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ABSTRACT

Context. The relevance of the article is due to the need for further development of simple algorithms for analyzing the structural
connectivity of network objects, in reducing the computational complexity and increasing the functional capabilities of such
algorithms. The linear algorithm proposed in the article can be applied: in urban and rural transport route planning systems; in
solving various types of problems related to carrying out restoration work on network objects after their destruction and the loss of
certain connections between the elements of such objects (power supply systems, communication systems, transport networks, etc.);
in developing options for effectively destroying key objects of the enemy’s critical infrastructure; in analyzing social networks for
grouping individuals into groups by interest, etc.

Objective. The goal of the work is to develop a linear algorithm for searching for strongly connected components in the structure
of network objects, which is resistant to changes in the structure of objects and has a polynomial computational complexity.

Method. The physical object to be studied is modeled by a connected directed graph. To determine the structure of the model
graph components of strong connectivity, the idea of analyzing the presence of direct and reverse transitive closures between all pairs
of vertices of the model graph was applied. Since there is a route (or arc) connecting them between all pairs of vertices included in
any component of strong connectivity, then in the matrix of transitive closures of binary relations of such a graph there will always
be unit blocks (transitivity compactions). Individual elements of these blocks in the matrix of transitive closures are scattered in a
certain way. By analyzing the matrix for the presence of identical rows and identical columns, it is possible to establish their
belonging to certain unit blocks. After such analysis and grouping the corresponding rows and columns into unit blocks, it is possible
to determine the number of components of strong connectivity, as well as the index (vertex) composition of each component.

To construct a matrix of transitive closures of binary relations, any of the known algorithms can be used, as discussed in the
article. Therefore, the linear algorithm proposed in this article is conventionally divided into two main stages: the first is the search
for transitive closures of binary relations of a model directed graph; the second is the determination of the matrix of inverse
reachability of the graph, the determination of the matrix of mutual reachability, and the search for unit blocks in the latter by lining
them up on the main diagonal of the matrix.

Results. 1) A theoretical basis for analyzing the matrix of transitive closures of binary relations of a model directed graph has
been developed in order to determine the quantitative and index composition of strongly connected components in its composition;
2) In terms of graph theory, the search for strongly connected components in the structure of a network object is formalized; 3) The
developed algorithm was verified for its ability to determine strongly connected components in the structure of a directed graph.

Conclusions. Theoretical studies and a number of experiments confirm the possibility of using the proposed algorithm in the
tasks of structural analysis of network objects. Since the well-known provisions of graph theory were used in the theoretical studies,
which are interpreted unambiguously in this theory, the absence of any probabilistic processes allows us to consider the developed
algorithm accurate. Polynomial estimates of its computational complexity allow it to be used in real-time scale.

KEYWORDS: network object, object damage, directed graph, graph vertex, transitive closure, strongly connected component,
matrix, main diagonal of the matrix, unit block, algorithm.
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ABBREVIATIONS
DFS is a depth-first search;
SCC is an strongly connected component;
TC is a transitive closure.

NOMENCLATURE
G is an directed graph modeling an object;
V' is a set of vertices of the model graph G ;
E is a set of edges of a model graph C ;
n is a dimension of the modeling graph;
G, is a set of strong connectivity component;

k is a number of strongly connected components in
the graph G ;
Mj; is a route connecting two vertices i and j;

S is a connectivity matrix of the model graph G ;
SZ; is an auxiliary matrix;
R is a matrix of transitive closures of the graph G ;

ml, m2 are first and second traversal of the matrix
when determining the matrix Rg;

Qg 1s an inverse reachability matrix of the graph G ;
(R;®Q;) is a block-diagonal matrix of the graph G ;

0 is an estimation of the computational complexity of
the algorithm.

INTRODUCTION

Directed graphs are one of the key mathematical tools
widely used in modern information technologies, analysis
of complex systems and modeling of interdependencies in
large data sets. In many problems related to the study of
the structure of such graphs, the concept of strongly
connected components (SCC) is of particular importance
— a subgraph in which each vertex is reachable from any
other. Identification of SCC allows us to understand the
deep structure of the network, to isolate interdependent
modules and to optimize further analytical processes,
which makes this problem fundamental for graph theory
and related fields [1].

The relevance of research into methods for finding
strongly connected components is due to the continuous
growth of data volumes and the development of large
network systems, such as social platforms, information
networks, logistics and transport systems, as well as
engineering software structures. The graphs used in these
areas can contain millions or even billions of vertices and
edges, which places new demands on the computational
efficiency of such algorithms. In such conditions,
classical algorithmic approaches sometimes need to be
adapted, modified, or completely rethought to work in
scalable, distributed, or streaming environments.

Strongly connected components search plays an
important role in many application problems. In
compilers, it is the basis for analyzing cyclic
dependencies between functions or modules [2]. In
database theory, SCC allows us to identify groups of
interdependent tables or transactions that share common
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constraints. In transportation networks, SCC analysis
helps us to identify deeply connected routes or nodes that
form cyclic interactions. In cybersecurity, analyzing
highly connected substructures in network flows allows
us to identify anomalies or groups of nodes that interact in
a non-standard way [3]. In social networks, SCC search
serves as a tool for identifying stable communities or
structures in which interactions are two-way and intense.

Classical algorithms for finding strongly connected
components, such as the Kosaraju [1], Tarjan [4], and
Gabov [5] algorithms, provide linear time complexity and
demonstrate high efficiency in a wide range of
applications. However, with the growth of the scale of
graphs, the emergence of streaming data, and the need to
process dynamic structures, there is a need to improve
existing methods. Modern information systems require
not only high computational performance, but also the
ability of algorithms to adapt to changes in the graph,
work in real time, and effectively distribute the load in
multiprocessor and cluster environments.

As the amount of data increases, the problem of
efficiently processing graphs that are constantly changing
becomes significant. In dynamic graphs, the addition or
removal of edges can significantly affect the structure of
strong connectivity, which makes it difficult to apply
classical algorithms designed for static structures. In such
cases, researchers create algorithms that allow updating
the SCC without a complete recalculation [3]. Such
approaches open up new possibilities in processing
streaming data, network logs, and other real-time systems.

At the same time, a significant number of large graphs
have the property of high sparsity and uneven degree
distribution of such graphs, which is typical for social
networks, web graphs and bioinformatics structures. Such
graphs require adapted algorithms that can work
effectively in conditions where some vertices have
extremely high degree, and the majority have low. This
creates additional difficulties for classical algorithms that
rely on the DFS procedure, and is compensated by
specialized methods for optimizing memory access and
distributing computations.

Despite the significant development of the theory of
algorithms for finding strongly connected components, a
number of problems remain open. In particular, further
work is required to optimize memory usage, reduce the
number of auxiliary operations, increase the robustness to
errors in input data, and ensure the possibility of working
in partial graph update mode. Algorithms capable of
working in real time without loss of accuracy, which is
critical for monitoring systems, cybersecurity, and
streaming analytics, are especially relevant.

In this context, the creation of a new or improved SCC
search algorithm is an important scientific task. Such an
algorithm should combine theoretical optimality with
practical efficiency, provide stable operation on large,
dynamic or uneven graphs, and have the ability to be
effectively integrated into modern data analysis systems.
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The aim of this work is to develop a new algorithm for
searching for strongly connected components, which will
provide increased performance, resistance to structural
features of graphs and the ability to work under
conditions of limited resources. It is planned to analyze
existing methods, build a mathematical model of the new
approach, estimate its computational complexity and
conduct an experimental study on a specific graph.

The object of study is to determine the strong
connectivity of network objects.

The subject of study is bidirectional connectivity
between nodes of a network object.

The purpose of the work is to develop a linear
algorithm for searching for strongly connected
components in the structure of network objects, which is
resistant to changes in the structure of objects and has a
polynomial computational complexity.

1 PROBLEM STATEMENT
Problems of structural analysis of network objects are
usually formalized and solved using models and methods
of graph theory [6], since graphs best model the structure
of such objects. So, we will model the structure of a
network object by some directed graph G=(V,E), where

V ={i};c; — a set of graph vertex numbers that model key
nodes in the object structure; E = {(i,j)}(l. e~ set of

graph arcs that model linear elements (connections)
between different nodes of an object; / — the set of graph
vertex numbers. Each arc from the set £ is characterized
only by the fact of its existence.

Taking into account the peculiarities of establishing
the fact of the presence of strongly connected components
in the structure of graph G and determining their index
composition, the formulation of the corresponding
problem in general form will have the following form. In
the structure of the model graph G, we need to find its

substructures Gj, Gy,...,Gj,, where k = ﬂ, n=>2,such as
e GIN{}eGy,...,N{i} Gy =T . For VG, determine
{i};es € Gy, . Also determine the parameter £ .

2 REVIEW OF THE LITERATURE

One of the first linear algorithms for finding SCCs is
the Kosaraju algorithm, described in the work of Aho,
Hopcroft and Ullman [2]. The method consists of two
consecutive depth-first traversals (DFS) of the graph: the
first traversal forms the order of completion of processing
of vertices, while the second one — on the transposed
graph — allows to isolate strongly connected components.
The asymptotic complexity of the algorithm is O(V' +FE).
Although this algorithm is simple and efficient, its
disadvantage is the need to construct a transposed graph,
which increases memory usage. In the case where the
initial graph is given by an adjacency matrix, the
computational complexity increases to 0(n2) .

Tarjan’s algorithm [2] significantly improves on
Kosaraj’s approach by performing only one DFS. Using
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some indicators and a stack, it is possible to determine
when a search subtree forms an SCC. The algorithm has
the same computational complexity O(V + E), but is more

memory-efficient and runs faster in practice. Due to its
simplicity of implementation, it has become a standard in
most computer applications, including compilers and
dependency analysis systems.

Gabov’s algorithm [3] is also based on DFS, but uses
two stack structures to more accurately identify the
desired strongly connected components. It is also linear in
computational —complexity, but shows improved
performance on certain types of graphs. This makes it
useful for applications where the specificity of the graph
structure matters, such as network analysis and routing
problems.

All three classical algorithms — Kosaraju, Tarjan, and
Gabov — are linear in computational complexity, making
them suitable for working with high-dimensional graphs.
However, Tarjan and Gabov algorithms are more
memory-efficient and efficient in  practical
implementations, as they do not require storing the
transposed graph.

Current literature in this area and experimental studies
[4, 7-10] indicate that Tarjan’s algorithm often exhibits
the most stable performance in real-world applications.
Gabov’s algorithm also shows high efficiency due to
optimized stack management, making it competitive in
practice.

However, the problem of developing such algorithms
does not lose its relevance today, and in the field of traffic
planning, social network analysis, and military affairs, it
acquires new, more stringent requirements. Our article is
devoted to solving this problem.

3 MATERIALS AND METHODS

For a clear understanding of the content of the
proposed algorithm, the internal effects on which it is
built, at the beginning of the article we will consider the
essence of such concepts as: the component of strong
connectivity of an arbitrary directed graph G and the
transitive closure of the vertices of such a graph.

The concept of SCC reflects the fact that between any
pair of vertices v; and v; belonging to this SCC, there is

a route (a sequential set of arcs) that connects these
vertices. It should be noted that such a connection exists
both in direction v; - v; and in the opposite direction —

v; —v;, this is a mandatory condition [11]. It should also

J
be said here that M;; 1M ;; =&, where M;; and M j; —

are the corresponding bidirectional routes.
In the case where such a bidirectional connection

between a pair of vertices is absent, vertices v; and v;

belong to different SCCs. This fact indicates that there are
several SCCs (at least two) in the graph G, see Fig. 1.
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Figure 1 —SCC in graphs G and G,:a— vertices v; and v;
belong to the same SCC; b — vertices v; and v i belong to

different SCCs (since route v iV is missing from G, )

A fundamental concept of graph theory is the notion
of transitive closure (TC) of binary relations. Binary
relations are the connectivity relations between all
possible pairs of vertices of the model graph G.

If vertices V; and Vg are connected by at least one
route My, and vertices Vg and V; are also connected by
some route M sj » then vertices V; and V; are considered

transitively closed, since there is a route M;; = M,;;UM;

connecting them, Fig. 2.

Figure 2 — Transitive closures of binary relations on directed
graphs Gy and G, (marked with red dotted lines):

a — transitive closures are symmetric; b — transitive closures
are asymmetric

It should be noted here that in this case, vertices V;
and v; will be transitively closed precisely in direction
v; = v;, which does not at all ensure their transitivity in
direction v; —v;. This requires the existence of at least
one route M ;; in the model graph G .
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As can be seen from Fig. 2b, the graph G, has

asymmetric transitive closures between vertices with

respect to directions v; —>v; and v; —v;, since there is

no arc (j,s) in the graph G,. This fact leads to the
division of the graph G, into two SCCs, see Fig. 1b.

The above provisions suggest the idea of conducting a
special analysis of the transitive closure matrix (Rg;) of
the model graph G in order to determine the set of SCCs
in its composition, as well as the index composition of
each of them.

In general, the elements of the matrix Rg =[r;]ux,

take one of the following values [11]:
i j=1n. 1)

Taking into account expression (1), we formulate
the following lemmas.

Lemma 1. If there is one SCC in the structure of the
model graph G, then its transitive closure matrix R; will

be a unit square matrix, (Vr; =1).

Lemma 2. If there are several (k) SCCs in the
structure of a model graph G, its transitive closure matrix

R is not a unit matrix, i.e. (—Vr; =1).

Therefore, in the case of the existence of several (k)
SCCs in the structure of the model graph and taking into
account the fact that in any SCC all vertices are
transitively closed, the unit blocks corresponding to
them will be symmetric with respect to the main
diagonal of the matrix. Hence, the idea comes to mind
about the possibility of constructing a block-diagonal
matrix on the main diagonal of which & unit blocks will
be sequentially located. The index composition of each
block will indicate the composition of the vertices that
will be included in the corresponding SCC. The
remaining elements of such a matrix will be equal to
zero, which will indicate the absence of transitive
closure between the corresponding pairs of vertices of
the graph G.

Therefore, the linear logic of the algorithm being
developed is represented by a set of matrices that need to
be sequentially determined, namely:

— at stage I — using the adjacency matrix (Sg ) of the

model graph G, determine its transitive closure matrix
Rg,

— at stage I — from the matrix R, determine the
inverse reachability matrix — Qg , and then the block-
diagonal matrix (Rg ® Qg ).

Formally, this order can be written as a linear
expression:

S¢ > Rg = 06 = (Rg ®0g)- ()
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At the first stage, to determine the matrix Rg, one

can apply such well-known combinatorial algorithms as
the Warshall-Floyd algorithm [12-14], Bellman [15] or
Shimbell’s algorithm [16]. Instead, a more efficient
algorithm for constructing transitive closures of network
objects is the algorithm presented in [17], since it, due to
the lack of functional redundancy, has lower
computational complexity than the algorithms mentioned
above.

This algorithm is based on the disjunctive embedding
of the rows of the matrix S of the model graph G in the

case where some i # 0, and a double traversal of the

rows of the current matrix,

Sg —>RU > R =R,
The operation of disjunctive nesting of the terms of

the current matrix is written as the following two (by
the number of matrix traversals) expressions [17]:

namely:

. ml ._ —
if Sp#0= 1 =Sy, Q)=

m2 . ml ml . . T T
ni T =np Vg s i j=Ln, k=Ln. 4

The described algorithm is implemented by the
following program code:

procedure TForm1.Matrix_TC;
var i, j, jj,n: Integer;
m: Short;
begin
for m:=1 to 2 do
for i:=0 to n—1 do
for j:=0 to n-1 do
If (Sli, jl=1) and (i<>j) then
begin
for jj:=0 to n-1 do If
(S[i, jjl=0) and (S[j, jjl=1) then SI[i, jjl:=1;
end;
end.

Therefore, after the first stage, we will have a
defined matrix (R;) of the transitive closure of the
model graph G .

Before presenting the content of the second stage of
the developed algorithm, let us note some aspects that
arise from the very definition of the SCC of a directed
graph.

Axiom 1. If there is no transitive closure in direction

v; =V, then this pair of vertices cannot be part of a
certain SCC, even if there is a transitive closure in
direction v; —v;.

Axiom 2. The transitive closure matrix R; of a

directed graph, as well as its inverse reachability matrix

© Batsamut V. M., Bashkatov Y. H., Morkvin D. A., Tolstonosov D.Yu., Sakhnevych B. V., Solodun Y. M., 2026

DOI 10.15588/1607-3274-2026-2-13

152

0g , can be asymmetric matrices with respect to the main
diagonal.

Based on these remarks, a special analysis of the
transitive closure matrix ( R ) of the model graph G at
the second stage of the algorithm will be as follows:

1. Transpose the matrix R; to obtain the inverse
reachability matrix between pairs of vertices, i.e.
Og =Rg. Next, we perform an element-by-element
product of matrices R; and Qg . As a result, we obtain a
symmetric matrix (R;®Q;) with respect to its main
diagonal. This matrix contains information about pairs of
vertices between which there is a bidirectional
connection.

2. Simultaneous contraction of matrix (R;®0;)
toward the north-west corner (toward the lower-order
positions) by its identical rows and columns,
respectively. The unit blocks thus formed on the main
diagonal of the matrix will indicate the quantitative
composition of the SCC, and the indices of the rows
and columns will indicate the vertex composition of
each component.

Taking into account the above provisions, we will
conduct a computational experiment on a certain network
object.

4 EXPERIMENTS
Let a real network object be modeled by a directed

graph G, Fig. 3.

Figure 3 — Model directed graph G

The structure of the graph is represented by the initial
adjacency matrix S . Let us write it:

vl v2 v3 v4d vS v6 v7 W8
vifo 1 0 O O O 0 O
v2/10 0 1 O 1 1 0 O
v3i|lo 0 O 1 O O 1 0

Sg=v4|0 0 1 0 O O O 1. ®)

vs|1 0 0 0 O 1 0 O
vo|0O O O O O O 1 O
vi{io 0 0 0 O 1 0 O
vw|0 0 0 1 0 0 1 0

OPEN@ACCESS @ G) @



p-ISSN 1607-3274 Pagioenexrponika, iHpopmaTuka, ynpasainss. 2026. Ne 2
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2026. Ne 2

Stage 1. We define the transitive closure matrix Rg
according to expressions (3) and (4). The results of the
first traversal of the matrix will be as follows:

vl v2 v3 vd v5 v6 v7 v8
1

vl
v2
v3
R =v4
v5
v6
v7
v8

(6)

G SV U
G SV U

1
1
1
1.
1
0
0
1

S O O = O O = =

1 1
1 1
1 1
1 1
1 1
0 0
0 0
1 1

S O O = O O = =
S O O = O O O

The results of the second and final pass through the
matrix are as follows:

<
_
<
[\

vi v4 vS v6 v7 v8

vl
v2
v3
Rg =R =v4
v5
v6
v7
v8

()

—_ e = = e = = e
[ T S S Sy S

1
1
1
1
1
0
0
1

S OO = O O = =

1 1
1 1
I 1
I 1
1 1
0 0
0 0
I 1

S O O = O O = =
S O O = O O = =

Stage II. Given matrix Ry, we define the block-
diagonal matrix (Rg ® O ). To do this, first find matrix

O; - We obtain:

<
=
<
[\S]
<
bS]
<
F

vS v6

<
~
<
[e%e}

vl
v2
v3
O =RE =va
v5
v6
v7
v8

®)

—_ o e e e
—_ e e e e e e e
—_—_ — O = = O O
- - - o = = o o
_ e e e e e e

- - o o o o ©
S~ —~ 0o o o o o
- - - o = = o ©

0

Let’s find the direct element-by-element product of
matrices Rg and Q. The operation is correct, since the
matrices have the same dimension. We get:

vl v2 v3 v4 v5 v6 v7 v8
vi|t 1 0 0 1 0 0 O
v211 1 0 0 1 0 0 O
vifo 0 1 1 0 0 0 1

(Rg®Qg)=v4|0 0 1 1 0 0 0 1. 9)

vs|1 1 0 0 1 0 0 O
vo|0O O O O O 1 1 0
vifo 0 0 O O 1 1 0
wlo 0 1 1 0 0 0 1
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As can be seen, the matrix (R; ® Qg ) is symmetric.

By pulling the same rows and columns towards the
lower digits of the matrix, we construct a block-diagonal
matrix. We obtain:

<
—_
<
[\
<
(V)]
<
w
<
S
<
[e%e]
<
(o)
<
3

vl
v2
v5
(Rg ®Qg) =3
v4
v8
v6
v7

(10)

S O O O o= = =
S O O O o= = =
S O O O o= = =
S O = =l O O
S O = —=lOo O O
S Of= = =lOo O O
—_— = O O O O O
—_—— o O O O O O

Therefore, the constructed block diagonal matrix
shows that in the structure of the model graph G there are
three components of strong connectivity (parameter
k =3), expression (10). Their vertex composition is as
follows: {v;,v5,v5} € Gy; {v3,v4,vg} € Gy 5 {vg,v7} €G3
You can verify the correctness of the SCC definition by
conducting a corresponding analysis of the graph
presented in Fig. 4.

SCC #1

Figure 4 — The identified SCCs and their
vertex composition in the directed model
graph G

The next important issue in the structural analysis of
network objects is the search for unidirectional
connections (arcs) between SCCs, since it is their one-
way directionality that is the reason for dividing the
object into several SCCs. In this regard, they often strive
to bring the network object to a connected structure - to
one SCC (in the tasks of planning urban transport routes,
when planning priority work to restore the connectivity of
a destroyed network object, etc.). On small objects, such a
search can be performed in the “manual” mode. On
objects with a significant number of nodes and
connections, such a task is laborious, and in many cases,
one that will be solved with errors.

Let us show how such a problem is solved in matrix
form, quickly and without errors.

OPEN@ACCESS @ G) @

153



p-ISSN 1607-3274 Pagioenexrponika, iHpopmaTuka, ynpasainss. 2026. Ne 2
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2026. Ne 2

In formalized form, the operation is written as the
following two expressions with a condition:

S =Sg,

(11

if (6946);#0 = s;.=0, i,j=ln. (12)

After such an operation, matrix SZ; of graph G,
presented in Fig. 4, will have the form:

vl v2 v3 vd v5 v6 v7 w8
vifO 0 0 0 0 0 0 0
20 0 1 0 0 1 0 0
3o 0 0 0 0 0 1 0

Sg=v4l0 0 0 0 0 0 0 0. (13)

vs{0 0 0 0 0 1 0 0
v6[0 0 0 0 0 0 0 0
vI|0 0 0 0 0 0 0 0
w[{0 0 0 0 0 0 1 0

Therefore, based on expression (13), the critical arcs
from the point of view of connectivity in the graph G

are: (v2,v3); (V2,96); (V3,v7); (Vs,V6); (Vg,v7). It is
these directions that must first be considered in order to
form bidirectional connections between the corresponding
vertices on their basis.

Conversely, if the graph presented in Fig. 4 models a
certain network object of the enemy, then the above-
mentioned connections should become the first targets for
destruction in order to disable the object (disrupt the
technological processes taking place there).

If we consider the nodal basis of the object as the
target, then the first targets should be the nodes modeled
by vertices v, and vy, since they have two incident arcs
each (the largest number of them), see the corresponding
row and column of expression (13). Vertex v, is more
critical in this respect, as its arcs connect different SCCs.
The next target is the node modeled by vertex vs . It is on

the performance of these elements, first of all, that the
functioning of the network object as a whole will depend.

5 RESULTS

In the article, during the development of the
algorithm, the following results were obtained:

— a theoretical basis for analyzing the matrix of
transitive closures of binary relations of a model directed
graph has been developed in order to determine the
quantitative and index composition of strongly connected
components in its composition;

— in terms of graph theory, the search for strongly
connected components in the structure of a network object
is formalized;
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— the developed algorithm was verified for its ability
to determine strongly connected components in the
structure of a directed graph.

6 DISCUSSION

General ideas about the transitivity properties of
binary relations, knowledge about the internal properties
of strongly connected components, and mathematical
manipulation of these properties in a matrix
representation made it possible to develop a new matrix
algorithm for searching for strongly connected
components in the structure of network objects.

Understanding the fact that any SCC is a symmetric
and unitary block (a submatrix of the original) led to the
idea that such blocks can (and should) be collected on the
main diagonal of the so-called block-diagonal matrix
(RG®0g).

The operation of the element-wise product of matrices
R; and Qg ensured the symmetry of the resulting

matrix in which the unit elements denote pairs of vertices
between which a bidirectional (duplex) connection has
been established. The number of unit blocks will
determine the number of existing SCCs, and the index
composition of the corresponding rows and columns is
the vertex composition of each SCC.

The use in the article of well-known provisions of
graph theory, which are interpreted unambiguously in this
theory, and the absence of any probabilistic processes,
allow us to consider the developed algorithm as accurate.

An important characteristic of combinatorial
algorithms, including algorithms for structural analysis of
network objects, is their computational complexity. It is
clear that on real structures, and therefore on structures
with a larger number of nodes and denser connections, the
number of operations for searching for SCC will be
significantly greater than in the example given in the
article. It should be noted here that the computational
complexity of the developed linear algorithm will be
determined by the computational complexity of its “basic
element” — the algorithm for determining the transitive

closure matrix (stage I), which is estimated by O(n°)
[17].

The obtained polynomial estimate of the
computational complexity of the algorithm is quite
acceptable for its use in real time.

CONCLUSIONS

The article solves a relevant scientific and applied
problem — the development of an SCC search tool, which
can be used to justify appropriate options for the
development/destruction of network objects.

The scientific novelty of the developed algorithm is
as follows:

1) in the representation of SCC in the form of unit
blocks on the main diagonal of a block-diagonal matrix,
which is constructed in a special way.

OPEN@ACCESS @ G) @



p-ISSN 1607-3274 PagioenexrpoHika, iHpopmaTuka, ynpasainss. 2026. Ne 2
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2026. Ne 2

The practical significance of the algorithm lies in the
fact that its application allows:

1)it is reasonable to plan the development of a
network object or the restoration of its structural
connectivity after external influences;

2) In military affairs, the algorithm can be applied
when developing an appropriate option for inflicting fire
damage on critical enemy targets that have a network
(distributed) structure.

The computational complexity of the proposed
algorithm has a polynomial dependence on the dimension
and density of the model graph, which allows using such
an algorithm in real time.

Prospects for further research are to development of
similar algorithms for determining SCCs, the elements of
which correspond to a set of certain criteria — multi-level
SCCs.
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AHOTANIA

AKTYaJIbHICTB. AKTYaJlBbHICTh CTATTI 00YMOBIIOETHCS TIOTPEOOIO y MOAAIBIIOMY PO3BHTKY MPOCTUX aJTOPUTMIB aHAI3Y
CTPYKTYPHOI 3B’A3HOCTI MepeXeBUX 00’€KTiB, y 3MEHIIEHHI OOYMCIIOBAJIILHOI CKJIAJHOCTI 1 30UIbIIEHH] (YHKIIOHAIBHUX
MOJKJIMBOCTEH TaKWX alrOpUTMiB. 3alpOIOHOBAHMUN Yy CTATTI JIHIHHUN anroput™M Moxke OyTH 3aCTOCOBaHMHU: y CHUCTEMax
IUIaHyBaHHS MapLIPYTiB PyXy MICBKOI0 Ta I03aMiChKOI'O TPAaHCHOPTY; Y XOJIi PO3B’A3aHHS Pi3HOrO POy 3ajay, OB’ I3aHUX
i3 MPOBEACHHSIM BIJIHOBIIOBAIBHUX POOIT HAa MEpeKeBUX 00’€KTax Mmicis X pyHHYBaHHS 1 BTPaTH NMEBHUX 3B S3KIB MiXK
€JIEMEHTaMH TaKUX 00’ €KTiB (CUCTEMH €HEeproroCcTadaHHs, CHCTEMH 3B SI3KY, TPAHCIIOPTHI MEPEeXi TOILO); Y XOA1 BUPOOICHHS
BapiaHTIB MIOA0 €(PEKTHBHOTO YPAXKCHHS KIIOYOBHX 00’€KTIB KPUTHYHOI iHGPACTPYKTypH MPOTHBHHUKA; MiJ Yac aHami3y
COIiaJIbHUX MEPEeX Ha MpeaMeT IPyIyBaHHS IHAUBIAIB y TPYIH 3a iHTepecaMu TOLIO.

MeTta po6oTH — po3poOIeHHS JHIHHOTO aNTOPUTMY Ui OIIYKY B CTPYKTYPi MEpeKeBUX 00’ €KTiB KOMIOHEHT CHIBHOI
3B’SI3HOCTI, CTIMKOTO 0 3MiH CTPYKTYpH 00’ €KTIB Ta TAKOTO, 110 Ma€ IOJIIHOMiadbHy OOUUCTIOBANBHY CKIAIHICTb.

Metoa. ®i3udHuMit 00’ €KT, IO MiUIATAE TOCTIHKEHHIO MOICIIOETHCS 3B’ I3HHM Opi€HTOBAaHUM rpadom. s BU3HaYeHHS B
CTPYKTYpPi MOJEIBHOTO rpada KOMIIOHEHT CHIJIBHOI 3B’SI3HOCTI 3aCTOCOBAHO iICl0 aHali3y HAasBHOCTI MPSAMHX i 3BOPOTHHX
TPaH3UTUBHHX 3aMKHEHb MiXK BCIMa IapaM¥ BEPIIMH MOAEIBHOTo rpada. OCKITBKH MiX BciMa MapamMy BEpIINH, 10 BXOISThH
B OyZAb-sIKy KOMIIOHEHTY CWJIBHOI 3B’SI3HOCTI, icHye MapumpyT (abo ayra), mo ix 3B’A3ye, TO B MaTpHILi TPaH3UTUBHUX
3aMKHEHb OIHAPHUX BiJHOIICHh TAKOro Tpady 3aBKIH ICHYBATUMYTh OJHUHHUYHI OJIOKH (YIIIJIBHEHHS TPaH3UTHBHOCTI).
Oxpemi eneMeHTH LUX OJIOKIB B MaTpulli TPAaH3UTHUBHUX 3aMKHEHb PO3KHAAHI NEBHUM YMHOM. AHAI3ylOYHM MAaTPHIIO Ha
HasBHICTb OJHAKOBHX 32 CKJIAJOM pSIKIB Ta OJZHAKOBUX CTOBIIIIB, MOXKHa BCTaHOBUTH IX NPHHAIEKHICTH O TEBHHX
OoIMHUYHUX OnokiB. Ilicis Takoro aHamisy i IpyHyBaHHS BiANOBIAHUX PAIKIB 1 CTOBIIIB B OAMHWYHI OJIOKM MOXHA
BU3HAYHTH KUIbKICTh KOMIIOHEHT CHIIBHOT 3B’ I3HOCTI, a TAKOXK 1HAEKCHHUH (BEPIIMHHMIT) CKJIa] KOKHOT KOMITOHEHTH.

Jns noOynoBu MaTpuili TPaH3UTUBHHUX 3aMKHEHb OIHAPHUX BiJHOLIEHb MOXKHA 3aCTOCOBYBATH OyIb-sIKMH 3 BiIOMHUX
ITOPUTMIB, IPO 10 HeTbes B crarTi. OTKe, JIHIMHUN alIrOpyuTM, 110 MPOMOHYETHCS B LIl CTATTi, YMOBHO JUIUTHCS HA JBa
OCHOBHI €Talu: NepUIMi — MOIIYK TPAH3UTUBHUX 3aMKHEHb OIHAPHUX BiJHOLICHb MOJIEILHOTO OPIEHTOBAaHOTO rpada; Ipyruit
— BH3HAUYCHHS MATpPUIi 3BOPOTHHUX JOCSKHOCTEH rpada, BH3HAYEHHS MATpPHI B3a€EMHHUX JOCSDKHOCTEH, 1 IMONIYK B CKIIami
OCTaHHBOT OIMHMYHKX OJIOKIB IIJSIXOM BUIIMKOBYBaHHs iX Ha FOJIOBHIHM JliaroHai MaTpHIIi.

PesyabTraTu. 1) Po3poGiieHO TeOopeTHYHYy OCHOBY aHali3y MaTpHULll TPaH3UTUBHUX 3aMKHEHb OIHAPHUX BIJHOLIEHb
MOJIEJILHOT'O OPIEHTOBAHOTO Tpada 3 METOK BU3HAUCHHS B HOTO CKJIal KUIBKICHOTO 1 IHAEKCHOTO CKJIaJly KOMIIOHEHT CHIIbHOT
3B’s3HOCTI; 2) B Tepminax Teopii rpadis ¢popmanizoBaHO MOIIYK KOMIIOHEHT CHJIBHOI 3B’S3HOCTI B CTPYKTYPl MEPEXEBOro
00’ekra; 3) BukoHano Bepudikalito po3po0IeHOro alropuTMy Ha HOTO 3[JaTHICTh BU3HAYATH B CTPYKTYpI Opi€HTOBAHOTO
rpaj)a KOMIOHEHTU CHUJIBHOI 3B’ 3HOCTI.

BucHoBku. [IpoBeseHi TeopeTHUHI AOCHIPKEHHS Ta HU3Ka MPOBEJCHUX CKCIIEPHUMEHTIB MiATBEPKYHOTh MOXJIHMBICThH
BUKOPHUCTAHHs IPOIOHOBAHOIO alrOPUTMYy B 3a/adaX CTPYKTYpHOIO aHallizy MepexeBuUX 00’ekTiB. OCKUIBKM Yy XOAi
TEOPETUYHHUX JIOCIIKCHb BUKOPUCTaHI 100pe BiIOMI MOJIOKEHHS Teopii rpadis, sSKi TPAKTYIOThCS B Iill TeOpii OHO3HAYHO,
BIJICYTHICTh Oynb-KHMX HMMOBIPHICHUX IPOLIECIB, JO3BOJIIOTH BBa)KaTH PO3pOOJIEHUH anropuTM TouHuM. IlomiHoMianbHi
OIIIHKH HOT'0 OOYUCITIOBANILHOT CKJIaTHOCTI JO3BOJISIOTH HOr0 BUKOPUCTOBYBATH B MacIlTall peaibHOTO Yacy.

KJ/JIIOYOBI CJIOBA: mepexeBuil 00’ekT, ypaxeHHs 00’€kTa, opieHToBaHuil rpad, BepummHa rpada, TpaH3UTUBHE
3aMKHEHHsI, KOMIIOHEHTa CHIIFHOT 3B’ I3HOCTI, MAaTPHIISl, FOJIOBHA [iarOHajIb MAaTPUIl, ONMHUYHHHN OJIOK, alTOPHTM.

© Batsamut V. M., Bashkatov Y. H., Morkvin D. A., Tolstonosov D.Yu., Sakhnevych B. V., Solodun Y. M., 2026 8 @ G) @
OPEN ACCESS

DOI 10.15588/1607-3274-2026-2-13

156



p-ISSN 1607-3274 PagioenexrpoHika, iHpopmaTuka, ynpasainss. 2026. Ne 2
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2026. Ne 2

JITEPATYPA
1. Introduction to algorithms / Thomas H. Cormen [et al.]. —
Cambridge : MIT Press, 2009. — 1292 p.

2. Aho A. V. The Design and Analysis of Computer 10.

Algorithms / Alfred V. Aho, John E. Hopcroft, Jeffrey
D. Ullman. — [S. 1.] : Addison-Wesley, 1974. — 482 p.
3. Demetrescu C. Fully Dynamic Transitive Closure:

Breaking Through the O(n?) Barrier/ C. Demetrescu, 11.

G. F. Italiano // Proceedings of FOCS 2000. — [S.1],

2000. —P. 381-389. 12.

4. Tarjan R. E. Depth-first search and linear graph
algorithms / R. E. Tarjan / SIAM Journal on Computing.

—1972. - Vol. 1, no. 2. — P. 146-160. 13.

5. Gabow H. N. Path-based depth-first search for strong and
biconnected components/ H.N. Gabow // Information

Processing Letters. — 2000. — Vol. 74, Ne 3-4. — P. 107—  14.

114.
6. Kpucrodpunec H. Teopust rpadoB. AJITOpUTMUYECKUIH
noaxox / H. Kpucropunec. — M.: Mup, 1978. —432 c.

7. Alshomrani S. An extended experimental evaluation of  15.

SCC (Gabow’s vs Kosaraju’s) based on adjacency list /
S. Alshomrani, G. Igbal // Global Journal of Computer

Science and Technology. Series E, Network, Web &  16.

Security. — 2013. — Vol. 13, Ne 11. — P. 68-74. — ISSN
0975-4350
8. Tarjan R. E. Finding strong components using depth-first

search / R. E. Tarjan, U. Zwick // European Journal of  17.

Combinatorics. — 2024. — Vol. 119, Ne 2. — Art. 103815.
DOLI: 10.1016/j.€jc.2023.103815

9. Dhingra S. Finding strongly connected components in a
social network graph / S. Dhingra, P. S. Dodwad,

DOI 10.15588/1607-3274-2026-2-13

M. Madan // International Journal of Computer
Applications. — 2016. — Vol. 136, Ne 7. — P. 1-5. DOL:
10.5120/ijca2016908481

Nuutila E. On finding the strongly connected components
in a directed graph / E. Nuutila, E. O. Soisalon-Soininen
/I Information Processing Letters. — 1994. — Vol. 49,
Ne 1. —P. 9-14. DOI: 10.1016/0020-0190(94)90047-7.
Lipskyy V. Combinatory for programmers / V. Lipskyy.
— M.: Mir Press, 1988. — 213 p.

Warshall S. Algorithm on Boolean matrices / S. Warshall
// Journal of the ACM. — 1962. —Vol. 9, Ne 1. - P. 11-12.
DOI: 10.1145/321105.321107

Floyd R. Algorithm 97 : Shortest path / R. Floyd //
Communications of the ACM. — 1961. — Vol. 5, Ne 6. —
P. 345. DOI: 10.1145/367766.368168

Warren H. A modification of Warshall’s algorithm for
the transitive closure of binary relations / H. Warren //
Communications of the ACM. — 1975. — Vol. 18, Ne 4. —
P. 218-220.

Bellman R.On a Routing Problem / R.Bellman //
Quarterly of Applied Mathematics. — 1958. — Vol. 16,
Ne 1. —P. 87-90.

Shimbel A. Structural parameters of communication
networks / A. Shimbel // Bulletin of Mathematical
Biophysics. — 1953. — Vol. 15, Ne4. — P.501-507.
DOI: 10.1007/BF02476438

Batsamut V. Fast Algorithm for Calculating Transitive
Closures of Binary Relations in the Structure of a
Network Object / V. Batsamut, S. Manzura, O. Kosiak et
al. // International Journal of Computing. — 2021. —
Vol. 20, Ne 4. — P. 560-566. DOI: 10.47839/ijc.20.4.2444

© Batsamut V. M., Bashkatov Y. H., Morkvin D. A., Tolstonosov D.Yu., Sakhnevych B. V., Solodun Y. M., 2026 8 @ G) @
OPEN ACCESS

157





