b�o���f�h�^�_�e�_�c���]�_�g�_�j�Z�p�b�b���\�_�d�l�h�j�h�\���� 
�E�h�d�Z�e�v�g�u�_�� �^�_�k�d�j�b�i�l�h�j�u���� �l�Z�d�b�_���d�Z�d��SIFT (Scale-Invariant Feature Transform) [4] �b��SURF 

(Speeded-Up Robust Features) [5]���� �\�u�^�_�e�y�x�l�� �d�e�x�q�_�\�u�_�� �l�h�q�d�b�� �b�� �l�_�d�k�l�m�j�u���� �m�k�l�h�c�q�b�\�u�_�� �d��
�f�Z�k�r�l�Z�[�m���� �i�h�\�h�j�h�l�m�� �b�� �h�k�\�_�s�_�g�b�x���� �q�l�h�� �i�h�a�\�h�e�y�_�l�� �k�j�Z�\�g�b�\�Z�l�v�� �b�a�h�[�j�Z�`�_�g�b�y�� �i�h�� �e�h�d�Z�e�v�g�u�f��
�i�j�b�a�g�Z�d�Z�f���� �H�^�g�Z�d�h�� �a�Z�\�b�k�b�f�h�k�l�v�� �h�l�� �j�m�q�g�h�c�� �g�Z�k�l�j�h�c�d�b�� �i�Z�j�Z�f�_�l�j�h�\�� �b�� �\�u�k�h�d�Z�y�� �\�u�q�b�k�e�b�l�_�e�v�g�Z�y��
�k�e�h�`�g�h�k�l�v���^�_�e�Z�x�l���b�o���g�_�i�j�Z�d�l�b�q�g�u�f�b���^�e�y���j�Z�[�h�l�u���k���[�h�e�v�r�b�f�b���f�Z�k�k�b�\�Z�f�b���^�Z�g�g�u�o�� 

�L�Z�d�b�_���Z�j�o�b�l�_�d�l�m�j�u���� �d�Z�d��AlexNet [6] �b��ResNet [7], �Z�\�l�h�f�Z�l�b�q�_�k�d�b���b�a�\�e�_�d�Z�x�l���b�_�j�Z�j�o�b�q�_�k�d�b�_����
�\�e�h�`�_�g�g�u�_���^�j�m�]���\���^�j�m�]�Z���i�j�b�a�g�Z�d�b���²  �h�l���d�j�Z�z�\���b���l�_�d�k�l�m�j���^�h���k�e�h�`�g�u�o���k�_�f�Z�g�l�b�q�_�k�d�b�o���h�[�t�_�d�l�h�\����
�<�_�d�l�h�j�u���� �i�h�e�m�q�_�g�g�u�_�� �b�a�� �i�h�k�e�_�^�g�b�o�� �k�e�h�z�\�� �l�Z�d�b�o�� �k�_�l�_�c���� �d�h�^�b�j�m�x�l�� �\�u�k�h�d�h�m�j�h�\�g�_�\�m�x��
�b�g�n�h�j�f�Z�p�b�x���� �q�l�h�� �i�h�\�u�r�Z�_�l�� �l�h�q�g�h�k�l�v�� �i�h�b�k�d�Z���� �i�h�k�d�h�e�v�d�m�� �\�_�d�l�h�j�� �\�� �^�Z�g�g�h�f�� �k�e�m�q�Z�_�� �d�h�^�b�j�m�_�l�� �\��
�k�_�[�_���g�_�d�h�l�h�j�h�_���©�k�f�u�k�e�h�\�h�_�ª���a�g�Z�q�_�g�b�_���b�a�h�[�j�Z�`�_�g�b�y�� 

�D�Z�d�� �b�l�h�]���� �i�j�_�^�h�[�j�Z�[�h�l�d�Z�� �b�a�h�[�j�Z�`�_�g�b�c�� �k�b�e�v�g�h�� �a�Z�\�b�k�b�l�� �h�l�� �l�j�_�g�b�j�h�\�h�q�g�h�]�h�� �i�Z�c�i�e�Z�c�g�Z��
�f�h�^�_�e�b���� �G�Z�i�j�b�f�_�j���� �l�Z�d�b�_�� �i�h�^�o�h�^�u���� �d�Z�d�� �g�h�j�f�Z�e�b�a�Z�p�b�y�� �i�b�d�k�_�e�_�c���²  �i�j�b�\�_�^�_�g�b�_�� �a�g�Z�q�_�g�b�c�� �d��
�^�b�Z�i�Z�a�h�g�m���>���������@���b�e�b���k�l�Z�g�^�Z�j�l�b�a�Z�p�b�y�����^�e�y���,�P�D�J�H�1�H�W�����\�u�q�b�l�Z�g�b�_���k�j�_�^�g�b�o���>���������������������������������������@���b��
�^�_�e�_�g�b�_�� �g�Z�� �k�l�Z�g�^�Z�j�l�g�u�_�� �h�l�d�e�h�g�_�g�b�y�� �>�������������� �������������� �����������@�����²  �f�h�]�m�l�� �m�e�m�q�r�Z�l�v�� �k�o�h�^�b�f�h�k�l�v��
�f�h�^�_�e�_�c���� �D�h�g�\�_�j�l�Z�p�b�y�� �p�\�_�l�h�\�h�]�h�� �i�j�h�k�l�j�Z�g�k�l�\�Z�� ���5�*�%���� �+�6�9���� �/�D�E���� �i�h�a�\�h�e�y�_�l�� �\�u�^�_�e�y�l�v��
�k�i�_�p�b�n�b�q�_�k�d�b�_���i�j�b�a�g�Z�d�b�����l�Z�d�b�_���d�Z�d���l�_�d�k�l�m�j�u���b�e�b���h�k�\�_�s�_�g�b�_�����B�a�f�_�g�_�g�b�_���j�Z�a�f�_�j�Z���b�a�h�[�j�Z�`�_�g�b�y��
�^�h���n�b�d�k�b�j�h�\�Z�g�g�h�]�h���n�h�j�f�Z�l�Z�����g�Z�i�j�b�f�_�j�����������î���������^�e�y���5�H�V�1�H�W�����k���b�k�i�h�e�v�a�h�\�Z�g�b�_�f���b�g�l�_�j�i�h�e�y�p�b�b��
�b�e�b���h�[�j�_�a�d�b���h�[�_�k�i�_�q�b�\�Z�_�l���k�h�\�f�_�k�l�b�f�h�k�l�v���k���\�o�h�^�g�u�f�b���k�e�h�y�f�b���g�_�c�j�h�k�_�l�_�c�����i�j�b���w�l�h�f���k�h�o�j�Z�g�_�g�b�_��
�Z�k�i�_�d�l�g�h�]�h���k�h�h�l�g�h�r�_�g�b�y���d�j�b�l�b�q�g�h���^�e�y���a�Z�^�Z�q�����]�^�_���\�Z�`�g�u���i�j�h�i�h�j�p�b�b���h�[�t�_�d�l�h�\�� 

2.3. �§�,���4���8���-�!���� �����&�&�<�� 

�I�j�_�^�h�[�j�Z�[�h�l�d�Z�� �]�_�h�]�j�Z�n�b�q�_�k�d�b�o�� �b�� �d�Z�j�l�h�]�j�Z�n�b�q�_�k�d�b�o�� �^�Z�g�g�u�o�� �^�e�y�� �]�_�g�_�j�Z�p�b�b�� �w�f�[�_�^�^�b�g�]�h�\��
�i�j�_�^�k�l�Z�\�e�y�_�l���k�h�[�h�c���d�h�f�i�e�_�d�k���r�Z�]�h�\���i�h���i�h�^�]�h�l�h�\�d�_���i�j�h�k�l�j�Z�g�k�l�\�_�g�g�h�c���b�g�n�h�j�f�Z�p�b�b�����G�Z�q�b�g�Z�_�l�k�y��
�h�g�Z�� �k�� �m�g�b�n�b�d�Z�p�b�b�� �b�� �d�h�g�\�_�j�l�Z�p�b�b�� �j�Z�a�g�h�j�h�^�g�u�o�� �b�k�o�h�^�g�u�o�� �^�Z�g�g�u�o�� ���\�_�d�l�h�j�g�u�o�� �n�h�j�f�Z�l�h�\���b��
�j�Z�k�l�j�h�\�u�o���b�a�h�[�j�Z�`�_�g�b�c���d�Z�j�l���b�e�b���k�g�b�f�d�h�\�����\���k�l�j�m�d�l�m�j�b�j�h�\�Z�g�g�h�_���i�j�_�^�k�l�Z�\�e�_�g�b�_�����i�j�b�]�h�^�g�h�_���^�e�y��
�f�h�^�_�e�_�c���f�Z�r�b�g�g�h�]�h���h�[�m�q�_�g�b�y�� 

�<�� �d�Z�q�_�k�l�\�_�� �j�_�e�_�\�Z�g�l�g�u�o���k�_�f�Z�g�l�b�q�_�k�d�b�o�� �i�j�b�a�g�Z�d�h�\�� �^�e�y�� �\�_�d�l�h�j�g�u�o�� �^�Z�g�g�u�o���f�h�]�m�l�� �\�u�k�l�m�i�Z�l�v��
�d�h�h�j�^�b�g�Z�l�u�����]�_�h�f�_�l�j�b�q�_�k�d�b�_���o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�����i�e�h�s�Z�^�v�����i�_�j�b�f�_�l�j�������l�h�i�h�e�h�]�b�q�_�k�d�b�_���h�l�g�h�r�_�g�b�y��
���k�h�k�_�^�k�l�\�h���� �i�_�j�_�k�_�q�_�g�b�_���� �b�� �d�Z�l�_�]�h�j�b�Z�e�v�g�u�_�� �Z�l�j�b�[�m�l�u���� �^�e�y�� �j�Z�k�l�j�h�\�u�o�� �^�Z�g�g�u�o�� �i�j�b�f�_�g�y�x�l�k�y 
�f�_�l�h�^�u�� �d�h�f�i�v�x�l�_�j�g�h�]�h�� �a�j�_�g�b�y�� �b�� �]�e�m�[�h�d�h�]�h�� �h�[�m�q�_�g�b�y���� �k�e�_�^�h�\�Z�l�_�e�v�g�h���� �j�_�e�_�\�Z�g�l�g�u�_�� �i�j�b�a�g�Z�d�b��
�f�h�]�m�l�� �[�u�l�v�� �k�o�h�`�b�f�b�� �k�� �]�j�Z�n�b�q�_�k�d�b�f�b�� �^�Z�g�g�u�f�b���� �Z�� �r�Z�]�b�� �i�h�� �i�j�_�^�h�[�j�Z�[�h�l�d�_�� �f�h�]�m�l�� �k�h�\�i�Z�^�Z�l�v�� �k��
�r�Z�]�Z�f�b�� �i�j�_�^�h�[�j�Z�[�h�l�d�b�� �b�a�h�[�j�Z�`�_�g�b�c���� �H�^�g�Z�d�h�� �\�Z�`�g�u�f�� �l�Z�d�`�_�� �i�j�_�^�k�l�Z�\�e�y�_�l�k�y�� �k�\�h�_�]�h�� �j�h�^�Z��
�©�k�h�_�^�b�g�_�g�b�_�ª���j�Z�a�g�u�o���\�b�^�h�\���d�Z�j�l���\���h�^�b�g���g�Z�[�h�j���^�Z�g�g�u�o�����b�����k�h�h�l�\�_�l�k�l�\�_�g�g�h�����h�[�h�]�Z�s�_�g�b�_���^�Z�g�g�u�o����
�\�� �d�Z�q�_�k�l�\�_�� �^�h�i�h�e�g�b�l�_�e�v�g�u�o�� �i�h�l�h�d�h�\�� �\�� �b�a�h�[�j�Z�`�_�g�b�b�� �d�Z�j�l�u�� �\�h�a�f�h�`�g�h�� �^�h�[�Z�\�e�_�g�b�_�� �]�j�Z�n�b�q�_�k�d�h�c��
�b�g�n�h�j�f�Z�p�b�b�� �h�� �\�u�[�j�h�k�Z�o�� �]�Z�a�h�\���� �\�u�k�h�l�_�� �g�Z�^�� �m�j�h�\�g�_�f�� �f�h�j�y���� �l�b�i�Z�o�� �a�^�Z�g�b�c�� �g�Z�� �h�i�j�_�^�_�e�_�g�g�h�c��
�l�_�j�j�b�l�h�j�b�b���� �q�l�h�� �i�h�\�u�r�Z�_�l�� �k�_�f�Z�g�l�b�q�_�k�d�m�x�� �g�Z�k�u�s�_�g�g�h�k�l�v���� �L�Z�d�h�c�� �i�h�^�o�h�^�� �b�k�i�h�e�v�a�m�_�l�k�y���� �\��
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�q�Z�k�l�g�h�k�l�b���� �\�� �f�h�^�_�e�y�o�� �l�b�i�Z�� �/�R�F���9�H�F [8]���� �\�� �d�h�l�h�j�u�o�� �w�f�[�_�^�^�b�g�]�b�� �g�_�k�m�l�� �\�� �k�_�[�_�� �a�Z�d�h�^�b�j�h�\�Z�g�g�m�x��
�b�g�n�h�j�f�Z�p�b�x���d�Z�d���h���]�_�h�]�j�Z�n�b�q�_�k�d�b�o�����l�Z�d���b���k�_�f�Z�g�l�b�q�_�k�d�b�o���i�j�b�a�g�Z�d�h�\�����h�i�b�k�u�\�Z�x�s�b�o���h�d�j�m�`�_�g�b�_��
�f�_�k�l�Z�� 

3. �¯���!�#�@�8���&���� 

�I�j�_�^�k�l�Z�\�e�_�g�g�u�c�� �h�[�a�h�j���k�i�_�p�b�n�b�q�_�k�d�b�o�� �h�k�h�[�_�g�g�h�k�l�_�c�� �i�j�h�p�_�k�k�Z���i�j�_�^�h�[�j�Z�[�h�l�d�b��
�d�e�b�f�Z�l�b�q�_�k�d�b�o�� �^�Z�g�g�u�o�� �g�_�d�h�l�h�j�u�o�� �n�h�j�f�Z�l�h�\�� ���l�_�d�k�l���� �b�a�h�[�j�Z�`�_�g�b�y���� �]�_�h�^�Z�g�g�u�_���� �i�j�_�^�h�k�l�Z�\�e�y�_�l��
�g�_�h�[�o�h�^�b�f�m�x���h�k�g�h�\�m���^�e�y���i�h�k�l�j�h�_�g�b�y���w�n�n�_�d�l�b�\�g�u�o���b�g�l�_�e�e�_�d�l�m�Z�e�v�g�u�o���k�b�k�l�_�f�����L�Z�d�b�_���k�b�k�l�_�f�u����
�h�i�b�j�Z�x�s�b�_�k�y�� �g�Z�� �d�Z�q�_�k�l�\�_�g�g�u�_�� �\�_�d�l�h�j�g�u�_�� �i�j�_�^�k�l�Z�\�e�_�g�b�y���� �k�i�h�k�h�[�g�u�� �j�_�r�Z�l�v�� �k�e�h�`�g�u�_�� �a�Z�^�Z�q�b��
�Z�g�Z�e�b�a�Z���� �i�h�b�k�d�Z�� �b�� �i�j�h�]�g�h�a�b�j�h�\�Z�g�b�y�� �\�� �k�n�_�j�_�� �w�d�h�e�h�]�b�b�� �b�� �d�e�b�f�Z�l�h�e�h�]�b�b���� �k�b�g�l�_�a�b�j�m�y�� �a�g�Z�g�b�y�� �b�a��
�j�Z�a�g�h�j�h�^�g�u�o���b�k�l�h�q�g�b�d�h�\���b�g�n�h�j�f�Z�p�b�b�� 
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1 �B�g�k�l�b�l�m�l�� �^�b�g�Z�f�b�d�b�� �k�b�k�l�_�f�� �b�� �l�_�h�j�b�b�� �m�i�j�Z�\�e�_�g�b�y�� �B�f���� �<���F���� �F�Z�l�j�h�k�h�\�Z���� �K�H�� �J�:�G���� �m�e���� �E�_�j�f�h�g�l�h�\�Z����
�����������:�d�Z�^�_�f�]�h�j�h�^�h�d���f-�g�����K�\�_�j�^�e�h�\�k�d�b�c���j�Z�c�h�g�����B�j�d�m�l�k�d���������������������J�h�k�k�b�y 
  

�¤�&�&�(�/���6���A  
�<�� �^�Z�g�g�h�c�� �k�l�Z�l�v�_ �j�Z�k�k�f�Z�l�j�b�\�Z�x�l�k�y�� �f�_�l�h�^�u�� �i�h�k�l�j�h�_�g�b�y�� �f�Z�l�j�b�p�u�� �i�_�j�k�i�_�d�l�b�\�g�h�]�h��
�i�j�_�h�[�j�Z�a�h�\�Z�g�b�y�� �^�e�y�� �Z�\�l�h�f�Z�l�b�q�_�k�d�h�c�� �k�r�b�\�d�b�� �b�a�h�[�j�Z�`�_�g�b�c���� �I�j�h�\�_�^�_�g�� �Z�g�Z�e�b�a��
�l�j�Z�^�b�p�b�h�g�g�u�o�� �i�h�^�o�h�^�h�\���� �\�d�e�x�q�Z�y���5�$�1�6�$�&�� �b���f�_�l�h�^�� �g�Z�b�f�_�g�v�r�b�o���d�\�Z�^�j�Z�l�h�\�� ���F�G�D������ �Z��
�l�Z�d�`�_�� �i�j�_�^�e�h�`�_�g�� �]�b�[�j�b�^�g�u�c�� �Z�e�]�h�j�b�l�f���� �k�h�q�_�l�Z�x�s�b�c�� �F�G�D�� �k�� �j�h�_�\�u�f�� �f�_�l�h�^�h�f��
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�\�� �i�j�h�]�j�Z�f�f�g�h-�Z�i�i�Z�j�Z�l�g�h�c�� �k�b�k�l�_�f�_�� �7�(�0�$�5���� �I�_�j�k�i�_�d�l�b�\�g�u�f�b�� �g�Z�i�j�Z�\�e�_�g�b�y�f�b��
�^�Z�e�v�g�_�c�r�b�o���b�k�k�e�_�^�h�\�Z�g�b�c���y�\�e�y�x�l�k�y���Z�^�Z�i�l�Z�p�b�y���Z�e�]�h�j�b�l�f�Z���^�e�y���j�Z�[�h�l�u���k���\�b�^�_�h�i�h�l�h�d�Z�f�b��
�\���j�_�Z�e�v�g�h�f���\�j�_�f�_�g�b���b���b�g�l�_�]�j�Z�p�b�y���k���f�_�l�h�^�Z�f�b���]�e�m�[�h�d�h�]�h���h�[�m�q�_�g�b�y�� 
 
�¶�#�@�8�����<�����-�#�(����  1 
�K�r�b�\�d�Z�� �b�a�h�[�j�Z�`�_�g�b�c���� �i�_�j�k�i�_�d�l�b�\�g�h�_�� �i�j�_�h�[�j�Z�a�h�\�Z�g�b�_���� �f�Z�l�j�b�p�Z�� �i�j�_�h�[�j�Z�a�h�\�Z�g�b�c, 
�5�$�1�6�$�&���� �f�_�l�h�^�� �g�Z�b�f�_�g�v�r�b�o�� �d�\�Z�^�j�Z�l�h�\���� �j�h�_�\�u�_�� �Z�e�]�h�j�b�l�f�u���� �*�:�2���� �h�i�l�b�f�b�a�Z�p�b�y����
�d�h�f�i�v�x�l�_�j�g�h�_���a�j�_�g�b�_�����7�(�0�$�5 

1. �¦���������&���� 

�<�� �k�h�\�j�_�f�_�g�g�h�f�� �f�b�j�_���� �]�^�_�� �\�b�a�m�Z�e�v�g�Z�y�� �b�g�n�h�j�f�Z�p�b�y�� �b�]�j�Z�_�l�� �d�e�x�q�_�\�m�x�� �j�h�e�v�� �i�h�l�j�_�[�g�h�k�l�v�� �\��
�r�b�j�h�d�h�m�]�h�e�v�g�u�o���b���^�_�l�Z�e�b�a�b�j�h�\�Z�g�g�u�o���b�a�h�[�j�Z�`�_�g�b�y�o���i�h�k�l�h�y�g�g�h���j�Z�k�l�_�l�����H�^�g�b�f���b�a���w�n�n�_�d�l�b�\�g�u�o��
�f�_�l�h�^�h�\�� �i�h�e�m�q�_�g�b�y�� �l�Z�d�b�o�� �b�a�h�[�j�Z�`�_�g�b�c�� �y�\�e�y�_�l�k�y�� �l�_�o�g�h�e�h�]�b�y�� �k�r�b�\�Z�g�b�y�� ���k�d�e�_�c�d�Z���� �g�_�k�d�h�e�v�d�b�o��
�b�a�h�[�j�Z�`�_�g�b�c�� �\�� �h�^�g�h�� �p�_�e�h�_ [1]. �L�Z�d�Z�y�� �l�_�o�g�h�e�h�]�b�y�� �y�\�e�y�_�l�k�y�� �h�^�g�h�c �b�a�� �j�Z�k�i�j�h�k�l�j�Z�g�z�g�g�u�o���a�Z�^�Z�q��
�h�[�j�Z�[�h�l�d�b�����i�h�^�j�Z�a�m�f�_�\�Z�_�l �i�h�^���k�h�[�h�c���i�h�e�m�q�_�g�b�_���_�^�b�g�h�c���i�Z�g�h�j�Z�f�u���b�e�b���b�a�h�[�j�Z�`�_�g�b�y���k���\�u�k�h�d�b�f��
�j�Z�a�j�_�r�_�g�b�_�f���b�a���g�_�k�d�h�e�v�d�b�o���i�_�j�_�d�j�u�\�Z�x�s�b�o�k�y���b�a�h�[�j�Z�`�_�g�b�c�����d�h�l�h�j�u�_���f�h�]�m�l���[�u�l�v���i�h�e�m�q�_�g�u���\��
�j�Z�a�g�h�_���\�j�_�f�y�����k���j�Z�a�g�u�o���l�h�q�_�d���a�j�_�g�b�y���b�e�b���k���j�Z�a�g�u�o���^�Z�l�q�b�d�h�\��  

�K�r�b�\�Z�g�b�_�� �b�a�h�[�j�Z�`�_�g�b�c�� �b�f�_�_�l�� �[�h�e�v�r�h�_�� �a�g�Z�q�_�g�b�_�� �\�� �h�[�e�Z�k�l�b�� �f�_�^�b�p�b�g�k�d�h�c�� �\�b�a�m�Z�e�b�a�Z�p�b�b����
�d�h�f�i�v�x�l�_�j�g�h�]�h�� �a�j�_�g�b�y���� �k�i�m�l�g�b�d�h�\�u�o�� �^�Z�g�g�u�o���� �Z�� �l�Z�d�`�_�� �\�h�a�g�b�d�Z�_�l�� �i�j�b�� �Z�w�j�h�n�h�l�h�k�t�z�f�d�_�� �b�e�b��
�f�b�d�j�h�k�t�_�f�d�_���^�e�b�g�g�h�c�� �^�_�l�Z�e�b�� �I�j�Z�d�l�b�q�_�k�d�Z�y�� �a�g�Z�q�b�f�h�k�l�v�� �j�Z�[�h�l�u�� �a�Z�d�e�x�q�Z�_�l�k�y�� �\�� �\�h�a�f�h�`�g�h�k�l�b��
�i�j�b�f�_�g�_�g�b�y�� �j�Z�a�j�Z�[�h�l�Z�g�g�h�]�h�� �Z�e�]�h�j�b�l�f�Z�� �^�e�y�� �Z�\�l�h�f�Z�l�b�q�_�k�d�h�c�� �k�r�b�\�d�b�� �b�a�h�[�j�Z�`�_�g�b�c�� �\�g�m�l�j�b��
�i�j�h�]�j�Z�f�f�g�h-�Z�i�i�Z�j�Z�l�g�h�c�� �k�b�k�l�_�f�u�� �f�h�^�_�e�b�j�h�\�Z�g�b�y��TEMAR (Testbed Environment for Multiple 
Autonomous Robots) [2]���� �k�m�s�_�k�l�\�m�x�s�_�c�� �g�Z�� �[�Z�a�_�� �B�g�k�l�b�l�m�l�Z�� �^�b�g�Z�f�b�d�b�� �k�b�k�l�_�f�� �b�� �l�_�h�j�b�b��
�m�i�j�Z�\�e�_�g�b�y���b�f�_�g�b���<�����F�����F�Z�l�j�h�k�h�\�Z���K�b�[�b�j�k�d�h�]�h���h�l�^�_�e�_�g�b�y���J�h�k�k�b�c�k�d�h�c���Z�d�Z�^�_�f�b�b���g�Z�m�d���\���]�h�j�h�^�_��
�B�j�d�m�l�k�d�_. 

2. �Ñ�/���*�< �-�(�������&���A���-�9���/�(���(�������(�
�,�������&���A 

�<���p�_�e�y�o���j�_�r�_�g�b�y �a�Z�^�Z�q�b �k�r�b�\�d�b���b�a�h�[�j�Z�`�_�g�b�c �b�k�i�h�e�v�a�m�_�l�k�y���f�_�l�h�^���k�d�e�_�b�\�Z�g�b�y���b�a�h�[�j�Z�`�_�g�b�c��
�g�Z�� �h�k�g�h�\�_�� �d�e�x�q�_�\�u�o�� �l�h�q�_�d�� �b�� �^�_�k�d�j�b�i�l�h�j�h�\���� �i�h�k�d�h�e�v�d�m�� �w�l�h�l�� �f�_�l�h�^�� �y�\�e�y�_�l�k�y�� �m�g�b�\�_�j�k�Z�e�v�g�u�f�� �b��
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�d�e�x�q�_�\�u�_�� �l�h�q�d�b���± �o�Z�j�Z�d�l�_�j�g�u�_�� �l�h�q�d�b�� �b�a�h�[�j�Z�`�_�g�b�y���� �l���_���� �l�h�q�d�b���� �d�h�l�h�j�u�_�� �k�b�e�v�g�_�_�� �\�k�_�]�h��
�h�l�e�b�q�Z�x�l�k�y�� �h�l�� �^�j�m�]�b�o�� �h�[�e�Z�k�l�_�c [3]���� �H�[�u�q�g�h�� �w�l�h���m�]�e�u���� �i�_�j�_�k�_�q�_�g�b�y�� �e�b�g�b�c�� �b�e�b�� �l�_�d�k�l�m�j�u�� �k��
�j�_�a�d�b�f�b�� �i�_�j�_�o�h�^�Z�f�b���� �g�Z�i�j�b�f�_�j���� �g�Z�� �r�Z�o�f�Z�l�g�h�c�� �^�h�k�d�_�� �o�Z�j�Z�d�l�_�j�g�h�c�� �l�h�q�d�h�c�� �[�m�^�_�l�� �i�_�j�_�o�h�^�� �b�a��
�q�_�j�g�h�c���d�e�_�l�d�b���\���[�_�e�m�x. �W�l�b���l�h�q�d�b���k�e�m�`�Z�l���h�i�h�j�g�u�f�b���f�Z�j�d�_�j�Z�f�b�����d�h�l�h�j�u�_���i�h�f�h�]�Z�x�l���f�Z�r�b�g�Z�f��
�Z�g�Z�e�b�a�b�j�h�\�Z�l�v�� �b�� �b�g�l�_�j�i�j�_�l�b�j�h�\�Z�l�v�� �\�b�a�m�Z�e�v�g�u�c�� �d�h�g�l�_�g�l���� �H�i�j�_�^�_�e�_�g�b�_�� �d�e�x�q�_�\�u�o�� �l�h�q�_�d��
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�>�e�y���m�k�l�Z�g�h�\�e�_�g�b�y���k�h�h�l�\�_�l�k�l�\�b�c���f�_�`�^�m���d�e�x�q�_�\�u�f�b���l�h�q�d�Z�f�b���^�\�m�o���b�a�h�[�j�Z�`�_�g�b�c���\�u�i�h�e�g�y�_�l�k�y��
�i�h�i�Z�j�g�h�_�� �k�j�Z�\�g�_�g�b�_�� �b�o���^�_�k�d�j�b�i�l�h�j�h�\�� �k�� �i�h�k�e�_�^�m�x�s�b�f�� �\�u�^�_�e�_�g�b�_�f�� �g�Z�b�[�h�e�_�_�� �k�o�h�`�b�o�� �i�Z�j�� �g�Z��
�h�k�g�h�\�_���a�Z�^�Z�g�g�h�c���f�_�l�j�b�d�b���k�o�h�^�k�l�\�Z�� 

�I�h�� �j�_�a�m�e�v�l�Z�l�Z�f�� �j�h�k�k�b�c�k�d�h�]�h�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �>���@�� �Z�e�]�h�j�b�l�f�� �)�$�6�7�� �b�a�� �]�j�m�i�i�u�� �l�j�Z�^�b�p�b�h�g�g�u�o��
�Z�e�]�h�j�b�l�f�h�\�� �i�j�h�y�\�b�e�� �k�_�[�y�� �d�Z�d�� �e�m�q�r�b�c�� �Z�e�]�h�j�b�l�f�� �^�e�y�� �i�h�b�k�d�Z�� �d�e�x�q�_�\�u�o�� �l�h�q�_�d���� �<�� �^�Z�g�g�h�c�� �j�Z�[�h�l�_��
�i�j�b�f�_�g�y�_�l�k�y�� �Z�e�]�h�j�b�l�f�� �%�5�,�6�. (Binary Robust Invariant Scalable Keypoints) [5]���� �d�h�l�h�j�u�c��
�w�n�n�_�d�l�b�\�_�g�� �^�e�y�� �f�Z�k�r�l�Z�[�b�j�h�\�Z�g�b�y�� �b�� �i�h�\�h�j�h�l�h�\���� �\�� �_�]�h�� �h�k�g�h�\�_�� �b�k�i�h�e�v�a�h�\�Z�g�� �m�e�m�q�r�_�g�g�u�c��
�Z�e�]�h�j�b�l�f�� �)�$�6�7�� �H�g�� �k�h�q�_�l�Z�_�l�� �\�� �k�_�[�_�� �w�n�n�_�d�l�b�\�g�h�k�l�v�� �[�b�g�Z�j�g�u�o�� �f�_�l�h�^�h�\�� ���d�Z�d�� �2�5�%���� �)�$�6�7���� �k��
�m�k�l�h�c�q�b�\�h�k�l�v�x���d���b�a�f�_�g�_�g�b�y�f���f�Z�k�r�l�Z�[�Z���b���i�h�\�h�j�h�l�Z�����d�Z�d���6�,�)�7�����6�8�5�)���� 

�I�h�� �g�Z�e�b�q�b�x�� �Z�j�l�_�n�Z�d�l�h�\�� �g�Z�� �b�a�h�[�j�Z�`�_�g�b�b���� �b�k�i�h�e�v�a�m�y�� �\�b�a�m�Z�e�v�g�m�x�� �h�p�_�g�d�m���� �f�h�`�g�h�� �[�_�a��
�^�h�i�h�e�g�b�l�_�e�v�g�u�o�� �m�k�b�e�b�c�� �b�e�b�� �h�[�h�j�m�^�h�\�Z�g�b�y�� �h�i�j�_�^�_�e�b�l�v�� �d�Z�q�_�k�l�\�_�g�g�h�� �k�r�b�l�h�� �b�a�h�[�j�Z�`�_�g�b�_�� �b�e�b��
�g�_�l���� �:�j�l�_�n�Z�d�l�u�� �g�Z�� �b�a�h�[�j�Z�`�_�g�b�b���± �w�l�h�� �^�_�n�_�d�l�u���� �d�h�l�h�j�u�_�� �i�j�h�y�\�e�y�x�l�k�y�� �\�� �\�b�^�_�� �b�k�d�Z�`�z�g�g�u�o��
�i�b�d�k�_�e�_�c���b�e�b���n�j�Z�]�f�_�g�l�h�\���k���b�a�f�_�g�z�g�g�u�f�b���p�\�_�l�Z�f�b�� 

�I�h�f�b�f�h�� �\�b�a�m�Z�e�v�g�h�c�� �h�p�_�g�d�b�� �d�Z�q�_�k�l�\�Z�� �k�r�b�l�h�]�h�� �b�a�h�[�j�Z�`�_�g�b�y���� �k�m�s�_�k�l�\�m�x�l�� �j�Z�a�e�b�q�g�u�_��
�q�b�k�e�_�g�g�u�_�� �f�_�l�j�b�d�b���� �i�h�a�\�h�e�y�x�s�b�_�� �h�p�_�g�b�\�Z�l�v�� �d�Z�q�_�k�l�\�h�� �k�r�b�l�h�]�h�� �b�a�h�[�j�Z�`�_�g�b�y�� �i�h�� �j�Z�a�e�b�q�g�u�f��
�d�j�b�l�_�j�b�y�f�����B�a�f�_�j�_�g�b�_�� �g�_�k�h�h�l�\�_�l�k�l�\�b�y�� �f�_�`�^�m�� �i�j�_�^�k�d�Z�a�Z�g�g�u�f�b�� �i�h�a�b�p�b�y�f�b�� �g�Z�� �b�a�h�[�j�Z�`�_�g�b�b�� �b��
�n�Z�d�l�b�q�_�k�d�b�� �g�Z�[�e�x�^�Z�_�f�u�f�b�� �i�h�a�b�p�b�y�f�b�� �[�m�^�_�f�� �j�Z�k�k�f�Z�l�j�b�\�Z�l�v�� �d�Z�d�� �\�_�e�b�q�b�g�u�� �k�e�_�^�m�x�s�b�o��
�h�r�b�[�h�d�����d�h�l�h�j�u�_���\�u�j�Z�`�_�g�u���n�h�j�f�m�e�Z�f�b���������± 3): 

�x �k�j�_�^�g�_�Z�j�b�n�f�_�l�b�q�_�k�d�h�_���h�l�d�e�h�g�_�g�b�_�� 
�x �k�j�_�^�g�_�d�\�Z�^�j�Z�l�b�q�_�k�d�h�_���h�l�d�e�h�g�_�g�b�_�� 
�x �f�Z�d�k�b�f�Z�e�v�g�h�_���h�l�d�e�h�g�_�g�b�_�� 

'

1
1 min,

n

i i
i

x x
E

n
� 

��
�  � o

�¦
 

(1) 

2'

1
2 min,

n

i i
i

x x
E

n
� 

��
�  � o

�¦
 

(2) 

'
3

1
min.max i i

i n
E x x

� d � d
� �� �o  (3) 

 
�A�^�_�k�v n �± �w�l�h�� �d�h�e�b�q�_�k�l�\�h�� �d�e�x�q�_�\�u�o�� �l�h�q�_�d�����T�Ü �± �w�l�h�� �d�h�h�j�^�b�g�Z�l�Z�� �d�e�x�q�_�\�h�c�� �l�h�q�d�b�� �g�Z�� �i�_�j�\�h�f��

�b�a�h�[�j�Z�`�_�g�b�b�����T�Ü
�ñ �± �w�l�h�� �d�h�h�j�^�b�g�Z�l�Z�� �d�e�x�q�_�\�h�c�� �l�h�q�d�b�� �g�Z�� �\�l�h�j�h�f�� �b�a�h�[�j�Z�`�_�g�b�b���� �\�u�j�Z�`�_�g�g�Z�y�� �\��

�d�h�h�j�^�b�g�Z�l�g�h�c���i�e�h�k�d�h�k�l�b���i�_�j�\�h�]�h���b�a�h�[�j�Z�`�_�g�b�y�� 
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2.1. �º���/�(���<���*�(�-�/�,�(���&���A���%���/�,���6�<���*�,���(�
�,�����(�����&���A 

�F�Z�l�j�b�p�Z�� �i�j�_�h�[�j�Z�a�h�\�Z�g�b�c�� �i�j�b�f�_�g�y�_�l�k�y�� �^�e�y�� �\�u�q�b�k�e�_�g�b�y�� �g�h�\�u�o�� �d�h�h�j�^�b�g�Z�l�� �h�[�t�_�d�l�Z�� �i�j�b�� �_�]�h��
�l�j�Z�g�k�n�h�j�f�Z�p�b�b�����B�a�f�_�g�y�y�� �w�e�_�f�_�g�l�u�� �f�Z�l�j�b�p�u�� �i�j�_�h�[�j�Z�a�h�\�Z�g�b�y���� �f�h�`�g�h�� �i�j�b�f�_�g�y�l�v�� �d�� �h�[�t�_�d�l�Z�f��
�e�x�[�u�_�� �l�j�Z�g�k�n�h�j�f�Z�p�b�b���� �l�Z�d�b�_�� �d�Z�d�� �f�Z�k�r�l�Z�[�b�j�h�\�Z�g�b�_���� �a�_�j�d�Z�e�v�g�h�_�� �h�l�j�Z�`�_�g�b�_���� �i�h�\�h�j�h�l����
�i�_�j�_�f�_�s�_�g�b�_�� �b�� �^�j�m�]�b�_�� �I�j�_�h�[�j�Z�a�h�\�Z�g�b�_�� �f�_�`�^�m�� �^�\�m�f�y�� �k�b�k�l�_�f�Z�f�b�� �d�h�h�j�^�b�g�Z�l�� �i�j�_�^�k�l�Z�\�e�_�g�h�� �\��
�\�b�^�_���f�Z�l�j�b�p�u�����î�����b���a�Z�i�b�k�u�\�Z�_�l�k�y���k�e�_�^�m�x�s�b�f���h�[�j�Z�a�h�f�� 

�* 
L 
m
�D�5�5 �D�5�6 �D�5�7
�D�6�5 �D�6�6 �D�6�7
�D�7�5 �D�7�6 �D�7�7


q�ä 
(4) 

�D�h�h�j�^�b�g�Z�l�g�u�_�� �i�j�_�h�[�j�Z�a�h�\�Z�g�b�y�� �\�u�j�Z�`�Z�x�l�k�y�� �\�� �\�b�^�_�� �f�Z�l�j�b�q�g�u�o�� �m�f�g�h�`�_�g�b�c���� �I�j�b�f�_�g�y�y�� �d��
�b�a�h�[�j�Z�`�_�g�b�x�� �_�^�b�g�b�q�g�m�x�� �f�Z�l�j�b�p�m���� �i�h�e�m�q�b�f�� �g�_�b�k�d�Z�`�z�g�g�h�_�� �b�a�h�[�j�Z�`�_�g�b�_. �I�j�b�� �w�l�h�f�� �d�Z�q�_�k�l�\�h��
�i�h�e�m�q�_�g�g�h�]�h�� �b�a�h�[�j�Z�`�_�g�b�y�� �\�h�� �f�g�h�]�h�f�� �a�Z�\�b�k�b�l�� �h�l�� �g�Z�o�h�`�^�_�g�b�y�� �b�� �i�h�k�l�j�h�_�g�b�y�� �f�Z�l�j�b�p�u��
�i�_�j�k�i�_�d�l�b�\�g�h�]�h���i�j�_�h�[�j�Z�a�h�\�Z�g�b�y�����<���^�Z�g�g�h�c���j�Z�[�h�l�_���^�e�y���_�z���i�h�k�l�j�h�_�g�b�y���k�j�Z�\�g�b�\�Z�x�l�k�y���k�e�_�^�m�x�s�b�_��
�f�_�l�h�^�u���� 

�•  RANSAC (RANdom SAmple Consensus) [6] �± �r�b�j�h�d�h���b�k�i�h�e�v�a�m�_�f�u�c �\���g�Z�k�l�h�y�s�_�_���\�j�_�f�y��
�b�l�_�j�Z�p�b�h�g�g�u�c���f�_�l�h�^�����i�j�_�^�e�h�`�_�g�g�u�c���\�������������]�h�^�m���N�b�r�e�_�j�h�f���b���;�h�e�e�_�k�h�f���� 
�•  �F�_�l�h�^���g�Z�b�f�_�g�v�r�b�o���d�\�Z�^�j�Z�l�h�\�����F�G�D�� [7] �± �[�Z�a�h�\�u�c���f�_�l�h�^���j�_�]�j�_�k�k�b�h�g�g�h�]�h���Z�g�Z�e�b�a�Z���^�e�y��
�h�p�_�g�d�b���g�_�b�a�\�_�k�l�g�u�o���i�Z�j�Z�f�_�l�j�h�\���j�_�]�j�_�k�k�b�h�g�g�u�o���f�h�^�_�e�_�c���i�h���\�u�[�h�j�h�q�g�u�f���^�Z�g�g�u�f�� 
�I�j�h�\�_�^�_�g�g�u�_�� �l�_�k�l�u�� �i�h�^�l�\�_�j�^�b�e�b�� �w�n�n�_�d�l�b�\�g�h�k�l�v�� �i�j�_�^�e�h�`�_�g�g�u�o�� �f�_�l�h�^�h�\�� �^�e�y�� �j�_�r�_�g�b�y��

�a�Z�^�Z�q�b�� �k�r�b�\�d�b�� �b�a�h�[�j�Z�`�_�g�b�c���� �F�G�D�� �i�j�h�^�_�f�h�g�k�l�j�b�j�h�\�Z�e�� �\�u�k�h�d�m�x�� �k�d�h�j�h�k�l�v�� �j�Z�[�h�l�u�� �b�� �g�_�i�e�h�o�h�_��
�d�Z�q�_�k�l�\�h�� �k�r�b�\�d�b���� �\�� �l�h�� �`�_�� �\�j�_�f�y�� �5�$�1�6�$�&���� �y�\�e�y�y�k�v�� �Z�e�]�h�j�b�l�f�h�f�� �m�k�l�h�c�q�b�\�u�f�� �d�� �\�u�[�j�h�k�Z�f����
�i�h�d�Z�a�Z�e���o�h�j�h�r�b�_���j�_�a�m�e�v�l�Z�l�u���\���d�j�b�l�_�j�b�b���d�Z�q�_�k�l�\�Z���k�r�b�\�d�b�����g�h���a�g�Z�q�b�l�_�e�v�g�h���m�k�l�m�i�b�e���i�h���k�d�h�j�h�k�l�b��
�i�j�_�^�u�^�m�s�_�f�m�� �f�_�l�h�^�m���� �B�f�_�y�� �\�� �d�Z�q�_�k�l�\�_�� �i�j�_�b�f�m�s�_�k�l�\�Z�� �k�d�h�j�h�k�l�v�� �j�Z�[�h�l�u���� �f�_�l�h�^�� �F�G�D��
�i�j�_�^�h�k�l�Z�\�e�y�_�l���\�h�a�f�h�`�g�h�k�l�v���^�e�y���m�e�m�q�r�_�g�b�y���� 

2.1.1. �§���
�,�����&�<�����%���/�(�� 

�J�h�_�\�u�_�� �Z�e�]�h�j�b�l�f�u�� �k�l�h�o�Z�k�l�b�q�_�k�d�h�c�� �h�i�l�b�f�b�a�Z�p�b�b��[8] �± �Z�e�]�h�j�b�l�f�u���� �k�l�j�_�f�b�l�_�e�v�g�h��
�g�Z�[�b�j�Z�x�s�b�_���i�h�i�m�e�y�j�g�h�k�l�v���\���a�Z�^�Z�q�Z�o���h�i�l�b�f�b�a�Z�p�b�b�����]�e�Z�\�g�u�f���i�j�_�b�f�m�s�_�k�l�\�h�f���d�h�l�h�j�u�o���y�\�e�y�_�l�k�y��
�\�h�a�f�h�`�g�h�k�l�v�� �i�Z�j�Z�e�e�_�e�b�a�Z�p�b�b�� �\�u�q�b�k�e�_�g�b�c�����<�� �^�Z�g�g�h�f�� �b�k�k�e�_�^�h�\�Z�g�b�b�� �[�m�^�_�l�� �b�k�i�h�e�v�a�h�\�Z�g��
�Z�e�]�h�j�b�l�f���i�h�b�k�d�Z���k�_�j�u�o���\�h�e�d�h�\ (Grey Wolf Optimizer) [9].  

�I�j�_�^�e�h�`�b�f�� �i�j�b�f�_�g�_�g�b�_ �j�h�_�\�h�]�h �Z�e�]�h�j�b�l�f�Z�� �^�e�y�� �g�Z�o�h�`�^�_�g�b�y�� �f�Z�l�j�b�p�u�� �i�_�j�k�i�_�d�l�b�\�g�h�]�h��
�i�j�_�h�[�j�Z�a�h�\�Z�g�b�y�� �\�� �a�Z�^�Z�q�_�� �k�r�b�\�d�b�� �b�a�h�[�j�Z�`�_�g�b�c�� �^�e�y�� �m�e�m�q�r�_�g�b�y�� �f�Z�l�j�b�p�u���� �g�Z�c�^�_�g�g�h�c�� �f�_�l�h�^�h�f��
�F�G�D�����<���w�l�h�f���k�e�m�q�Z�_���g�Z���\�o�h�^���j�h�_�\�h�f�m���Z�e�]�h�j�b�l�f�m���i�h�^�Z�_�l�k�y���g�Z�c�^�_�g�g�Z�y���j�Z�g�_�_���f�Z�l�j�b�p�Z���b���Z�e�]�h�j�b�l�f��
�g�Z�q�b�g�Z�_�l�� �i�h�b�k�d�� �j�_�r�_�g�b�y���� �b�k�o�h�^�y�� �b�a�� �w�l�b�o�� �^�Z�g�g�u�o���� �<�� �j�_�a�m�e�v�l�Z�l�_�� �l�Z�d�h�]�h�� �b�k�i�h�e�v�a�h�\�Z�g�b�y�� �j�h�_�\�h�]�h��
�Z�e�]�h�j�b�l�f�Z���[�u�e�Z���i�h�e�m�q�_�g�Z���k�r�b�\�d�Z�����i�j�_�^�k�l�Z�\�e�_�g�g�Z�y���g�b�`�_�����j�b�k�������������<���k�j�Z�\�g�_�g�b�b���k���i�j�_�^�u�^�m�s�b�f�b��
�k�r�b�\�d�Z�f�b���w�l�h�c���i�Z�j�u���b�a�h�[�j�Z�`�_�g�b�c�����g�Z�[�e�x�^�Z�_�l�k�y���a�g�Z�q�b�l�_�e�v�g�h�_���m�e�m�q�r�_�g�b�_�����\�u�j�h�\�g�_�g�Z���w�l�Z�`�g�Z�y��
�e�_�k�l�g�b�q�g�Z�y�� �i�e�h�s�Z�^�d�Z���� �k�h�i�h�k�l�Z�\�e�_�g�u�� �i�_�j�k�i�_�d�l�b�\�g�u�_�� �e�b�g�b�b�� �\�� �\�_�j�o�g�_�c�� �q�Z�k�l�b�� �b�a�h�[�j�Z�`�_�g�b�y���� �G�Z��
�b�a�h�[�j�Z�`�_�g�b�b���i�j�b�k�m�l�k�l�\�m�_�l���Z�j�l�_�n�Z�d�l�����d�h�l�h�j�u�c���g�_���k�j�Z�a�m���[�j�h�k�Z�_�l�k�y���\���]�e�Z�a�Z���± �g�_�k�h�\�i�Z�^�_�g�b�_���l�_�g�b��
�h�l���h�d�g�Z�����g�Z�o�h�^�y�s�_�]�h�k�y���a�Z���k�i�b�g�h�c���n�h�l�h�]�j�Z�n�b�j�m�x�s�_�]�h�� 
 
�Ã���
�#���6����1 
�À���-�8���/�������#���8���&�<���(�/�!�#�(�&���&���������#�A���!�������(���(���%���/�(���� 

�½�9���
�!�� RANSAC �º�»�¶ �º�»�¶�=GWO 
�Á�,�����&�����,���4�%���/���8���-�!���A���~E1) 4,62 5,97 2,84 
�Á�,�����&���!�������,���/���8���-�!���A��(E2) 87,41 47,34 11,56 

�º���!�-���%���#�=�&���A��(E3) 28,75 16,69 8,55 
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�L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �m�^�Z�_�l�k�y�� �h�[�h�c�l�b�� �h�]�j�Z�g�b�q�_�g�b�y��OCR-�k�b�k�l�_�f�� �b�� �\�h�k�k�l�Z�g�h�\�b�l�v�� �l�_�d�k�l�� �k�� �\�u�k�h�d�h�c��
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�F�h�^�m�e�v���i�h�k�l�j�h�_�g���g�Z���h�k�g�h�\�_���k�e�_�^�m�x�s�b�o���d�h�f�i�h�g�_�g�l�h�\�� 
¶ PDFReader �²  �d�e�Z�k�k���� �b�a�\�e�_�d�Z�x�s�b�c�� �\�k�_�� �g�_�h�[�o�h�^�b�f�u�_�� �^�Z�g�g�u�_�� �b�a�� �3�'�)-�^�h�d�m�f�_�g�l�Z���� �d��
�d�h�l�h�j�h�c�� �h�l�g�h�k�y�l�k�y���� �r�j�b�n�l�u�� �b�� �b�o�� �]�e�b�n�u���� �b�� �\�h�k�k�l�Z�g�Z�\�e�b�\�Z�x�s�b�c�� �l�_�d�k�l�� �i�h�� �i�h�e�m�q�_�g�g�h�c�� �b�a��
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¶ FontForgeWrapper �²  �d�e�Z�k�k���^�e�y���\�a�Z�b�f�h�^�_�c�k�l�\�b�y���k���i�j�b�e�h�`�_�g�b�_�f���I�R�Q�W�I�R�U�J�H�����i�h�a�\�h�e�y�x�s�b�c��
�j�Z�[�h�l�Z�l�v���k���r�j�b�n�l�Z�f�b���e�x�[�u�o���n�h�j�f�Z�l�h�\; 
¶ CNNModel, Model �²  �k�\�z�j�l�h�q�g�Z�y���g�_�c�j�h�k�_�l�v���b���b�g�l�_�j�n�_�c�k���d���g�_�c�� 
¶ PDFTextCorrector �²  �f�h�^�m�e�v���^�e�y���i�h�k�l�h�[�j�Z�[�h�l�d�b���l�_�d�k�l�Z�� 
¶ PDFBrokenEncodingReader �²  �d�e�Z�k�k�����g�Z�k�e�_�^�m�_�f�u�c���h�l���d�e�Z�k�k�Z���3�'�)�%�D�V�H�5�H�D�G�H�U���b�a���i�j�h�_�d�l�Z��
�'�H�G�R�F���� �^�e�y�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �k�� �Z�j�o�b�l�_�d�l�m�j�h�c�� �k�b�k�l�_�f�u���� �b�k�i�h�e�v�a�m�x�s�b�c�� �5�H�D�G�H�U���� �d�h�l�h�j�u�c��
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�¤�&�&�(�/���6���A  
�<�� �m�k�e�h�\�b�y�o�� �k�l�j�_�f�b�l�_�e�v�g�h�]�h�� �j�Z�a�\�b�l�b�y�� �p�b�n�j�h�\�u�o�� �l�_�o�g�h�e�h�]�b�c�� �\�h�a�j�Z�k�l�Z�_�l�� �i�h�l�j�_�[�g�h�k�l�v�� �\��
�Z�^�Z�i�l�Z�p�b�b�� �g�Z�m�q�g�h-�h�j�]�Z�g�b�a�Z�p�b�h�g�g�h�c�� �^�_�y�l�_�e�v�g�h�k�l�b�� �d�� �g�h�\�u�f�� �m�k�e�h�\�b�y�f��
�b�g�n�h�j�f�Z�p�b�h�g�g�h�]�h�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y���� �<�� �k�l�Z�l�v�_�� �j�Z�k�k�f�Z�l�j�b�\�Z�x�l�k�y�� �l�_�h�j�_�l�b�q�_�k�d�b�_�� �h�k�g�h�\�u��
�k�h�a�^�Z�g�b�y�� �i�j�h�]�j�Z�f�f�g�h�]�h�� �n�j�_�c�f�\�h�j�d�Z���� �g�Z�i�j�Z�\�e�_�g�g�h�]�h�� �g�Z�� �i�h�^�^�_�j�`�d�m�� �d�e�x�q�_�\�u�o��
�i�j�h�p�_�k�k�h�\�� �g�Z�m�q�g�u�o�� �f�_�j�h�i�j�b�y�l�b�c���� �j�_�]�b�k�l�j�Z�p�b�x�� �m�q�Z�k�l�g�b�d�h�\���� �i�h�^�Z�q�m�� �b�� �j�_�p�_�g�a�b�j�h�\�Z�g�b�_��
�f�Z�l�_�j�b�Z�e�h�\���� �]�_�g�_�j�Z�p�b�x�� �h�l�q�_�l�g�h�c�� �^�h�d�m�f�_�g�l�Z�p�b�b���� �H�[�h�k�g�h�\�Z�g�Z�� �Z�d�l�m�Z�e�v�g�h�k�l�v��
�p�b�n�j�h�\�b�a�Z�p�b�b�� �^�Z�g�g�h�c�� �k�n�_�j�u�� �b�� �\�u�^�_�e�_�g�u�� �h�k�g�h�\�g�u�_�� �i�j�b�g�p�b�i�u�� �i�j�h�_�d�l�b�j�h�\�Z�g�b�y��
�p�b�n�j�h�\�u�o�� �j�_�r�_�g�b�c���� �h�j�b�_�g�l�b�j�h�\�Z�g�g�u�o�� �g�Z�� �i�h�\�u�r�_�g�b�_�� �w�n�n�_�d�l�b�\�g�h�k�l�b�� �b�� �i�j�h�a�j�Z�q�g�h�k�l�b��
�g�Z�m�q�g�u�o�� �d�h�f�f�m�g�b�d�Z�p�b�c���� �I�j�h�\�_�^�z�g�� �Z�g�Z�e�b�a�� �k�m�s�_�k�l�\�m�x�s�b�o�� �j�_�r�_�g�b�c���� �\�u�y�\�e�_�g�u�� �b�o��
�h�]�j�Z�g�b�q�_�g�b�y���b���k�n�h�j�f�m�e�b�j�h�\�Z�g�u���l�j�_�[�h�\�Z�g�b�y���d���g�h�\�h�c���Z�j�o�b�l�_�d�l�m�j�_���n�j�_�c�f�\�h�j�d�Z�� 
 
�¶�#�@�8�����<�����-�#�(����  1 
�G�Z�m�q�g�u�_�� �f�_�j�h�i�j�b�y�l�b�y�� �n�j�_�c�f�\�h�j�d���� �b�g�n�h�j�f�Z�p�b�h�g�g�u�_�� �k�b�k�l�_�f�u���� �Z�\�l�h�f�Z�l�b�a�Z�p�b�y����
�j�_�p�_�g�a�b�j�h�\�Z�g�b�_�����g�Z�m�q�g�Z�y���d�h�f�f�m�g�b�d�Z�p�b�y. 

1. �¦���������&���� 

�K�h�\�j�_�f�_�g�g�Z�y�� �g�Z�m�q�g�h-�h�j�]�Z�g�b�a�Z�p�b�h�g�g�Z�y�� �^�_�y�l�_�e�v�g�h�k�l�v�� �l�j�_�[�m�_�l�� �i�_�j�_�k�f�h�l�j�Z�� �l�j�Z�^�b�p�b�h�g�g�u�o��
�i�h�^�o�h�^�h�\���d���i�j�h�\�_�^�_�g�b�x���d�h�g�n�_�j�_�g�p�b�c�����k�_�f�b�g�Z�j�h�\���b���^�j�m�]�b�o���g�Z�m�q�g�u�o���f�_�j�h�i�j�b�y�l�b�c�����J�h�k�l���h�[�t�z�f�Z��
�b�g�n�h�j�f�Z�p�b�b���� �g�_�h�[�o�h�^�b�f�h�k�l�v�� �j�Z�[�h�l�u�� �k�� �m�^�Z�e�z�g�g�u�f�b�� �m�q�Z�k�l�g�b�d�Z�f�b���� �\�u�k�h�d�Z�y�� �g�Z�]�j�m�a�d�Z�� �g�Z��
�h�j�]�Z�g�b�a�Z�l�h�j�h�\���²  �\�k�z�� �w�l�h�� �h�[�h�k�l�j�y�_�l�� �i�h�l�j�_�[�g�h�k�l�v�� �\�� �p�b�n�j�h�\�b�a�Z�p�b�b�� �i�j�h�p�_�k�k�h�\�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y��
�f�_�`�^�m���m�q�Z�k�l�g�b�d�Z�f�b�����Z�\�l�h�j�Z�f�b�����j�_�^�Z�d�l�h�j�Z�f�b���b���j�_�p�_�g�a�_�g�l�Z�f�b�����L�_�f���g�_���f�_�g�_�_�����\�h���f�g�h�]�b�o���g�Z�m�q�g�u�o��
�m�q�j�_�`�^�_�g�b�y�o�� �i�h-�i�j�_�`�g�_�f�m�� �b�k�i�h�e�v�a�m�x�l�k�y�� �j�m�q�g�u�_�� �f�_�l�h�^�u�� �j�_�]�b�k�l�j�Z�p�b�b���� �i�j�b�z�f�Z�� �f�Z�l�_�j�b�Z�e�h�\�� �b��
�h�[�f�_�g�Z�� �^�h�d�m�f�_�g�l�Z�f�b���� �q�l�h�� �i�j�b�\�h�^�b�l�� �d�� �g�_�w�n�n�_�d�l�b�\�g�h�k�l�b���� �i�h�l�_�j�y�f�� �^�Z�g�g�u�o�� �b�� �h�]�j�Z�g�b�q�_�g�b�x��
�f�Z�k�r�l�Z�[�Z���i�j�h�\�h�^�b�f�u�o���f�_�j�h�i�j�b�y�l�b�c [1]. 
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�i�j�h�]�j�Z�f�f�g�h�]�h�� �n�j�_�c�f�\�h�j�d�Z���� �i�j�_�^�g�Z�a�g�Z�q�_�g�g�h�]�h�� �^�e�y�� �i�h�^�^�_�j�`�d�b�� �i�h�e�g�h�]�h�� �`�b�a�g�_�g�g�h�]�h�� �p�b�d�e�Z��
�g�Z�m�q�g�h�]�h�� �f�_�j�h�i�j�b�y�l�b�y���²  �h�l�� �j�_�]�b�k�l�j�Z�p�b�b�� �m�q�Z�k�l�g�b�d�h�\�� �^�h�� �n�h�j�f�b�j�h�\�Z�g�b�y�� �b�l�h�]�h�\�h�c��
�^�h�d�m�f�_�g�l�Z�p�b�b���� �L�Z�d�h�c�� �n�j�_�c�f�\�h�j�d�� �^�h�e�`�_�g�� �[�u�l�v�� �]�b�[�d�b�f���� �j�Z�k�r�b�j�y�_�f�u�f�� �b�� �Z�^�Z�i�l�b�j�h�\�Z�g�g�u�f�� �i�h�^��
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�d�h�g�p�_�i�p�b�b�� �p�b�n�j�h�\�b�a�Z�p�b�b���� �i�j�h�p�_�k�k�g�h�]�h�� �f�h�^�_�e�b�j�h�\�Z�g�b�y�� �b�� �i�j�b�g�p�b�i�h�\�� �Z�j�o�b�l�_�d�l�m�j�g�h�c��
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