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ABSTRACT

A proper edge-coloring of a graph G is a mapping a: E(G) — N such that
a(e) # a(e’) for every pair of adjacent edges e and ¢’ in G. If @ is a
proper edge-coloring of G and v € V(G), then S; (v, a) denotes the set of
colors appearing on edges incident to v. A proper edge-coloring a of a
graph G with colors 1, ..., t is called a near-interval t-coloring if all colors
are used, and for each vertex v € V(G), S; (v, @) is an interval of integers
with no more than one gap. If agraph G has such a coloring, the minimum
number of colors in a near-interval coloring of a graph G is denoted by
w(G). It is known that all complete bipartite graphs admit near-interval
colorings. In this paper, we propose an integer linear programming (ILP)
model to determine or bound the parameter w'(K,,,) (m,n € N) for
complete bipartite graphs.

Keywords: proper edge-coloring, near-interval coloring, interval color-
ing, complete bipartite graph, integer linear programming.

Introduction

We use [1, 2] for terminology and notation not defined here. All graphs con-
sidered are finite, undirected, and contain no loops or multiple edges. For a graph
G, V(G) and E(G) denote the sets of vertices and edges of G, respectively. The de-
gree of a vertex v € V(G) is denoted by d;(v), the maximum degree of G by
A(G), the chromatic index of G by x'(G), and the diameter of G by diam(G).

A proper edge-coloring of a graph G is a mapping a: E(G) — N such that
a(e) # a(e") for every pair of adjacent edges e and e’ in G. If a is a proper edge-
coloring of G and v € V(G), then S; (v, a) (or S(v, @)) denotes the set of colors
appearing on edges incident to v. The smallest and largest colors of S(v, a) are de-

noted by S(v, @) and S(v, a), respectively. A near-interval t-coloring (or interval
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(t, 1)-coloring) [3, 4] of a graph G is a proper edge-coloring a: E(G) - {1, ..., t}
such that all colors are used and, for every vertex v € V(G),
de(v)—1<SWw,a) =S, a) <d;(v).

Equivalently, S; (v, @) is an interval of integers with no more than one gap. A
graph G is near-interval colorable if it has a near-interval t-coloring for some t € N.
The set of all near-interval colorable graphs is denoted by 9. For a graph G € 9!, the
minimum number of colors in a near-interval coloring of G is denoted by w(G).

Near-interval colorings were introduced by Petrosyan and Arakelyan [4] as a nat-
ural generalization of interval edge-colorings [5, 6]. Upper bounds on the number of
colors in near-interval colorings in terms of 4(G), diam(G), and |V (G)| were ob-
tained in [3, 4]. Recently, Casselgren, Matafiejski, Pastuszak and Petrosyan [7] proved
that for subcubic graphs G the problem of determining the exact value of w(G) is
NP-complete. They also showed that all complete bipartite graphs belong to 9t* and
initiated the determination of wl(Km,n) as a natural open problem. For complete bi-
partite graphs, some upper bounds and exact values were obtained in [8].

A complementary line of work uses integer linear programming (ILP) as a
computational tool for interval edge-coloring problems. In [9] and [10], ILP formu-
lations and modern solvers were used to study interval colorings and minimum-
deficiency problems, showing that well-designed models can produce strong
bounds together with certificates of optimality and can therefore serve as an effec-
tive aid in conjecture testing. Motivated by these developments, we formulate an
ILP model adapted to near-interval colorings of complete bipartite graphs and use
it to compute wl(Km,n) for a range of small instances, providing explicit colorings
and additional evidence for the structure suggested by existing results.

Integer Linear Programming Model

Our computational approach is guided by integer programming formulations
for minimum-deficiency interval coloring developed in [9]. That work discusses
four closely related modeling perspectives. In the complete bipartite setting consid-
ered here, three of these formulations become equivalent at the level of their linear
programming relaxations, leaving essentially two distinct integer formulations,
commonly denoted by IP1 and IP2. Since the benchmark experiments in [9] did not
report meaningful differences between IP1 and IP2 for the types of instances and
objectives relevant to our study, we adopt an IP1-type formulation as it is also the
most direct to implement for K, ,, in an edge-indexed manner.

We adapt this IP1-type formulation to near-interval edge-colorings. The model
minimizes the number of used colors while enforcing (i) a proper edge-coloring

and (ii) the near-interval condition via the span constraint S(v, @) — S(v, @) <

d;(v) at every vertex.
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Finally, we incorporate symmetry breaking as described in [9] to reduce the
color-permutation symmetry inherent in edge-coloring models. Concretely, we en-
force that the set of used colors forms an initial segment {1,2, ..., t} by the mono-
tonicity constraints y, > y.,1, which prunes equivalent solutions without changing
feasibility or optimality.

Let G =Ky, with bipartition V(G) =XUY:X = {x1,x5,...,x,},Y =
{v1,Y2, ., Yn} . Also let C = {1,2, ..., Cnax} be the set of available colors. It is
known that w(Kp,) <n+m—gcd(nm) ; therefore, Cpgr=n+m-—
gcd(n, m). We will denote the coloring derived from the optimal solution of the
model described below as a. We introduce the following variables:

Yu € X,v € Y:xy, €{0,1}: 1 if edge (u,v) is colored with color c, 0
otherwise.

¥c € {0,1}: 1 if color c is used in the coloring, 0 otherwise.

Vu € X:zL, . € {0,1}: 1 if color c is used on some edge incident to vertex
u € X.

Vv € Y:zR, . € {0,1}: 1 if color c is used on some edge incident to vertex
vEeY.

Yu € X:minL, € {1, ..., Cnax }: Minimum color used at vertex u € X.

Yu € X:maxL, € {1, ..., Cnax }: Maximum color used at vertex u € X.
Yv € Y:minR, € {1, ..., Cjpax}: Minimum color used at vertex v € Y.

Vv € Y:maxR, € {1, ..., Cnax}: Maximum color used at vertex v € Y.

We add a constraint to ensure that each edge receives exactly one color:

V(u,v) € E: wac =1

ceC

We add the following constraints to ensure the proper edge coloring:

Yu € X, Vc € C: mes1
VEY
Vv eY, VceCcC: me,cS1

uex

We add a constraint to ensure that if any edge is colored with color c, then
V. = 1:

Vc € C: Z Xuve < Ve |E(G)|
(u,v)EE(G)

We add a constraint to ensure that if color ¢ + 1 is used, then color ¢ must also
be used:

Vc € {1' e Cmax - 1}: Ye = Ye+1

We add the following constraints to make sure zL,, . and zR,, . variables are
correct:

11
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Vu€X,Vcel: zL,, =quvc

VEY

vveY,Vcel: zR,. = Z Xyve

uex
We add the following constraints to ensure that minL,, and minR,, variables

are not greater than the minimum colors S(u, «) and S(v, @), respectively.

Vu € X, Vc € C: minLy < ¢+ Crgx(1 — 2Ly
VveY, VcelC: minR,<c+ Cmax(l - ZRUJC)
We add the following constraints to ensure that maxL,, and maxR,, variables
are not less than the maximum colors S(u, a) and S(v, a), respectively.
Vu €X, Vc €C: maxLy = ¢ — Copax(1 — 2Ly
Vv EY, Vc € C: maxR, = ¢ — Cpax(1— 2R,
We add two more constraints to make sure the resulting coloring will be a near-
interval coloring:
Vu € X: maxL, —minL, < d;(u)
Vv eY: maxR, — minR, < d;(v)
And finally, we add the objective to minimize the total number of colors used:

min z Ve

CcecC
It is easy to see that any feasible solution in the search space to the model

described above will correspond to a near-interval coloring, and the optimal one
will result in a near-interval ¢ coloring, where t = w!(K,,,,). All variables and
constraints are implemented using Gurobi’s Python API and can be verified in the
source code at our github repository.

Main results

Recently Petrosyan and Tsirunyan obtained the following results.
Theorem 1. [8] For any n, k, c € N with ¢ < k, we have
Wl(Kn,(n+1)k—c) =m+Dk—c.
Corollary 1. [8] For any n € N, for any m € N with n? < m, we have
wh(Kpn) = m.
Proposition 1. [8] For any m,n € N, we have
Wl(Km'n) <m+n+min{—gcd(m,n),1 — gcd(m + 1,n),
1—-—gcdimn+1),2—gcd(m+1,n+ 1)}
Corollary 2. [8] For anyn,m € Nwithm <nandn+1 =0 (mod m+ 1),
we have
n<w(Kpyn) <n+ 1.
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Using the integer linear programming model described above, we were able to
obtain the following result.

Theorem 2. For any n,m € N with m <n, max(n,m) <20andn+1=
0 (mod m + 1), we have w*(K,, ) = n.

Proof. For the cases n =m and m = 1 the proof is trivial as w(K,,) =
w(Ky,) =n. In case m = 2, there are no pairs (2,n) such that n < m? andn +
1 =0 (mod 3) . Therefore, using corollary 2 we can deduce that for any
w(Ky,) = nwhere n = 2 (mod 3).

To complete the proof, it is sufficient to prove the statement above for pairs
(3,7), (3,11), (3,15), (3,19), (4,9), (4,14), (4,19), (5,11), (5,17), (6,13),
(6,20), (7,15), (8,17), (9,19). You can find all colorings for the given complete
bipartite graphs below.

Table 1. The near-interval 7-coloring of K3 ;.

Vi Y2 V3 Va Ys Ve Y7
x, 2 1 7 4 5 3 6

x, 4 2 6 5 7 1 3
x; 1 3 5 7 6 2 4

Table 2. The near-interval 11-coloring of K3 ;5.

Vi Y2 Y3 Ya Vs Ye Y7 Ys Yo Yio Y11
x 8 1 4 5 107 2 6 3 9 1

x, 6 2 1 4 9 8 3 7 5 11 10
x3 5 3 2 7 11 101 4 6 8 9

Table 3. The near-interval 15-coloring of K3 ;5.

Vi Y2 V3 Ya Y5 Y6 Y7 Vg8 Vo V1o V11 Y12 Y13 Y14 Yis
x 1 9 1315118 7 2 1410 12 5 6 3 4

x, 2 1015149 116 4 128 13 3 7 1 5
x3 3 1214138 109 1 157 11 6 5 4 2

Table 4. The near-interval 19-coloring of K3 ;4.

Y1 Y2 Y3 VaYs Yo Y7 VY8 Yo Y10 Y11 Y12 Y13 Y14 Y15 Y1e Y17 Y18 Y19
x, 17154 6 9 103 5 1114 16 18 2 12 19 13 8 1 7

x, 18175 7 129 2 3 1015 13 19 1 11 16 14 6 4 8
x319163 8 107 1 6 1312 15 17 4 14 18 11 9 2 5

13
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Table 5. The near-interval 9-coloring of K, q.

Yi Y2 Y3 Ya Vs Ye Y7 Ys Yo
xz 6 4 5 7 9 2 1 8 3

x, 8 1 6 9 7 3 5 4 2
x3 9 3 7 6 8 1 2 5 4
x, 7 2 9 8 5 4 3 6 1

Table 6. The near-interval 14-coloring of K, ;4.

Y1 Y2 Y3 YaYs Yo Y7 Y8 Yo Yio Y11 Y12 Y13 V14

x 10129 4 7 135 142 8 3 6 1
x8 115 2 10149 123 6 1 7 4
x36 137 5 9 128 111 10 4 3 2
x, 9 148 1 11106 135 7 2 4 3

Table 7. The near-interval 19-coloring of K, ;0.

V1 Y2 Y3 Ya Ys Yo V7 Y8 Yo Y10 Y11 Y12 Y13 Y14 Y15 Y16 Y17 Y18 Y

x; 6 1181912 51017 7 9 15 16 11 13
x, 4 5161510 2 11 19 8 17 18 12 14
x3 8 31418 9 1 1215 11 19 17 13 16
x, 5 2 1517 13 4 14 18 7 16 19 10 12

o O ©

Table 8. The near-interval 11-coloring of K5 ;5.

Yi Y2 V3 Ya Ys Ye Y7 Ys Yo }’;0 Y11

x, 5 1 4 9 3 8 10 11 6
x, 3 4 2 8 1 10 11 9 7 6
x; 1 3 5 10 2 7 6 8 9 11
x, 6 2 3 7 4 11 9 10 5 8
xs 2 6 1 11 5 9 8 7 4 10

Table 9. The near-interval 17-coloring of Ks 5.

V1 Y2 Y3 Ya Vs Ve Y7 Y8 Yo V1o Y11 V12 Y13 Y14 Y15 Yie V17

x, 716156 11 9 1714 2 5 4 10 12 13
x, 6 11171012 7 1513 1 2 8 14 16
x3 41312 7 9 8 1416 5
x, 91214 8 7 101317 4
x5 8 14131110 5 1615 3
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X1
X2
X3
X4
X5

X1
X2
X3
X4
X5
X6
X7

X2
X3
X4
X5
X6
X7
Xg

Table 10. The near-interval 13-coloring of Ky ;3.

Y1 Y2 Y3 Ys Vs Yo Y7 Vg Vo V1o V11 V12 V13

4

N Ol NP

3819 5117
7 9 5132106
6 124111 8 5
4 10 7 12 3 13 2
1133 86 9 4
511210 7 12 3
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Table 11. The near-interval 20-coloring of Ky 5.

Y1 Y2Y3Y4Ys Yo Y7 Y8 Yo Y10 Y11 Y12 Y13 Y14 Y15 Y1ie Y17 V18 V19 Y20
11 12 13

7 10 9
6 13 8
10 8 11
9 11 12
8 9 10
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Table 12. The near-interval 15-coloring of K ;5.

Y1 Y2 V3 Y Vs Ve Y7 Vg Yo Yo Y11 Y12 Y13 YV1a Vs
12 14 11 6
11 12 13 4
14 9 157
10 13 14 1
15109 5
13 11 12
9 15 10
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Table 13. The near-interval 17-coloring of Kg ;5.

Y1 Y2 V3 Y4 Vs Ve Y7 Vs Yo Yo Y11 Y12 Y13 YV1a Vs }1176 Y17
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Table 14. The near-interval 19-coloring of Ko ;4.

Y1 Y2 Y3 Ya Ys Ve Y7 Y8 Yo V1o V11 V12 V13 V14 V15 YVie V17 V18 V19

x, 31412 7 8171 41011 2 16 6 18 9 19 5 15 13
x, 5191611 3146 2 8 17 9 12 1 13 4 10 7 18 15
x3 118154 212103 5 14 6 11 7 19 8 13 9 16 17
x, 21711 6 7159 5 1 13 4 14 10 16 3 12 8 19 18
xs 911145 6193102 16 8 18 4 17 7 15 1 13 12
X 6 1519 91011 7 8 4 18 5 13 2 12 1 16 3 17 14
x; 71317 2 516 4 9 3 12 1 15 8 11 10 18 6 14 19
xg 8 121310 4185 1 9 19 7 17 3 15 6 14 2 11 16
xg 41618 8 1132 6 7 15 3 19 9 14 5 17 10 12 11
O

Based on our computer experiments, we strongly believe that the following
conjecture is true.

Conjecture 1. Foranynme Nwithm<nandn+1 =0 (mod m+ 1),
we have w!(Ky, ) = n.

As a result of our computer experiments we have found the exact values of
K m foralln,m € N withn,m < 20.

Table 15. Exact values of w(K,, ,,) with n,m < 20.

nm{1 |2 [3 4|56 |7 (8|9 |10/11]12|13]|14|15|16|17]18]19|20
1 112 |34 |5|6 |7 |8 |9 |10|11]12|13]14|15|16|17|18]19|20
2 |2 |2 |3 (41|56 |7 (8 ]9 |10]{11|12|13|14|15|16|17/18|19|20
3 |33 3|46 (6|7 (8 (9 |10{11|12]|13|14|15|16|17/18|19|20
4 |4 141414 |5 1|7 |8 |8 ]9 |10/12|12|13]|14|15|16|17]18]19|20
5 |5|516 |55 619 |10]/10{10|11]12|14]15|15/16|17|18]20|20
6 |66 |6 |7 |6 |6 |7 |10]11}12|12]|12|13|14|16/17]18]18]19|20
7 |7 |7 |7 (8 1(9 (7 |7 (8 [12|13]|14|15]|14|14|15|16]19/20|21|21
8 |8 |8 |8 |8 [10/10|8 (8 [9 |13|15|15|17|17|16|16|17|18|21|22
9 191919 |9 |10|11|12]9 |9 |10|15|16|17|18|19/20|18|18|19|20
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18|19|17)|18|22|22|23|24|25|24|17|17|18|27|30
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Observation. For all n,m € N with n,m < 20 we have the following:
w (Knm) ) _
nT_;ln%)zCo (max(n,m)) =15
Proof. It is easy to see from Table 1 that this value is correct and was achieved
usingn =17,m=200rn =20,m =17 0O

Conclusion

This work is devoted to the study of near-interval colorings of complete bipar-
tite graphs. In particular, new exact values of wl(Km,n) were obtained for some
complete bipartite graphs.

The main results obtained in this work are the following:

Foranyn,m € Nwithm < n, max(n,m) <20andn+1=
0 (mod m + 1), we have
w(Kpn) = n.

For all n,m € N with n, m < 20 we have the following:

max. (wl(Kn,m)/max(n, m)) =15

We also formulate the following conjectures:

Foranyn,m €e Nwithm <nandn+ 1 = 0 (mod m + 1), we have

w(Kpn) =1
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MOJEJb HEJTOYUCJIEHHOI O JUHEMHOI' O
NPOTPAMMUMPOBAHUA JJIs1 UCCJIEJOBAHUSA MTOYTH-
HUHTEPBAJIBHBIX PEBEPHBIX PACKPACOK
B.JI. Hupynan
Epesanckuii 2ocyoapcmeeHHblil YHugepcumem
ORCID: https://orcid.org/0009-0000-9465-4176

AHHOTAIUA

IIpaBunbHOM pebepHOl packpackoil rpada G Ha3bIBaeTCs OTOOpakeHUe
a: E(G) — N, takoe uro a(e) # a(e") mia mr060ii mapbl CMEXHBIX pe-
Gep e u e’ pada G. Eciu a-mipaBmiabHas pebepHas packpacka rpada G u
v € V(G), To uepe3 S; (v, &) 0003HAYACTCS MHOXKECTBO I[[BETOB, BCTPEYAIO-
IMIXCS Ha pedpax, HHIHICHTHBIX BEPIINHE V.

IIpaBunbHas pebepHas packpacka a rpada G nseramu 1, ..., t Ha3bIBaeT-
CsI «TIOYTH-MHTEPBABHON t-pacKpacKoii», eCIIM HCIIONB3YIOTCS BCE IBETA
U s Kaknoit BepuiuHel v € V(G) MHOKeCTBO S;(V, @) SIBISICTCS UH-
TEPBAJIOM IIENBIX YHCEN, COAepKaIIUM He Ooxee oxHOTO paspeiBa. Ecmm
rpa¢d G moImycKaeT TaKylo packpacKy, TO MHHAMAalIbHOE YHCIIO I[BETOB B
MOYTH-UHTEPBAILHON packpacke rpada G oboszHaudaercs uepes wl(G).
H3BecTHO, YTO BCE MOJHBIE BYAOJbHBIE TPadbl JOMYCKAIOT IOYTH-UH-
TepBaIbHbIEC PACKPACKH.

B naunoit paboTe mpemiaraercst MOJAENb IETOYUCICHHOTO JMHEHHOTrO
IPOrpaMMHPOBAHHS LTS OTIPEIEIEHNs WK OLeHKH napamerpa W (K, )
(m,n € N) s NONHBIX IBYIOJIBHBIX TpadoB.

KuroueBble c/10Ba: IpaBUIbHAS peOepHas packpacka, TOYTH-HHTEPBATb-
Has pacKpacka, MHTEepBajJbHas packpacka, IOJIHBIH IBYJONbHBIN Tpad,
IeJIOYHCIICHHOE JINHEHHOE TIPOTpaMMHUPOBAHHE.
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ABSTRACT

Proper edge-coloring of a graph is a mapping from its edges to natural
numbers so that adjacent edges receive different numbers (colors). The
edge-chromatic sum of the graph is the minimum sum of the colors on all
edges among all proper edge-colorings of the graph. This work aims to
find lower and upper bounds of the edge-chromatic sum parameter of
graphs. Two lower and two upper bounds are obtained, they are compared
with some existing results. It is also shown that both bounds are efficient
for certain classes of graphs and for each bound there are graphs, for
which it is more efficient than the other one.

Keywords: edge-chromatic sum, proper edge-coloring.

Introduction

A proper vertex-coloring (edge-coloring) of a graph G is a mapping from its
vertices (edges) to numbers 1, 2, 3, ... so that adjacent vertices (edges) map to dif-
ferent numbers. The vertex-chromatic (edge-chromatic) sum of the graph is the
minimum sum of colors on all vertices (edges) in any proper vertex-coloring (edge-
coloring). It is denoted by 2(G) (Z'(G)).

The problem of finding the vertex-chromatic sum of the graph or shortly the
chromatic sum problem was first suggested by Supowit in 1987 [1] and inde-
pendently by Kubicka and Schwenk in 1989 [2]. Similarly, in 1998, Bar-Noy et al
defined the problem of finding the edge chromatic sum [3]. The problems have
applications in integrated circuit design and resource allocation [1, 2, 3]. Both prob-
lems are NP-complete in general [2, 3] but a lot of estimation results are known for
both parameters. Thomassen et al. [4] showed that for any graph G, Z(G) <
|V (G)| + |E(G)]. They also showed that for any graph G with no isolated vertices

[w/8|E(G)|] < 2(G) < 3|E(G)| . Kokosinski and Kwarciani obtained X(G) =

V(G)| + w for any graph in [5]. Other general bounds for £(G) can be

found in [5, 6, 7]. Salavatipour found the exact value of the edge-chromatic sum of
chain bipartite graphs and a tight upper bound for split graphs [8]. Petrosyan and
Kamalian provided the exact value of the edge-chromatic sum of complete graphs
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and two upper bounds for certain split graphs [9]. Petrosyan found an upper bound
on edge-chromatic sum of almost regular graphs in [10].

Despite many results on specific graph types, a comprehensive analysis of the
lower and upper bounds of edge-chromatic sums for graphs in general is an area of
examination yet. Our goal is to find the lower and upper bounds of edge-chromatic
sums depending on the main parameters of the graph, such as vertex count, edge
count, the degrees of the graph vertices, etc. We compare the existing and newly
suggested bounds, provide graph types for which the bounds are tight, and provide
graph types for each bound for which they are more efficient than the others.

Definitions

We consider only finite, undirected, and simple graphs. Basic terms not de-
fined here (graph, vertex, edge, etc.) can be found in [11]. We denote the vertex
and edge sets of graph G by V(G) and E (G) respectively. We denote by d (v) the
degree of the vertex v in the graph G and A(G) is the maximum degree in graph G.
Line graph L(G) of graph G is the graph with vertex set E(G) and the two vertices
of L(G) are connected by an edge if and only if the corresponding edges have a
common vertex in G.

The chromatic index of graph G is denoted by x'(G) and the maximum match-
ing size is denoted by a'(G). Proper edge-colorings, for which the sum of colors on
all edges is equal to ='(G) are called sum edge-colorings and the minimal number
of colors needed for a sum edge-colorings is called the edge-strength of the graph
G and is denoted by s'(G). Edge-colorings that use ¢ colors will be written edge c-
colorings sometimes. Obviously, A(G) < x'(G) < s'(G). Note that Hajiabolhas-
san [12] proved that s'(G) < A(G) + 1.

Main Results

Lower Bounds

Consider a graph G. First, consider the lower bounds on X'(G).

This simple result is mentioned as a fact that immediately derives from the
definition of edge-coloring in [13] and is also provided as a result in the context of
line graphs in [3].

Lemma 1. For any graph G, we have

! 1 1
PRGE [z > #® +5IEG)

veV(G)
Proof. Consider the sum edge-coloring a of graph G. Forany v € V(G),

de(W)(ds(v) + 1)
> .

atlvu) =21+ 2+...+d;(v) =
UENg(v)



General bounds on edge-chromatic sums of graphs

since the colors on the edges adjacent to v are natural numbers that are
pairwise distinct. On the other hand,

ZI(G)= Z a(e)=% Z Z a(vu)

e€E(G) veV(G) ueNg(v)
> 1 Z de(v)(dg(v) + 1)
-2 2
veV(G)
1 ) 1
=7 D W+ Y dw)
veV(G) vEV(G)

1 2
=2 Y @) +3IEG
veV(G)
If we use the Sedrakyan’s inequality as follows:
2
dé (v) > (Zvev(c) dc(v)) _ 4|1E(G)|?
L Q] HG]

we can obtain a lower bound that depends only on the number of vertices and edges:
Corollary 1. For any graph G,

' |E(G )I2
G) = IE @)l
2. @ [er
Since '(G) = Z(L(G)), existing results on the lower bound of £(G) can be
translated in edge-coloring terms. For instance, note that Bar-Noy et al. [3] provided

a lower bound 2(G) > |V(G)| + 'ii?' in the proof of their Theorem 4.3. If we use

2'(G) = Z(L(6)) to find a similar result for edge-chromatic sums as follows:

: [E(L@®)]
2(6) =2(L(®) = [V(L®)| + —F—F% 2(1©)
2vev(c) de(W)(de(v) — 1)

2A(L(G))
then considering A(L(G)) < 2A(G) — 2, this will not give us a better result than
Lemma 1 gives us (considering A(G) > 1):

z P2 w) + ( )] <|E(G)|_I_Zvev(a)zzgg))(ﬁi}(v)—l))2
veV(G)

L A6 = D(Eer) 95 (v) —2lE@I)
4A(G) —
There is also a lower bound of £(G) obtamed by Thomassen et al in [4], which
gives us that

= |E(G)] +

)




22 H. Mikaelyan

Z'(G)=
- 2] > dw ) - DY,

veV(G)

8|E(L(®))|

But if we compare the squares of numbers %ZUEV(G) dz(v) +%|E(G)| and

2/ Yveve)dc (W) (dg(v) — 1), we will see that the first expression is always
greater when |E(G)| > 4 (let us denote ¥,cy () d&(v) by x for simplicity):

2IE@)\"
() -4 Y a0 -

veV(G)
_ (x+2|E(G))? — 64x + 128|E(G)|
= T =
B (x + 2|E(G)| — 32)%? + 256(|E(G)| — 4) -0
B 16 =

By checking all the remaining graphs where |E(G)| < 4 manually, we obtain
that the lower bound given in Lemma 1 is always not less optimal.

Now we obtain one more lower bound.

Lemma 2.

For a graph G and any integer k that satisfies 0 < k < s'(G) + 1, we have:

Z'(G) >k (IE(G)I — w> +

(s'(G) —k)(s"(G) —k + 1)
+ > .

Proof. Let a be any sum edge s’(G)-coloring of G. For each colori (1 < i <
s'(G)), denote the number of edges that are assigned with the color i in a by c;.
We know that 1 < ¢; < a'(G). To complete the proof, we can see that for any 0 <
k <s'(G),

) s'(6) s'(6)
Z(G) _ Z P = Z(k+(i—k))-ci=
s(G)
Zk c; — Z(k—l) c; +
s'(6) s'(6)

+ z (i—k)-¢; = k|IEG)| - Z(k D¢ + Z (—k) ¢

i=k+1 i=k+1
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s'"(6)

k

ZklE(G)I—Z(k—i)-a’(G) + Z (i—k) -1 =
i=1 i=k+1
- k<|E(G)| _w

(s'(G) —k)(s'(G) —k + 1)
+ > .

Note that under ¥:2_, we understand 0 if a > b. If we do the division of the
summands not between k and k + 1, but between k — 1 and k, we can obtain the
same result for k = s'(G) + 1 as well.

For the vertex-chromatic sum, Kokosinski and Kwarciany provided a lower
bound, edge-coloring version of which can be obtained if we put k = 1 in the
lemma above. Lecat, Lucet, and Li [7] obtained a result on £(G), which, if trans-
lated into edge-coloring terms, is similar to the result of the lemma above. They

claim that the best estimate is obtained when k = [%J + 1.

Since a’(G) < ['V(Z—G)'J and s'(G) = A(G), we can obtain the following corol-

lary as well:
Corollary 2. For a graph G and any integer k that satisfies 0 < k < A(G) + 1,
we have:

ZI(G) >k <|E(G)| _k ; 1 [|V(ZG)| ) + (A(G) — k)(AZ(G) —k+ 1).

Note that here the upper bound of k is set to A(G) + 1 instead of s'(G) + 1
since the inequality (s"(G) — k)(s'(G) —k + 1) = (A(G) — k)(A(G) —k + 1) is
not true for A(G) + 1 < k < s'(G) + 1.

Upper Bounds

Now we proceed to the upper bounds.

Lemma 3. For any graph G,

Y=g Y dw.

veV(G)
Proof. We use the fact })'(G) = X(L(G)) here. Thomassen et al. also showed
[4] that }:(G) < |V(G)| + |E(G)]. By placing L(G) instead of G, we get
Y(L(®) < [v(L@®)| + [E(L(®)]
A N QICHOLE

2
veV(G)

1 1 1
= E@I+3 ) @0 -5 Y d) =5 Y diw),

veV(G) veV(G) veV(G)
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There is an upper bound obtained by Thomassen that states that }.'(G) <
3|E(G)| if G has no isolated vertices. This means that if there are no adjacent ver-
tices of degree 1 in G, then Y'(G) < %ZUEV(G) dq(v)(dg(v) — 1). Let us compare
this upper bound with the result of the lemma above. We see that

2 Sver() A6 ) (ds (V) = 1) = 3 Bveve) 42 (0) = Boerey ds @) (de () = 2) =
Yuver(e)(dg () + dg(v) — 3).Since for each edge uv € E(G), at least one from
u and v has a degree greater than 1, this sum is always non-negative. This gives us
that the upper bound of the lemma is more optimal.

We prove one more upper bound.

Lemma 4. For any graph G,

! 1
> @ = EG@IXG) + 1.

Proof. Consider any proper edge-coloring of G that uses y'(G) colors. Denote
by ¢; the number of edges colored with i. Obviously, we can reorder the colors so
that Cq > Cy == C)(’(G)'

We use the Chebyshev's sum inequality, which says that if we have the num-
bersa; = a, =...2 azand by < b, <...< by, then

n n n
D ans (1Y a2
—)a - )a - .
n N k5 k
k=1 k=1 k=1

If we replace n with ¥'(G), a; (i = 1,2,...,n) with ¢;, and b; with

1,2,...,n, we get
x'(6) x' (@) X' (©

1 1 1
7@ kzl S\ T kzl “Nr@ kzl “f

Y < ch":(f) kcy, and the number ng;(f) ¢y is exactly |E(G)|. Placing

those values in the inequality above, we get
' YGOXG)+ 1)  [EGIG'G)+ 1)
> @ <@ = .
x'(G) 2 2

Note that there is also a similar upper bound for vertex-chromatic sums, which
is briefly described in [14]. Giaro and Kubale [13] mention an upper bound for
bipartite graphs that is always less optimal than the result in the lemma above, since
x' (@) = A(G) for bipartite graphs.

Since ¥'(G) < A(G) + 1, we can write also the following:

Corollary 3. For any graph G,

! 1
D76 <SIEGIBE) + 2),




General bounds on edge-chromatic sums of graphs

By collecting the results from the lemmas, we formulate a theorem about the
lower and upper bounds of any graph:

Theorem 1.

For any graph G, we have

! 1
Z(G)Z[Z S @@ +51E@| &
veV(G)
Y@= k(isn - “PH=2)
RUORIGGRIE o

0< k<s'(6)+1),
! 1
D@ =5 ) dw), ©)

VeV (G)

! 1
D @ E@IX @+ 1D @

In order to show the efficiency of each lower and upper bound, we provide:
1. Graphs, for which the bound is tight,
2. Graphs, for which the bound is better than the other bound.

First, consider r-regular graphs of order n, where r > 2. In this case, from (1),

we obtain ¥'(6) = 222 "T(TH) ,and (4) gives us that ¥'(G) < M For class 1

graphs among such graphs (which are known to exist), we have s '(G) = r. Hence,
the two bounds coincide, yielding a tight bound in both cases.
Now consider the star graphs. If we put k = 0 in the bound (2), we get }.'(G) =

M, and the bound (4) gives us that })'(G) < w It is not hard
to see that the bounds again coincide, yielding tight bounds for (2) and (4).

Note that for star graphs the bound (1) gives }.'(G) > [(W(G)l_lflv(a)lﬂ)], SO
for |[V(G)| > 3, it becomes not more optimal than the bound (2).

To show that the second bound is not always more optimal than the first one,
let us consider the graph provided in the Figure 1. (1) gives us the bound of 11
while (2) gives us the maximum bound 10 when k = 2.

From the upper bounds, (4) is more efficient than (3) in r-regular graphs with
r > 2

nr(x'(G) + 1) - nr(r+2) nr® nr w? wr  onr

2

4 = 4 4 2 T4 22 2
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Figure 1: Graph with an edge-chromatic sum of 12

(3) is more efficient than (4) for example in wheel graphs (Figure 2): (3)

gives the bound ”Z;rgn, while (4) gives n(y'(Wy41) + 1) = n(n + 1). Obviously,

for larger n, the upper bound (3) is more efficient.
Thereby, we showed, that for each bound there are graphs, where it is more

optimal, and in some cases, they reach the exact value of the edge-chromatic sum.

Un41 f— 13

| Un—1

Figure 2: A wheel graph W, ,
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OBHIME OHEHKMU JJis1 PEBEPHO-XPOMATHYECKHUX
CYMM I'PA®OB

I'. Mukaenan
Epesanckuii 2cocyoapcmeennbiil ynusepcumem

AHHOTAIUA

IIpaBusbHas pebepHas packpacka rpada — 3To oroOpaxeHue ero pedep
Ha HaTypajbHbIE YHCIIa TAKUM 00pa3oM, YTO CMEXHBIE pedpa MoTydaloT
pasHble yncina (1Bera). PedepHo-xpoMaTHieckas cymMMa rpada — 3To Mu-
HUMaJIbHas CyMMa IIBETOB Ha BCEX pedpax cpeau BCEBO3MOXHBIX IMpa-
BUJIBHBIX peOEpHBIX packpacok. Llenb maHHOW paOOThI — HAUTH HIDKHUE
Y BEpXHHE OLEHKH 15 TapaMeTpa pebepHO-XpOMaTHYECKOH CyMMBI Tpa-
¢oB. [ToxyueHsl 1Be HIDKHAE U JBE BEPXHHE OLICHKH, KOTOPbIE CPAaBHEHBI
C HEKOTOPBIMH CYLICCTBYIOLUIMMH pe3yJbTaTaMu. Takke MoKa3aHo, YTo
00e oleHKH 3(Q(EKTHBHBI U ONPENeICHHBIX KJIacCOB rpadoB, U IS
Ka)JIOW TPaHUIIbI CYIIECTBYIOT rpadbl, A7l KOTOPBIX oHA Oojee 3 pek-
TUBHA, YeM Jpyrasl.

KiroueBble ci10Ba: pebepHO-XpoMaTHIECKast CyMMa, IIpaBHIIbHAS pedep-
Hasl packpacka.
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ABSTRACT

Operation of UAV formations in GNSS-denied environments requires al-
ternative sources of position information that can be integrated directly
into the flight-control loop. This paper presents a leader—follower ap-
proach in which GNSS is replaced for follower UAVs using visual relative
localization computed onboard a single leader platform. The leader esti-
mates the relative three-dimensional positions of follower UAVs using
monocular vision and injects these estimates into the followers’ PX4
flight controllers through the external-vision interface. The followers rely
exclusively on the injected relative position measurements for state esti-
mation and closed-loop position control, without using GNSS or perform-
ing onboard localization. The proposed system is fully onboard, requires
no external infrastructure, and is implemented using an open-source ROS
2-PX4 software stack. The approach is evaluated in a multi-UAV soft-
ware-in-the-loop simulation under GNSS-denied conditions. Two exper-
iments are conducted: nominal formation flight to assess steady-state be-
havior, and a leader velocity sweep to analyze the effect of increased dy-
namic excitation on tracking accuracy. Results show stable follower po-
sition control using relative localization alone, with bounded error across
the tested operating range, demonstrating the feasibility of visual relative
localization as a practical GNSS replacement for leader—follower UAV
formations.

Keywords: GNSS-denied navigation; UAV formations; leader—follower
architecture; visual relative localization; PX4 autopilot

Introduction

Most multi-UAV formation and swarm systems implicitly assume the availa-
bility of absolute position estimates on each vehicle, typically provided by GNSS.
In practice, this assumption strongly constrains deployability: follower UAVs must
carry full navigation sensors, run onboard localization pipelines, and maintain
global consistency even when their role in the formation is purely reactive. This
paper adopts the opposite perspective and asks a simpler question: can GNSS be
removed entirely from follower UAVs while preserving closed-loop position con-
trol using a standard autopilot?
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We address this question using a leader—follower architecture in which all
sensing and relative localization are performed onboard a single leader UAV. The
leader estimates the three-dimensional relative positions of follower vehicles using
monocular vision and onboard state information, and streams these estimates di-
rectly into the followers’ flight controllers through the PX4 [1] external-vision in-
terface. The followers do not perform localization, do not fuse GNSS, and rely ex-
clusively on the injected relative position measurements for state estimation and
control.

Unlike approaches that require custom controllers or SLAM-based backends
[2],[3], the proposed method integrates relative localization directly into the standard
PX4 estimation and position-control loop. This allows follower UAVs to operate using
unmodified autopilot control laws while replacing GNSS with externally provided rel-
ative pose information. The system is evaluated in multi-UAV software-in-the-loop
simulation under GNSS-denied conditions, using nominal formation flight and a leader
velocity sweep to characterize stability and dynamic limits.

Related Work

GNSS-denied multi-UAV operation has been addressed through visual-inertial
SLAM, cooperative localization, and relative sensing—based formation control.
Collaborative SLAM frameworks enable multiple UAVs to estimate globally con-
sistent trajectories by sharing visual and inertial information, often using central-
ized or distributed backends [3],[4]. These systems typically require onboard per-
ception and estimation on each vehicle and rely on persistent environmental fea-
tures.Relative localization approaches avoid global mapping by estimating inter-
UAV geometry directly. Vision-based flocking and formation-control systems use
bearing-only or relative pose measurements to maintain coordinated motion under
GNSS-denied conditions, either in decentralized configurations [5][6] or hierar-
chical leader—follower architectures [7]. Such methods reduce sensing require-
ments but commonly employ custom control laws or operate outside standard au-
topilot estimation pipelines.

Leader—follower visual collaboration has also been demonstrated in indoor and
outdoor environments, where a sensing-capable leader provides relative position
information to follower UAVSs [8]. These systems illustrate the feasibility of rela-
tive localization—based coordination while differing in sensing assumptions, esti-
mator design, and control integration.

Proposed Method

A. System Overview

The proposed method replaces GNSS-based positioning for follower UAVs
using visual relative localization computed onboard a single leader UAV. The leader
performs all sensing and estimation, while followers operate using standard PX4
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estimation and position control driven exclusively by externally provided relative
position measurements. No global localization, mapping, or GNSS fusion is per-
formed on follower vehicles.

The system follows a centralized leader—follower structure in which relative
pose estimates are generated on the leader and streamed to the followers at a fixed
rate. These estimates are injected directly into the follower flight controllers via
PX4’s external-vision interface and treated as the primary position source by the
onboard estimator.

B. Visual Relative Localization

The leader UAV is equipped with a downward-facing monocular camera and
onboard state estimation. Follower UAVs are detected in the image plane using a
lightweight YOLO-based object detector with an explicit UAV target class [9] and
tracked over time using the Norfair multi-object tracking framework [10], produc-
ing pixel-space measurements for each visible follower. Each detection is back-pro-
jected into a three-dimensional direction vector using known camera intrinsics.

Depth is recovered using the vertical separation between the leader and fol-
lower, obtained from onboard altitude measurements. The resulting three-dimen-
sional relative position is first expressed in the camera frame and then transformed
into the leader body frame using calibrated camera-to-body extrinsics. Finally, the
relative position is rotated into the local NED frame using the leader’s attitude es-
timate. The output of this process is a relative position vector expressed in the same
coordinate frame used by the flight controller.

C. GNSS Replacement via External Vision Injection

Relative position estimates computed on the leader are transmitted to each fol-
lower UAV over a wireless link and injected into the PX4 estimator using the ve-
hicle_visual_odometry[11] interface. Each message contains the relative position
expressed in the local NED frame, a synchronized timestamp, and appropriate va-
lidity flags.

On the follower UAVs, GNSS fusion is disabled and the PX4 estimator is con-
figured to rely solely on externally provided position updates. The injected relative
positions are treated as ground-truth measurements for state estimation, enabling
closed-loop position control without GNSS or onboard localization. Followers use
their standard PX4 position controller to track commanded setpoints based on the
estimated state.

D. Control loop integration

The proposed method integrates relative localization directly into the standard
PX4 estimation—control loop. No modifications to the autopilot controller structure
are required. As the leader moves, updated relative position estimates are continu-
ously streamed to the followers, allowing them to maintain their assigned relative
positions using unmodified PX4 position control laws. This tight coupling
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between perception, estimation, and control enables stable closed-loop operation
while replacing GNSS entirely for follower UAVS.

Results

A. Simulation environment

The proposed method was evaluated in a multi-UAV software-in-the-loop sim-
ulation using PX4 SITL[12], Gazebo[13], and ROS 2 [14]. Each UAV operated in
an isolated namespace with an independent PX4 instance and uXRCE-DDSJ[15]
session. One UAV acted as the leader and five as followers. GNSS fusion was dis-
abled on all followers, which relied exclusively on externally injected relative po-
sition estimates for state estimation and control. Gazebo served as the global time
reference to ensure synchronized operation across vehicles. All experiments were
conducted under GNSS-denied conditions.

B. Metrics

Follower performance was evaluated using two complementary metrics.

The primary metric is the root-mean-square (RMS) relative position error, de-
fined as the Euclidean distance between the estimated relative position of each fol-
lower and its desired relative offset with respect to the leader, expressed in the
leader-aligned NED frame. RMS error was computed over the full trajectory for
each follower and averaged across all followers.

To characterize deformation of the formation under dynamic excitation, for-
mation distortion (FD) was also evaluated. Formation distortion measures devia-
tions in pairwise distances between follower UAVs relative to their initial spacing,
averaged over all follower pairs and over time. This metric captures changes in for-
mation shape that may not be reflected by leader—follower error alone, particularly
under high-speed motion.

C. Results Nominal operation

In the nominal experiment (Figure 1), the leader UAV executed two representa-
tive motion patterns at a constant speed of 3 m/s:

(i) astraight-line trajectory of 50 m length, and

(ii) a planar figure-eight trajectory composed of smooth circular arcs.

The follower UAVs maintained predefined circular, VV-shaped, and line for-
mation geometries, with fixed relative offsets with respect to the leader, using only
externally provided localization. For both trajectories, the formation remained sta-
ble throughout the flight, with RMS relative position errors on the order of 1-2 m
and low formation distortion. Error distributions remained bounded, and no estima-
tor instability or oscillatory behavior was observed, indicating that the injected rel-
ative position estimates were sufficient to support sustained closed-loop position
control without GNSS under nominal motion.
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Figure 1. Error-cloud plots for the straight-line, figure-8, and circular missions, shown for
line, V, and circle formations. Each subplot depicts the instantaneous follower relative-
position error in the leader’s body frame, sampled at 30 Hz. The horizontal and vertical

axes correspond to the leader body-frame x and y directions.

Velocity Sweep

To evaluate dynamic limits, the leader executed the straight-line trajectory
while its speed was increased from 2 m/s to 7 m/s in 1 m/s increments, with the
follower UAVs maintaining a circular formation. Followers maintained the same
relative configuration throughout all runs(Figure 2). At low to moderate speeds (2—
4 m/s), both RMS relative error and formation distortion remained close to nominal
values, indicating near-rigid formation behavior. As the leader speed exceeded ap-
proximately 5 m/s, the RMS error increased gradually, and the formation distortion
became more pronounced, elongating along the direction of motion. Despite this
degradation, the system remained stable across the entire tested range, with no di-
vergence or loss of control observed. The observed performance degradation re-
flects bandwidth and latency limitations of the perception—estimation—control pipe-
line rather than instability of the control loop.
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Figure 2. Leader and follower trajectories for straight-line missions at speeds of 2, 3, 4, 5,

6, and 7 m/s, shown in the leader’s camera frame. Each subplot depicts follower positions

at normalized timestamps t={0.00,0.25,0.50,0.75,1.00} for the circular formation. The re-
ported values in each subplot are the time-averaged RMS drift and formation-distortion

Conclusion

metrics computed over the full trajectory.

This paper presented a practical GNSS replacement strategy for follower
UAVs in aleader—follower formation, based on visual relative localization and
tight integration with the PX4 flight-control stack. Relative position estimates
computed onboard a single leader UAV were injected directly into follower esti-
mators via the PX4 external-vision interface, enabling closed-loop position control

without GNSS or onboard localization on follower vehicles.

Simulation results under GNSS-denied conditions demonstrated stable fol-
lower control during nominal motion and predictable, gradual performance degra-
dation as leader speed increased. The velocity-sweep experiments highlighted the
dynamic limits of the perception—estimation—control pipeline while confirming the
absence of instability or divergence across the tested operating range. Together,
these results indicate that visual relative localization can serve as a viable position-
ing source for follower UAVs when integrated directly into standard autopilot esti-

mation and control loops.
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Future work will focus on experimental validation in real-world multi-UAV

flights, improved robustness to visual occlusions, and extension toward more dis-
tributed or redundant architectures that relax the single-leader assumption.
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BU3YAJIbBHASI OTHOCHUTEJIBHASA JTOKAJU3ALUSA AJI51
GNSS-HE3ABUCHUMOI'O YIIPABJIEHUSA POEM BILJIA
B. Caakan
Poccuticko-Apmanckuii ynusepcumem
AHHOTANIUA

Okcmryaramus  ¢opmainuii GECIMIOTHBIX JICTATENBHBIX aIlllapaToB B
ycnoBusax orcyrcTBust GNSS TpeOyeT anbTepHaTUBHBIX HCTOUYHUKOB I10-
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3ULMOHHON WH(POPMALIMK, KOTOPBIE MOTYT OBITh HAIIPSAMYIO HHTEIPHPO-
BaHbEI B KOHTYp YIpaBleHHUs MoJeToM. B manHo#i pabore mpexncraBieH
MOJIXOJT THIIA «JIHJepP-BelOMbIii», B koTopoM GNSS st Benomsix BITJIA
3aMEHseTCs BU3YaJIbHOM OTHOCUTEIBHOM JIOKanu3anuei, BelauciseMon
Ha OopTy ofHOro Beayuiero annapata. Benymuit BITJIA onenuBaer ot-
HOCHUTEJIbHbIE TPEXMEPHBIE [IOJIOKEHHUS BEAOMBIX aIapaTOB C UCIOIb30-
BaHHEM MOHOKYJISPHOTO 3pEHHS U IepeJaeT ATH OLEHKH B MOJETHBIC
KoHTpoJsuiepsl PX4 BemoMbix uepes uHTepdeiic BHENHero 3penus. Bemno-
Mmble BITJIU MCMOB3YIOT HCKITIOYUTEIBHO BHEAPSIEMbIE OTHOCUTEIBHBIC
W3MEPEHHsI TTOJIOKEHHsI IIsl OLIEHKU COCTOSIHUS U 3aMKHYTOTO YIpaBiie-
HUSA oJIoXKeHueM, 0e3 mpumeHeHust GNSS u 6e3 BelnoaHeHus O0pTOBOI
JIOKaJIM3aLuH.

IIpeanoxxeHHast cucTeMa MOJHOCTBIO peali30BaHa Ha OOPTY JieTaTelb-
HBIX aImaparoB, He TpeOyeT BHeNIHeH HHMPacTPYKTYphl H OCHOBaHAa Ha
OTKpbITOM IporpaMmHoM creke ROS 2-PX4. TToaxon ObLI OLIEHEH B CU-
mynsTope ¢ Heckoibkumu BITJIA (software-in-the-loop) B ycmoBusix ot-
cyrctBus GNSS. TIpoBeeHs! 1Ba SKCIIEpUMEHTa: HOMUHAJIBHBIH MTOJIET B
(hopMarmu 171 OLEHKH YCTAaHOBHBILIETOCS PeXXUMa PaOOTHI M BAPHUPOBa-
Hue ckopoctu Beaymero BIIUIA nns ananuza BIusiHUA BO3pocUIel quHA-
MHYECKON Harpy3ku Ha TOYHOCTH ciexeHus. IlonyueHHble pe3ysbTaThl
JIEMOHCTPHUPYIOT YCTOWIMBOE YIIpaBJICHUE M0JI0KeHUEM BeqoMbIXx BITJIA
Ha OCHOBE OJIHOW JIMIIIb OTHOCUTEIHHOM JIOKAJIM3aIMH, C OTPaHUYEHHOM
oIMOKOIl BO BCEM HCCIIEI0OBAHHOM AMANa30HE PEKHUMOB, YTO MOATBEP-
JKIaeT MPAKTHYECKYIO TPUMEHUMOCTb BU3YaJIbHON OTHOCUTEIIBHOI JIoKa-
nmu3aruu B kayecTse 3aMeHbl GNSS nist popmanuii BITVIA ¢ apxutexry-
PO «JIuAep-BEIOMBIIN.

KaioueBble ciioBa: HaBuramus 6e3 GNSS; dopmanuu BITJIA; apxutek-
Typa «JIUAep-BEAOMbII»; BU3yajbHAsl OTHOCUTEJIbHAS JIOKAJIH3AIIUs; aB-
tormmioT PX4.
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OINIPEJAEJIEHUE BEPCUHU KOMITWJIATOPA SOLIDITY
N3 NCXOJHOI'O KOJA
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AHHOTANIUA

B naHHO# paboTe NpeCTaBIeH METOX U Peajn30BaH MHCTPYMEHT JUIS
HAXOXKIICHUS BEPCHH KOMIIMIATOpA M3 HCXOJHOTO KOMa U sI3bIKA
“Solidity”. ITonxox peann3oBaH Ha OCHOBE PETYJIAPHBIX BEIPAKCHUH, KO-
TOPBIN 00ECIIeYNBACT IIPOU3BOAUTEIFHOCT B CPABHEHUH C JPYTUMH Me-
TOAaMHU pabOTaIONIMMHK Ha 6a3e aOCTPAKTHOIO CHHTAKCHYECKOTO JIepeBa.
DKCIeprMEHTAaIbHAS OILIEHKA HA PEABHBIX MMPOEKTAX MPOAEMOHCTPHUPO-
Bana ero 3QQeKTuBHOCT. [IpOU3BOANUTENHLHOCTh Pa3pabOTaHHOTO HH-
cTpyMeHTa B 6 pa3 ObICTpee CYLIECTBYIOIIETO albTEPHATHBHOIO pPeEIlie-
HUs; TO4HOCTh nocturaetr 100% (mpotus 88,41%), a monHoTta — 98,77%
(npotus 79,04%).

KirioueBble c10Ba; 6JI0KUYCHH, aHATM3 KO/IA, KOMITHUIISTOPEL.

BBeaenne

SI3BIKM  TIPOTpaMMHUPOBAHMS IOJBEPTalOTCs MHOXKECTBEHHBIM MOJU(HKa-
IUSIM, TIPEXJIE YeM JOCTUTHYT CBOETO OKOHYATENFHOro Buaa. [lemo B ToMm, 4ToO,
YaIie BCero, CaMu pa3paboTYMKK HE YBEPEHbI, KAKUM JIOJDKEH OBbITh OKOHYATE b~
HBIA S3bIK: €r0 CHHTAKCHC, JETall UMIUIEMEHTAIMH U T.JI. SI3bIK MOXET H3Me-
HHUTBCSI OYSHb PAJMKAILHO OT BEPCHUU K BEPCHH, ITO3TOMY BO3HHKAET CHIIbHAS
HEOOXOMMOCTh KOMITMIIUPOBAHHSI UMEHHO KOHKPETHOM BEPCHEH KOMITHIISTOpA.
[ToaToMy TpH paHHUX BEPCHUSX SI3bIKA MPHHATO KaK-TO 0003HAYATh BEPCHUIO, Ha KO-
TOPOM HaJ10 OyIeT KOMITHJIMPOBATh IPOrPaMMy.

OnHMM W3 TaKUX SI3BIKOB SIBIISICTCS OCHOBHOM SI3BIK JUISI Pa3pabOTKH cMapT-
KOoHTpakToB [1] Ha Gokueiine “Ethereum” [2] — “Solidity” [3]. Bepcus si3bika Mo-
KeT 0003HaYaThCsI KaK KOHKPETHO, TaK U MHTEPBAJIaMH, YTO HA MEPBbIA B3IJISI
YIPOIIAeT HaX0XKJCHUE BEPCHUH, aBasi IIMPOKUH BBIOOP, HO HA CAMOM JIeJIe — 3TO
He Tak. [IpobieMa B TOM, 4TO HHTEPBAJIOB MOKET OBITH MHOTO (H.II. pragma solidity
>0.8.0 <0.9.0 >=0.8.7), u BeiOpaHHas BepcUsi KOMITIWISATOPA JO0JKHA HAXOJUTHCS B
Ka)XXJIOM U3 HHX.

[IpocreiimM perieHHeM MOXKET OBITh Mepedop BCEX BEPCHM U KOMITHIISIIIHS
¢aiina ¢ kaxapM 13 HUX. Ecin OyzeT ommoOka KOMITHIISIUAH, MBI IPOITYCTHM 3Ty
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BEPCHI0, MHAYE — MBI OTMETHM, YTO 3Ta BEPCHS YAOBIETBOPsieT TpeOoBanusm. Oc-
HOBHasl Mpo0JieMa 3TOT0 PEIICHUS — MPOHM3BOJUTEIHLHOCTh. [Ipy KOMITWISIIIMU
OonpIuX (haiyiaX KOMIFIIAINAS MOXKET ITUTCS CIIUIITKOM JOJITO.

ITocTanoBKka 3agaun

L]env: pazpaboTathb cucTEMY, KOTOPasi HAXOJUT BCE BEPCUN KOMITUIIATOPA AJIS
IaHHOTO (aiina, COOTBETCTBYIOIINE BCEM TPEOOBAHMM.

s nocTrkeHus neny ObUTH BBIIOIHEHBI CIeYIOLINe 3a0auu:

1. Cnenath npenoOpabOTKy Koza, 00JEerduB HAXOXKACHUE CHEYUATbHBIX UH-
CMPYKYU.

2. HaiiT B Kozie crienuanbHble HHCTPYKLIUH, OTPaHUYMBAIOIINE BEPCHIO KOM-
MWIATOpA.

3. IlapcuTh HaiiieHHbIE UHCTPYKIIMU M HAWUTH OTPAaHUYEHUS B KAHOHUYECKOU
dopwme.

4. HaiitTu nepeceyeHue BCEX OrpaHUYCHUM.

B nocranoBKe 3a1a4n NCIIOJIB30BAIUCH BBIPAKCHUS CHEYUANbHASL UHCIPYKYUS
U KaHOHUYecKas gopma.

B “Solidity” Bepcusi komMnuisitopa 3aJJaeTcsi ¢ MOMOIIBIO TUPEKTUB «Version
pragmay [3]. DTo HHCTPYKLNH, KOTOPbIE MOTYT B cebe coJepiKaTh Kak camy Bep-
CHIO, TAaK U HEKOTOPBIA HHTEPBaI, INOO HECKOJIBKO HHTEPBAIOB. VX B KOE MOXKET
OBITh HECKOJIBKO, I OHH MOTYT HaXOJIUTHCS KaK B Havyajle Koja (Kak MPHHSTO), TaK
U B ceperHe JIM00 B KoHIle. MIX OyJieM Ha3bIBaTh CHEYUATbHOIMU UHCTHPYKYUSMU.

MHoxecTBo Beex Bepeuit “Solidity” o6o3nauum uepes V. Kanonuueckoii gpop-
Moti OylieM Ha3bIBaTh CIICLMANBbHYIO (OPMY NPeICTaBICHNUS MHOXKECTBA BUIOB: >V,
>=v, <y, <=v, =v, v, ~v r1ie v — Bepcus “Solidity”’, KOTOPYI0 MOXKHO IIPEJCTaBUTh
B Buje BekTopa (v1, v2, v3) muoxkectsa No®. st BepcHil MOKEM ONPENETUTh OT-
HOILIIEHUE TOpsAKa < JaHHBIM 00pa3oM:

vli<ul
v<u<=>vli=ulav2<u2
Vi=ulAVv2=u2 AVv3<u3

Hwxe nepeunciiens! GopMalibHbIE IPEICTABICHHUSI MHOKECTB 32JIAHHBIX KaHO-
HUYECKOH (HOopMOii:

vv eV
>y=  {u€eV]|u>v}
>=v = {ueVi|uxv}
<v=  {u€eV]|u<v}
<=v = {ueV|u<v}

V= (v}

wv= {ueV|ul=v1iAu2=v2Au3>v3}
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~v=
(Tak Kak A BCeX AyieMeHTOB V TmepBas KOMIIOHEHTa POBHA HYJIIO).

IIpenodpadoTka

Bron: xox Ha s3bike “Solidity”;

BriBoa: ipemoOpaboTaHHEII KO,

Pa3paboTaHHbIii aIrOpUT™M paboTaeT Ha OCHOBE PETYIISIPHBIX BhIpaXKeHuit [4],
OJTHAKO, €CIIM CHelnalbHass HHCTPYKUUS OyJeT 3aKOMMEHTHPOBaHa, MbI HE CMO-
KEeM Pa3UuUTh €€ OT HE3aKOMMEHTHPOBAHHbIE CTIeHUabHON HHCTPYKIHU. [1osiB-
JsieTcss He0OXOJUMOCTD yIAINTh BCE KOMMEHTApUH U3 KOAA Mepe] OCHOBHBIM ajl-
roput™MoM. B aTom 1 3akimouaercs mpeaoopadoTka.

KommenTapuu B “Solidity” ObIBalOT ABYX BHIOB: OJHOCTPOYHBIE M MHOTO-
ctpounble. OJHOCTPOYHBIE KOMMEHTAPUU HAYMHAIOTCS Ha // ¥ 3aKaHYMBAIOTCS, KaK
TOJIBKO 3aKaHYMBAETCS! CTPOKA. MHOrOCTpOYHbIE KOMMEHTAPUU HAauMHAIOTCA C /*
U 3aKaHYUBAIOTCS HA */, IPH 3TOM KaXXAbli CUMBOJI HE MOXET HAXOAMUTCSI OIHO-
BPEMEHHO B OJHOCTPOYHOM M MHOT'OCTPOYHOM KOMMEHTAPHUSIX.

B peanuzanmu anroputMa alroputM 0OXOIUT BCe CUMBOJIBI B KOZE, HTHOPH-
pPys COIEPKMUMOE CTPOKOBBIX JIMTEPAJIOB, €CJIM OH €lIe HEe HAXOAUTCS B MHOTO-
CTPOYHOM KOMMEHTapHuu. Eciau aaropurM BoILEs] B MHOTOCTPOUYHBIH KOMMEHTa-
puii, OH HTHOPHUPYET BCE CUMBOJIBL, II0KAa HE BBIAAET U3 HEro. Eciu OoH Bolen B
OJTHOCTPOYHBIH KOMMEHTApHIA, OH Cpa3y NepeXoIUT Ha HOBYIO CTPOKY.

B utore, y Hac ecTb K0Jl, B KOTOPOM yJaJIEHbl BCE KOMMEHTAPHH.

HaxoxaeHne cnenmuajbHbIX HHCprKIII/Iﬁ

Bos: npeno6paboTaHHBIN KO,

BoIBOJ: crielraibHbIe HHCTPYKIIHH.

CreyuanbHble UHCMPYKYUYU UMEIOT BHT

pragma solidity L,

rae L — Bepaxenwue, Buna k1, k2, ..., kn, roe ki — MHOXecTBO, 3a1aHHOE B
KanoHuueckom gude. CIIOKHOCTh HAXOXKIECHUS CHEYUAIbHBIX UHCTIPYKYUL 3aKITFO-
4aeTcs B TOM, YTO CHEYUAIbHblEe UHCMPYKYUYU MOTYT BCTPEUAThCS B JTIFOOOM MecTe
B KOJIe, ¥ HaJ[0 YYUThIBaTh BCE CIICI[MAIbHBIC MHCTPYKIMU. bojiee TOro, BeIpaxe-
HUE MOXKET He OBITh IMEHHO B TAaKOM (hopMaTe, IMes B BUIY, YTO MEXKITY TOKEHAMH
MOTYT OBITh TIPOOEIBI, TOPU3OHTAILHBIC TAOYIISAIIUU U MTEPEBOBI CTPOKH.

Kak ObL10 OTMEYEHO BBIIIIE, AJITOPUTM PEATU30BAH C IMOMOIIBIO PEryJIIPHBIX
BBIpa)KEHUI.

IMownck peryasipHOTO BBIPaXKEHHUS OCYIIECTBISIICS UTEPATHBHO, HAa KAKIIOM IIIare
YCIIOXKHSIS BRIPAKCHUE, TEM CaMBIM TIPHUBOJIS €70 K HYXKHOMY HaM BBIPAKCHUIO.

Paznenum cneyuanvuyro uncmpykyuio Ha TPU YaCTH: NPOIO2, 2NAGHASL YACTb
u onunoe. Ilponoe cneyuanbHou uHCmMpyKyuu — 3TO 4acTh, B KOTOPOM IIPUCYTCTBYET
TOJBKO (hparMeHT pragma solidity
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Nmes BBULY BCe TPOOEITBI, TOPU30HTAILHBIC TA0YJISIIUN U CUMBOJIBI TIEPEBO/Ia
CTPOKH TIOCTPOUM PETYJIIPHOE BHIPAKECHUE TOIBKO IS ATOH YaCTH.

Ns*pragma\s+solidity\s*

Onunoe cOCTOUT U3 OAHOTO cuMBOIA ;. OHa Hy)XHA, 9TOOBI KOMITAIATOD 3HAI,
KOTI'JIa 3aKaHYUBACTCS UHCTPYKIMS. J[J1s1 HEro peryssipHOe BBIPaKEHUE OUEBUIHO.

['maBHOM 4YacThIO SBIAETCSA YacThb COJEprKallas BepcuH. PaccMoTpum yrpo-
IIEHHBIN BapHaHT 21d6Hol uYacmu, KOoraa BO (pparMeHTe ONHA KAHOHUYecKas
¢opma. Mexmy orepaTopoM H OMEPaHIOM MOTYT OBITh MIPOOEIHI U IPYTHE MTOXO-
JKUE CUMBOJIBI, BEPCUS MOXKET OBITh 33J]aHa KaK C MIOMOIIbIO TPEX YUCEN PACCMOT-
PEHHBIX paHee, Tak U ¢ MOMOUIbIO ABYX uucel, omyckas nocineanuit 0. [Ipuanmas
B pacyeT TO, YTO MEXIy TOYKaMU MOTYT OBITH TIPOOEIBI M MOXO0KHUE CHMBOJIEI, B
pe3yIbTaTe MoydaeM PeryJsipHOE BRIpXEHHE CIEIYIOIIEro BUaa:

(> >=I<|<==~)?[\s?]*\d+\s*\\s*\d+(\s*\.\s*\d+) 2\s*

Tak KaK B 21a6HOU yacmu KOJTMYECTBO KAHOHUYECKUX )opM CTPOTO OOJIbIIe
HYJISl, TIOTYIHM:

(> >=[<]<=]=[~)?[\s?21*\d+\s*\.\s*¥\d+(\s*\.\s*\d+) \s*) +

Taxxe, enasnas wacms MOXET OBITE 3aKrodeHa B " win B ". Tak Kak Haxox-
JICHUE BEPCHH MMEET CMBICI TOJNBKO ¢ (hailiaMu, KOTOphle KOMIMIUPYIOTCS, MBI
MOKEM, BMECTO TOTO, YTOOBI IIPOBEPHUTH JIJISI KAKIOTO THUTA KaBBIYEK, IPOBEPUTH
HaYaJio ¥ KOHEeIl Ha HaJIN4re KaBbIYeK JF00To THIIA.

(12N> =I<]<=]==) 2\ 21 \d+H\s ¥\ \s*\d+(\s*\.\s*\d+) 2\s*) +)["']?

Ecnu kaBbIuky He OyayT COOTBETCTBOBATH JPYT JIPYTY, HH C KaKOil Bepcuei
KOMITIWJIATOPA KOJT HE CKOMITHJIMPYETCS, IO3TOMY TOT KOJ OyJeT HaM HE MHTEepe-
ceH. B urore nomyunnm perynspHoe BhIpaXeHHe, BUA:
Ms*pragma\s+solidity\s*["']?(((\N>>=|<|<=|=|~)?[\s?]*\d+\s*\.\s*\d+(\s*\.\
s\d+)2\s*)+)["]?:

JlaHHO€ perynsipHOe BbIpa)kKe€HUE MO3BOJISIET HAXOUTh BCE CIEIUAIbHbIE UH-
CTPYKIUH.

Hapcnﬂr CIIeMaAJIbHbIX HHCprK[II/lﬁ

BBox: cneyuanvnvie uncmpyxyuu,

BeiBoj: xanonuueckue ghopmut.

Nmest Bce crneyuanvHbvle uHcmpykyuu, MOXHO H3BJIEYb TJIABHBIE YacTu. B
WTOTE, MBI UMEEM TJIABHBIC YaCTH BCEX creyudtvHbix uncmpykyuti. C TIOMOIIBIO
PETYISPHOTO BBIPAKEHUSA

(> >=I<I<== )21\ 21> (\d+)\s*\\s* (\d+) (\s*\.\s*(\d+))?

MOJTyYUM OTPaHUYCHUS B CIICIYIONIEM BUJIC

(omepatop, (V1, v2, v3)) € {#, >, >=, <, <= =, ~} x Ng®

Ecmu (v1, v2, v3) 0603HaumM 4epe3 v, a ormepaTop MPUCOSINHUM K V CIIeBa,
TOITYYHM KAHOHUYECKYIO popMY.
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IlepeceueHue kaHOHUYECKUX opM

BBoxn: xanonuueckue gpopmut,

BBIBO/I: MHOXKECTBO BEpCHHA, YIOBIETBOPSIONINE TPEOOBAHUSIM BCEX KAHOHU-
yeckux ¢hopm

Tak kak MHOXecTBO V HEBEIMKO (MEHEE CTa DIIEMEHTOB), Mbl MOXKEM CJICJIATh
nepeGop 1Mo BCEM €ro 3JIeMEHTaM U IPOBEPUTH, HAXOIUTCS JIM 3JIEMEHT B TIepece-
YeHHH MHOXKECTB JJAHHBIX KaHOHWYEeCKUMHU (opMamu. [IprumHa mpencraBieHus
MHOXECTB B KAHOHUYECKOU (opme YAOOHO TeM, YTO MBI MOXKEM HE XPaHUTh 3TH
MHOX€ECTBa Kak Habop 3JEMEHTOB, a XpaHUTh Kak mapy (orepaTop, BEpCHs), YTO
OyIeT 3aHMMAaTh 3HAYUTEIFHO MEHbIIE IMaMsATH. Bo3HMKaeT Bompoc, Kak UMEHHO
MPOBEPUTH, HAXOIHUTCS JIM KaKasi-TO BEPCHsI B MHOXKECTBE, 3aTaHHOU KAHOHUYECKOU
¢opmoii. TlockonbKy KaHOHHYECKHE (OPMBI OMPENENSIOTCS C MOMOIIBIO Hepa-
BEHCTB, JJIS 3aJJaHHOM BEPCHUU JIOCTATOYHO MPOBEPUTH YCIOBUS, ONPEICIISIONINE
¢dopMy, 9TOOBI YCTAHOBUTH NMPHHAUICKHOCTh K MHOXECTBY, HHAYIUPOBAHHOMY
nmanHo# (opmoii. [locme mepebopa Bcex Bepcuit u3 V, Kak pe3ynbTaT, MONTYIAM
MHOECTBO BEPCHUH, yIOBIETBOPAIOIIIE TPEOOBAHUSAM BCEX KAHOHUUECKUX (DOPM.

OnruMu3annmn

Ecnu nonyctuth, 4TO CyHIECTBYET XOTsI ObI OJIHA BEPCHUS, ITPH KOTOPOH (haitn
YCIIEUTHO KOMIIMITUPYETCS, MOXKHO IPUMEHHUTD CIIEAYIONTYI0 ONTHMHU3ALNI0. MOX-
HO MCKaTh B KAHOHHMYECKUX (JOpMaxX MHOKECTBO, BHJIA =V JIN0O, €CIIH COKPAIEHHO:
v (ecru Takol UMeeTCsl), MOKHO Cpasy K€ 3aKOHUYUTH TIOUCK, J1aB B KAUECTBE pe-
3yJnbTaTa BEPCHUIO V.

Hns cnemyromieil onTUMuU3aug, Hal0 TIIATEIbHEE HCCIeN0BaTh KaHOHHUYE-
ckyto Gopmy. O603HaUMM uyepe3 V< OTCOPTUPOBAHHBINA HAOOP, COIEPIKAIIHA BCe
aneMeHTHI MHOXKecTBa V. [IpoHymMepyem anemenTsl Habopa V<.

Vo= (V4 V2 ., V")

Paccmotpum popmy Buma =v (v).

=v={v} =(=v) N (>=v)

3ameHNM Bce gpopmel BUaA ~v Ha *v. Paccmotpum ¢opmy Buga *v. Ilo onpe-
JEJIEHUIO:

wWV={ueV|ul=vliAu2=v2Au3>v3}=

={ueViju=viN{ueV|u<(vi+l 0,0)}

v'=(vl+l, 0, 0)

AwVz{ueV|iuxviN{ueV|u<v'}=_0C=v)N (V)

Ecmu v' € V, To <v'=V.

>zvc V= (>=v) N V=_>5=v)=> "= (>2V)

Ecim v' € V, To *v = (>=v) N (<V').

B utore, MbI pa3noxuiu ghopmuvl vV U =V TIPU MIOMOIIIN OCTAIBHBIX ¢hopm. Bee
¢opmel BUAA 'V 3aMEHIM Ha COOTBETCTBYIOIINE €MY IKBUBAJICHTHbIE (hopmsl. [Ipu
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MIEPBOM ClIy4ae "V 3aMEHSETCS Ha >=V, BO BTOPOM e Clydae 3aMEHUM "V Ha JIBE
¢hopmobl, KOTOPBIC MBI BCE PaBHO TiepecedeM B MocieaHel (asze. AHaJIOrHYHO T0-
CTYIIUM U C (hopmamu Buna =v. MBI MOKEM H Tajbllle YIPOIIATh )opMbl U IPHATH
TOJIBKO K ghopmam BAA >=V U <=V, HO B ’TOM HET HEOOXOANMOCTH.

B pesynbTare, noay4aroTcs TOJIbKO ¢popmbl, BUIOB >=V, >v, <=v, <v. [lepBbic
JIBa HA30BeM KaHoHuyeckumu gopmamu muna 1 (xI), a mocieaHue nBa — KAHOHU-
yeckumu popmamu muna 2 (x2). Jlo6aBUM K kanonuyeckum popmam gpopmor >=V*
1 <=V". OHU HHUKaK HE U3MEHSIT Pe3yJbTaT mepecedeHus. Tenepb Mbl HIMEEM XOTS
061 oy k1 1 x0Ts Ob1 oy k2. [lepecedeHne BCeX KAHOHUUECKUX GopM MOKHO
BBIYHCIINTD, B35B IIEPECCUCHHUE BCEX K/ U BCEX K2 M BBIYUCIUTH MIEPECCUCHUE T10-
Jy4eHHBIX BYX MHOXeCTB. [Ipu mepeceuennn nByx x/, morydum x 1, v Ipu nepe-
CEYeHUU NIBYX k2, momydnM k2. O00OIHB pe3yabTar, mepeceueHne Bcex K/ gaer
k1, a mepecedenue Beex k2 naet k2. TakuM 00pa3oM, [T HaXOXKJICHHS pe3ysIbTaTa
HaJI0 HalTH TIepeceveHue OTHOM k1 ¢ OJHOM K2, 4TO IACT JIMOO MMyCTOE MHOXKECTRO,
U060 MHOXECTBO C OJHHUM DJIEMEHTOM, JIHOO MHOKECTBO AJIEMEHTOB, KOTOPOE MBI
OTCOPTUPYEM H TIONydeHHBIN Habop 0003HaunM uepe3 R.

i3 R=(V, v, .., V)

[Momyunnm, 9To A7 pe3ynbTara, Hy)KHO HalTH 1 ¥ j. [ HaX 0K ICHHST 1 MOXKHO
nepeduparh sreMeHThl V< HaunHas ciieBa. llepBas Bepcusi, yIOBIETBOPSIOIIAS
BCEM yCIIOBHSIM OyZIeT BepcHel Mol HOMEepOM i. 3aTeM czeniaeM OWHAPHBIN TTOUCK
JUTSL HAXOXKJICHUS | CIISIYIOIIUM 00pa3oM: 00o3HauuM i uepes 10, a n yepes r0. Bo3b-
MeM cepeanny otpeska [10; r0], o6o3Haunm uepes k1 u mpoBepuM, ya0BICTBOPSIET
U OHa BCeM TpPeOOBAHMSAM CIENHAIBHBIX WHCTPYKIHMHA. Eciu ymoBieTBopser,
Bo3bMeM B kavectse 11 gncno kl, a B kagectBe rl uncio r0. Eciau He ynoBneTBo-
psieT, Bo3bMeM B kadecTse 11 uuciio 10, a B kauectse rl uucno k1. Cuenaem 10 xe
camoe i otpeska [11; r1]. B urore, mocie KOHEYHOT0 YMCIIa IAroB, MOXy4YuM Ip
Y Ip YHCIa, KOTOPBIE PaBHBI MEXITy COOOM.

lp=rp=]j
PesynbTarsl

Pa3paboTanHbIil HHCTPYMEHT OB TECTUPOBaH Ha Habope u3 895 cMapT-KOH-
TpakToB Ha s3bike “Solidity”. [lns cpaBHeHHs MBI B3sUIM MHCTPYMEHT SOICiX [6],
KOTOPBIi Ta€T BO3MOKHOCTh PEIINTH HAITy pobiemy. Pe3ynbpraTsl mpeacTaBieHsl
B Tabn. 1. B nepBoM cTo01e HarmMcaHbl IMEHA HHCTPYMEHTOB (II€PBBI HHCTPY-
MEHT — Halll), BTOPOH cToJ0€eI] ITOKa3bIBaET KOJUYECTBO HAMICHHBIX U IPOBEPEH-
HBIX BEPCHI, TPETUH CTONIOEL TTOKa3bIBAET KOJTUIECTBO (haiioB, Al KOTOPBIX WH-
CTPYMEHT BblJaJl OIIMOKY IIPU aHAJIM3€E, a OCIETHUN CTOI0EL TOKa3bIBAaeT BpeMs,
MIOTpadyeHHOEe Ha aHanu3 Bcex (aiiymoB. Ham mHCTpyMeHT pabotaer Ha 6.3 pasa
ObIcTpee, Tak Kak padoTaeT Ha OCHOBE PETYISIpHBIX BeipaxkeHui. st 11-u daiinos
HUKAKOW U3 HHCTPYMEHTOB HE CMOT HAMTH BEPCHIO.
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Tabnuya 1. Pesynomamoi cpasHeHusl.
Hucrpyment | KoauuecrBo npaBuwibHo | KoauuecTBo JioakHO-ION0- | Bpems
HaliJJeHHBIX Bepcuii JKMTeJIbHBIX Pe3y/1bTaTOB
SolVerScan 884 0 17.8 c.
solcix 641 84 112.0c.
3akiouenune

B manHO#1 cTaThe peyIoKEH U PeaTi30BaH METO OTIPEICIICHIS BEPCUH KOM-

mwsitopa “Solidity” mo ucxogHomy kony. [lokasaHo, 4To HCMOJIB30BAaHUE PeETy-

JIAPHBIX Bblpa)KeHI/Iﬁ IMMO3BOJIAICT CYIICCTBECHHO MMOBBICUTH IMMTPOU3BOJUTCIIBHOCTD 110

CpaBHEHHIO C IMOAXOJaMH, OCHOBAaHHBIMU Ha aHAJIN3E€ a6CTpaKTH01"0 CHUHTaKCHU4YC-
CKOrI'o I€peBa.

SKCHCPI/IMGHTaHLHaH OIICHKa Ha PCAJIbHBIX MMPOCKTax NOATBEPAUIa BEICOKYIO

TOYHOCTh M OBICTPOACHCTBHE NPEUIOKCHHOTO MEeTO1a. Peannzanus HHCTpyMEHTa
JOCTYITHA B OTKPBITOM AOCTYyTIe mox muriersuet MIT [7], uTo memaet ero mpume-
HUMBIM JUTS TIPAKTHYECKOTO UCTIONIB30BAaHMA M JaTbHEHIINX UCCIICIOBaHUI.
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Onpedenenue sepcuu komnuasmopa Solidity uz ucxoonozo kooa

SOLIDITY COMPILER VERSION DETECTION FROM
SOURCE CODE

T. Avagyan, H. Movsisyan, H. Aslanyan
Russian-Armenian University

ABSTRACT

This paper presents a method and an implementation of a tool, that finds
the compiler version from the source code for the language Solidity. The
approach uses regular expressions on its base, which ensures high perfor-
mance compared to other methods based on the abstract syntax tree. Ex-
perimental evaluation on real-life projects has demonstrated its effective-
ness, and the comparison with an existing tool has demonstrated its per-
formance and accuracy. The developed tool demonstrates a performance
increase of six times over the existing alternative solution; its precision
reaches 100% (compared to 88.41%), while its recall is 98.77% (com-
pared to 79.04%).

Keywords: blockchain, code analysis, compilers.
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ABSTRACT

This paper presents a software system for the automated real-time detec-
tion, stabilization, and analysis of projectile impacts in video sequences.
The system utilizes a model to identify the region of interest automati-
cally. Impact events are identified through a multi-method approach that
combines the inter-frame transformation magnitudes, background sub-
traction, and contour analysis within a defined mask. The system outputs
annotated frames marking the precise impact location and calculates its
coordinates relative to the center of the target.

Keywords: Impact Detection, Computer Vision, Optical Flow, Video
Stabilization, Background Subtraction

Introduction

Accurately detecting and localizing impact points in video sequences is an im-
portant task in various domains, including sports analytics, defense applications.
Manually reviewing footage to identify and localize these events is time-consuming
and prone to human error.

Traditional motion detection algorithms, while simple and efficient, are often
prone to false positives caused by minor camera movements, lighting changes, or
irrelevant background motion. More advanced systems use high-speed cameras or
additional sensors to achieve higher precision, but such setups are costly and less
accessible. With the growing availability of high-resolution video and advances in
computer vision, it is now possible to achieve similar accuracy using standard cam-
eras combined with intelligent image processing techniques.

Existing approaches often rely on background subtraction [1, 2], but these can
be sensitive to dynamic backgrounds. More recent methods incorporate deep learn-
ing for object detection [3, 4], but real- time performance and accurate localization
remain challenges.

While many existing approaches focus on detecting impacts on a fixed target
(e.g., a gong), real- world scenarios frequently involve shots that miss the target
and hit the surrounding ground. These ground impacts carry valuable information —
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for example, for adjusting aim, evaluating projectile spread, or tracking shot trajec-
tories.

Related Work

The detection and localization of impact events in video intersect several key
areas of computer vision, including motion detection, video stabilization, back-
ground modeling, and object detection. Traditional methods, such as frame differ-
encing and background subtraction (e.g., Gaussian Mixture Models [1] or running
averages [2]), are computationally efficient but often fail in real-world conditions
due to camera motion, dynamic backgrounds, and illumination changes.

Video stabilization has been widely studied to mitigate the effects of camera
shake. Classical feature-based methods, including those based on the Kanade-Lu-
cas-Tomasi (KLT) optical flow [5] or SIFT/SURF feature matching [6], estimate
inter-frame transformations to compensate for unwanted camera shake. More recent
stabilization approaches leverage homography estimation and motion smoothing
[7], enabling more robust separation between scene motion and camera-induced
motion. However, these methods are typically applied offline and are not optimized
for real-time impact detection tasks.

For object localization, deep learning-based methods such as Faster R-CNN
[3], YOLO [4], and more recently, Segment Anything Model (SAM) [8], have
achieved high accuracy and generalization, but are not well suited for transient,
small-scale events such as projectile impacts. Recent variants such as Fast

Segment Anything Model (FastSAM) [9] offer real-time segmentation perfor-
mance, making them suitable for target identification in streaming video.

Some approaches focus exclusively on detecting impacts on a fixed target, such
as gongs or metallic plates, using vibration analysis or frame differencing. How-
ever, these methods are limited to hits within a predefined area and fail to detect
ground impacts, which can be critical for applications such as ballistic calibration
or trajectory reconstruction.

In summary, existing techniques either rely on motion cues that are sensitive
to environmental factors or on object detectors not optimized for short, transient
events. The proposed system addresses this gap by combining real-time target seg-
mentation, feature-based stabilization, and a multi-method detection strategy to ro-
bustly detect and localize both target and ground impacts.

Proposed Method

The proposed system is designed as a modular pipeline that integrates several
computer vision techniques to achieve robust, real-time impact detection. The over-
all architecture, depicted in Figure 1, consists of five main stages: (1) video input
and preprocessing, (2) target identification and initialization,
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(3) frame stabilization and motion compensation, (4) multi-method impact de-
tection and analysis, and (5) data fusion and output. The following subsections pro-
vide a detailed exposition of each stage.

- -
Preprocessin
3 P g Target User
Video Input | -» and Frame |- > : E = :
5 Detection Selection
Selection
Y
Iti- o
” Re:ul.t Mult' Met:Od Dual Stabilizer
nnotation [ m - i - AR
2 pac; Stabilization Initialization
and Output Detection

Figure 1. System Architecture Diagram.

1. Video Input and Processing

The process begins by capturing the video stream from a file or a live camera
feed. Each frame is resized to a fixed resolution (e.g., 1280 x 720) to standardize
processing and reduce computational load. A preprocessing step removes black ar-
eas caused by the phone being attached to binoculars, ensuring that only the rele-
vant visual region is analyzed and reducing unnecessary computation.

2. Target Identification and Initialization

Accurate and stable target identification is critical for reliable impact localiza-
tion. This is achieved by using the FastSAM segmentation model, which provides
high accuracy and real-time performance.

From the segmented output, candidate regions are extracted based on confi-
dence scores and presented to the user for manual confirmation. This user-in-the-
loop initialization ensures precise target selection (e.g., the gong), which is used to
initialize the stabilization module.

3. Frame Stabilization and Motion Compensation

To separate true impact motion from camera shake, the system applies feature-
based video stabilization. After the target is selected, keypoints are extracted from
the reference frame (frame after target selecting) and tracked across subsequent
frames using the Kanade—Lucas-Tomasi (KLT) optical flow algorithm. For each
keypoint p; = (x;,¥;)" in the reference frame, the corresponding p; = (x;,y;)"
in the current frame is found. The matched feature pairs are used to estimate a partial
affine transformation matrix:
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i a4 [Pj _[211 a1z tx]
prAt[l]’At_[au azz ty]’

Each frame is warped using the inverse of this transformation to produce a
stabilized video stream in which the target remains stationary. The magnitude of

motion is computed as:
At = /t,% + t3,

and stored for subsequent impact detection.

4. Multi-Method Impact Detection and Analysis

Impact detection combines two complementary methods for reliability.

Method 1: Transformation Magnitude-Based Detection. This method acts as
a high-confidence trigger. A projectile impact typically induces a sudden, sharp
impulse to the target, causing a momentary, large displacement. This manifests asa
significant peak in the magnitude of the stabilization transformation. When this mag-
nitude exceeds a dynamically adaptive threshold, it is interpreted as a primary in-
dicator of a hit event, initiating the relevant frames saving process.

Method 2: Contour Analysis within a Region of Interest (ROI). This method
provides precise impact localization. A dynamic background model B of the target
is maintained using a running average:

B,=(1-a) By +a-If,

where I, is the original frame, B, = I&°, and 0 < a < 1. This background model

blends information from each new frame with the existing background. This allows
the model to adapt to slow, natural changes (such as lighting variations) while ig-
noring short, sudden disturbances. The absolute difference between the current
target ROI and this background model is computed and thresholded to create a
binary mask of changes.

Contours extracted from this mask are filtered to remove edge noise and com-
bined using a custom merging algorithm.

The algorithm works by computing the distance between contour centroids.
For two contours with centroids at positions ¢ = (x;, yi) and ¢; = (x;, y;), the
distance is calculated as:

d@i,j) = J(xi —x)2+ i — )2,

Contours with centroids closer than a distance threshold, d (i, j)Taist, where
Taist is a predefined distance threshold, are joined if their merged convex hull area
is within an acceptable range.

Remaining contours are evaluated for circularity, defined as:
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4TA,

pé
where A. and P. are the contour’s area and perimeter. This metric ranges from
0 (complex shape) to 1 (perfect circle). Contours with C > T¢c are classified as

valid impact points, where Tcric is a predefined circularity threshold. This ensures
only circular patterns characteristic of projectile impacts are selected.

)

5. Data Fusion and Output

When a hit is confirmed by either method, the system synthesizes the data. The
impact coordinates are transformed back to the original frame's coordinate system
using the inverse of the stabilization transformation matrix. As we have 2 x 3 affine
transformation matrix A is first converted to a 3 x 3 homogeneous matrix:

a1 Aty
A
0 0 1

The inverse transformation A;2l. is computed, and the impact point
Pstap = (x,y, 1)1 in homogeneous
coordinates is transformed as:

— A-1
poriginal - Ahom Dstab -

The system then calculates the normalized offset relative to the target's center,
providing metrics such as “X: 0.125 LEFT”, which indicates the hit was located
12.5% of the target's width to the left of center. The final annotated frame displays
the target boundary, detected impact point, and offset information, as shown in Fig-
ure 2.

Results

To evaluate the performance of the proposed system, we compiled a dataset con-
sisting of 71 videos, each approximately two minutes long. The dataset includes a
range of scenarios: videos with no impacts, only gong hits, only off-target
(ground) impacts, and those containing both. This diversity allows for a compre-
hensive evaluation of both gong and non-gong impact detection.

After processing the entire dataset, the system produced a total of 227 annotated
detections, each of which was manually reviewed and classified. The distribution
of detections is summarized in Table 1.
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Table 1. Results of system testing.

Category Description Count
Correct off-target detec- | Hits not on the gong but correctly localized 159
tions
Correct gong detections [Hits on the gong, correctly localized 26
Gong detections with lo- [Hits on the gong, detected but with incor- 7
calization error rect impact location
Off-target detections Hits not on the gong, detected but with in- 10
with localization error | correct impact location
Unrelated /ambiguous | False detections caused by camera shake or 25
detections duplicate detections from multiple methods

In total, 185 out of 227 detections (81.5%) were correctly localized, demon-
strating the system’s ability to accurately identify both gong and off-target impacts.
The remaining 11% of ambiguous detections were mainly caused by strong camera
motion or simultaneous activation of multiple detection methods. These cases sug-
gest directions for future improvement, such as implementing temporal filtering
and decision fusion strategies to further enhance system stability and precision.

(b)

Figure 2. Representative examples of successful impact detection: (a) On-target hit accu-
rately detected and measured on the gong surface; (b) Off-target hit correctly localized in
the background.

Conclusion

In conclusion, the implemented system demonstrates a robust and effective ap-
proach to automated impact detection. This system has practical applications in au-
tomated scoring systems, scientific experiments, and security monitoring.

49




50

V. Melkonyan, M. Smbatyan, A. Sardaryan

REFERENCES
Stauffer Ch. and Eric W., Grimson L. Adaptive background mixture models for real-time
tracking.” Proceedings. 1999 IEEE computer society conference on computer vision and
pattern recognition (Cat. No PR00149). Vol. 2. IEEE, 1999.
Kaew TraKul Pong, Pakorn, and Bowden R. An improved adaptive background mixture
model for real-time tracking with shadow detection.” Video-based surveillance systems:
Computer vision and distributed processing. Boston, MA: Springer US, 2002. 135-144.
Ren, Shaoging, et al. Faster R-CNN: Towards real-time object detection with region pro-
posal networks // IEEE transactions on pattern analysis and machine intelligence 39.6
(2016): 1137 1149.
Redmon J. et al. You only look once: Unified, real-time object detection." Proceedings of
the IEEE conference on computer vision and pattern recognition. 2016.
Lucas, Bruce D. and Takeo Kanade. An iterative image registration technique with an appli-
cation to stereo vision // 1JCAI'81: 7th international joint conference on Atrtificial intelli-
gence. Vol. 2,1981.
Lowe, David G. Distinctive image features from scale-invariant keypoints // International
journal of computer vision 60.2 (2004): 91-110.
Matsushita, Yasuyuki, et al. Full-frame video stabilization. 2005 IEEE computer society
conference on computer vision and pattern recognition (CVPR'05). Vol. 1. IEEE, 2005.
Kirillov Al et al. Segment anything. Proceedings of the IEEE/CVF international conference
on computer vision. 2023.
Zhao, Xu et al. Fast segment anything. arXiv preprint arXiv:2306.12156 (2023).
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AHHOTALUS

B nanHoli paboTe npeacTaBieHa NporpaMMHas CHCTEMa JJIsl aBTOMATH-
4ECKOro 0OHAapY)KEHMs, CTaOMIN3alUU U aHalIu3a NOonajaHuil cCHapan10B
B BHJICOIOCIIE0BATENbHOCTAX B PEXKUME peasibHOro BpemeHu. Cucrema
aBTOMAaTHYECKU OIpe/eiseT 001acTh MHTEpeca ¢ IOMOLIbIO MOJEIIH CeT-
MCHTAILMH. CoOprTus HOHaHaHHﬁ BBIABJIAIOTCA € IOMOIIBKO MHOT'OYPOB-
HEBOTO I10J1X0/1a, KOTOPBIH COUETAEeT aHAIM3 MEKKAIPOBLIX IIPeodpa3o-
BaHUH, BEIYMTaHKE ()OHA U KOHTYPHBII aHaJIN3 B 3a1laHHON Macke. Ha BbI-
xoJie cucTeMa (QOpMHUpYeT aHHOTUPOBAHHbIE KaJIPBI C TOYHBIM YKa3aHHEM
MECTa MnmomagaHus U BBIYUCIIACT €0 KOOPAWUHATBI OTHOCHUTCIIBHO LIEHTPA
LETIH.

KioueBble c10Ba: o0HapyXeHHE yIapoB, KOMIIBIOTEPHOE 3pEHHE, OI-
TUYECKUH NOTOK, cTa0UIU3aLus BUIEO, BbluNTaHKe (oHa.
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ABSTRACT

As Unmanned Aerial Vehicles (UAVS) continue to expand their opera-
tional reach, the critical need for highly resilient, long-distance data links
has driven significant interest in Low Power Wide Area Network
(LPWAN) technologies. LoRa modules are commonly used for UAV te-
lemetry; however, they typically operate on a fixed frequency channel,
which makes the communication link vulnerable to jamming, whereas
SDR-based systems can mitigate this issue by changing the operating fre-
quency. SDRs offer incredible flexibility, allowing us to dynamically
change frequencies to avoid active RF jamming and create custom, wide-
band channels that standard chips cannot support. Using BladeRF 2.0 mi-
cro XA4 SDRs and custom GNU Radio processing, we built a continuous,
Frequency Division Duplex (FDD) LoRa link. By artificially expanding
the bandwidth to 3 MHz and placing the uplink and downlink on entirely
separate frequency bands, the system effortlessly handles the data flow
required by Ground Control Stations. This design preserves the rugged-
ness of LoRa's Chirp Spread Spectrum while eliminating traditional bot-
tlenecks, easily supporting MAVLink v2 encryption overhead, and en-
tirely removing turnaround delays. Real-world flight tests with a Rasp-
berry Pi 5 companion computer confirmed the system's stability, main-
taining a flawless, low-latency connection at 400 meters using only the
SDR's unamplified native power

Keywords: Software-Defined Radio (SDR), Unmanned Aerial Vehicles
(UAV), LoRa, Telemetry, BladeRF.

l. Introduction

The rapid proliferation and expanding operational scope of autonomous UAVs
necessitate highly reliable, low-latency, and long-range communication architec-
tures. For small-to-medium autonomous platforms operating on frameworks like
ArduPilot [1] and PX4 [2], the MAV Link protocol [3] has emerged as the ubiqui-
tous standard for bidirectional telemetry, parameter synchronization, and com-
mand-and-control (C2) data streams [1]. As UAV applications transition from local-
ized line-of-sight flights to complex, autonomous Beyond Visual Line of Sight
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(BVLOS) operations such as infrastructure inspection, search and rescue, and large-
scale agricultural surveying the demands placed on aerial communication networks
have scaled exponentially.

To achieve BVLOS operations, Long Range (LoRa) [4] modulation is fre-
guently evaluated by the aerospace and robotics communities. LoRa relies on a pro-
prietary physical layer utilising Chirp Spread Spectrum (CSS) [5]. By sweeping a
continuous frequency chirp across a defined bandwidth, CSS spreads the narrow-
band signal over a wider spectrum, yielding a processing gain that permits signal
demodulation near or below the ambient noise floor [5]. Consequently, LoRa ex-
hibits exceptionally high resilience to multipath fading, and narrowband interfer-
ence —all of which are critical factors in dynamic aerial environments. Furthermore,
LoRa's low power requirements make it highly suitable for constrained aerial plat-
forms where power budgets are strictly allocated.

This study presents an SDR-based architecture designed to circumvent these
hardware limitations. By migrating the LoRa physical layer into software via GNU
Radio [6] and deploying it on BladeRF 2.0 micro xA4 platforms [7], the system at-
tains dynamic frequency agility to evade active RF jamming, and the operational
bandwidth is artificially extended to an unprecedented 3 MHz. Furthermore, a con-
tinuous FDD link is established by utilizing highly asymmetric frequency bands.
This approach provides a high-capacity, zero-turnaround-latency alternative to con-
ventional LPWAN setups, successfully bridging the gap between high-throughput
local telemetry and robust long-range CSS links. The system is empirically vali-
dated through active flight testing utilizing a Raspberry Pi 5 [8] companion com-
puter to handle the dense baseband processing requirements.

Il. Related Work and Telemetry Paradigms

To fully contextualise the necessity of an SDR-driven LoRa link, it is crucial
to evaluate the existing concepts of UAV telemetry and the academic efforts to
reverse-engineer LPWAN protocols. The industry currently relies on a fragmented
ecosystem of RF solutions, none of which perfectly address the dual requirements
of high bandwidth and long-range resilience.

A. Existing UAV Telemetry Architectures

Current UAV telemetry systems exhibit specific performance trade-offs when
applied to the bidirectional demands of the MAVLink protocol:

e Narrowband FSK Radios: Operating primarily in the 433 MHz or 915
MHz ISM bands [9], traditional SiK-based [10] radios utilise basic Fre-
guency Shift Keying (FSK) [12] and Frequency Hopping Spread Spectrum
(FHSS) [9]. While theoretical air data rates can reach 250 kbps, practical
long-range implementations often restrict this to 64 kbps or lower to main-
tain link integrity and sensitivity. Crucially, the TDM switching latency
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heavily chokes the link during bidirectional communications, adding tens of
milliseconds of latency to every request-response transaction [1], [10].

e Broadband Line-of-Sight (Wi-Fi): Standard 2.4 GHz or 5 GHz IEEE
802.11 telemetry [17] provides exceptional throughput (exceeding 10
Mbps) but experiences rapid free-space path loss and extreme susceptibility
to urban RF interference. Lacking the signal processing gain of CSS, these
systems are strictly limited to short-range, line-of-sight (LOS) operations,
typically failing beyond a few hundred meters in cluttered environments.

e Control-Centric LPWANs (ExpressLRS/Crossfire) [12]: Modern open-
source control links [12] utilise Semtech LoRa chips to achieve incredibly
low latency and extended range. However, their physical layer scheduling
prioritizes unidirectional RC control packets. The bi-directional telemetry
bandwidth is intentionally constrained (often limited to < 2 kbps) to ensure
primary C2 command delivery, rendering them unsuitable for full
MAVLink parameter synchronization, map polygon transfers, or crypto-
graphic key exchanges.

o Cellular LTE/5G Telemetry: While cellular networks offer theoretical in-
finite range [13], they are subject to variable latency, cellular tower hand-
off drops, and altitude-based signal degradation (as cellular antennas are
down-tilted toward the ground). Furthermore, they require reliance on
third-party infrastructure, making them unsuitable for remote, off-grid ro-
botic operations.

B. SDR Implementations of LoRa

The foundation of software-defined LoRa communication was significantly

advanced by the reverse engineering and implementation efforts of the academic
community. Tapparel et al. [14] and the EPFL Telecommunications Circuits La-
boratory [15] successfully developed gr-lora_sdr [16], a fully functional open-
source GNU Radio implementation of the LoRa transceiver. Their extensive signal
analysis provided the essential building blocks for generating, interleaving, and de-
coding LoRa modulated signals purely in software, allowing researchers to bypass
the rigid constraints of commercial Semtech silicon [15]. While SDR platforms have
been extensively utilised in UAV research for spectrum monitoring, anti-jamming
applications, and custom waveform design, the application of SDRs to artificially
expand the LoRa physical layer for high-throughput, full-duplex robotic telemetry
remains largely unexplored in contemporary literature. Previous SDR implementa-
tions of LoRa have predominantly focused on loT gateway emulation or security
auditing at standard bandwidths (125 kHz). This paper proposes a UAV telemetry
system that integrates the LoRa protocol with SDR, building upon existing imple-
mentations to enable flexible and robust telemetry communication.
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I11. Theoretical Background: MAVLink and CSS

To mathematically justify the necessity of an expanded 3 MHz bandwidth, the
payload structure of the target protocol and the physical layer equations governing
CSS must be analyzed.

A. MAVLink Protocol Structure and Demands

MAVLink is a highly efficient, lightweight serialisation protocol optimized for
constrained radio links. The introduction of MAVLink v2 significantly increased
packet overhead to support modern features. A standard MAVLink v2 frame consists
of a 10-byte header (comprising a Magic Marker OxFD, Payload Length, Incompat-
ibility Flags, Compatibility Flags, Sequence number, System ID, Component ID,
and a 24-bit Message 1D), followed by up to 255 bytes of payload, a 2-byte CRC-
16-CCITT, and an optional 13-byte cryptographic signature [3]. In standard
flight scenarios, flight controllers stream critical state data (e.g., ATTITUDE,
GLOBAL_POSITION_INT, VFR_HUD) at frequencies between 4 Hz and 50 Hz.
This establishes a baseline continuous bandwidth requirement of approximately 3.5
to 4.5 kbytes/s (28 to 36 kbps).

While standard telemetry links support this baseline, the protocol's point-to-
point mechanisms for mission uploads and parameter synchronization create mas-
sive burst-throughput requirements. During a standard GCS connection sequence,
the request for the complete parameter tree (often containing over 1,200 configura-
tion parameters) can instantaneously saturate narrowband links, causing buffer
overflows and packet loss in half-duplex radios [1].

B. LoRa CSS Mathematical Foundations

LoRa utilizes frequency chirps to represent symbols [5]. The instantaneous fre-
quency of a LoRa chirp f(t) varies linearly over time Tsym:

f(t)=f,+—t

sym

Where f, is the starting frequency, BW is the bandwidth, and Tsym is the symbol
duration. The relationship between the symbol rate (Rs), Bandwidth (BW), and
Spreading Factor(SF) is defined mathematically as:

_BW

s =
ZSF

R

The resulting physical bit rate (Rb), incorporating the Forward Error Correction
Coding Rate (CR), is calculated as:

BW
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In commercial hardware, the maximum bandwidth is 500 kHz. At SF=7 and
CR=4/5, the maximum theoretical bit rate of commercial LoRa is constrained to ap-
proximately 21.9 kbps [18]. This rate is mathematically insufficient to process un-
compressed MAVLink streams alongside concurrent parameter downloads, firmly
establishing the necessity for an SDR-driven approach for multi-megahertz band-
width expansion.

IV. System Architecture and Hardware architecture

To address the latency and bandwidth limitations outlined above, we propose
a comprehensive SDR-based hardware and software architecture designed for
aerial integration. To mitigate the latency of conventional TDD, our system im-
plements a Dual-Frequency FDD architecture using BladeRF SDRs. The GCS
transmits on an uplink of 383.75 MHz and receives on a 637.9 MHz downlink,
while the UAV operates inversely. The large frequency separation between the up-
link and downlink allows the BladeRF’s internal RF front-end filters to strongly
suppress leakage from the local transmitter, enabling full-duplex operation with
minimal mutual interference. The physical backbone relies on the BladeRF's Analog
Devices AD9361 transceiver, which easily supports the arbitrary baseband sam-
pling rates up to 61.44 MSPS required for this architecture [7].

On the UAV side, the BladeRF is paired with a Raspberry Pi 5 single-board
computer [8], which serves as the MAVLink companion computer. Processing a
6 Msps, 3 MHz wide Chirp Spread Spectrum signal in GNU Radio requires sub-
stantial real-time CPU cycles for FFT[18] peak detection, phase tracking, and de-
interleaving. A 6 Msps complex64 stream equates to a continuous 48 MB/s data
transfer over the USB bus [18].

V. GNU Radio Software Implementation

The software bridging the SDR hardware and the MAVLink protocol utilizes
a highly optimized GNU Radio Companion (GRC) flowgraph built upon the mod-
ified gr-lora_sdr module.

A. Specific PHY Parameterisation

To attain the necessary throughput for MAVLink while maximising the pro-

cessing gain of CSS, the variables within the GNU Radio flowgraph are defined
meticulously:

o Sample Rate: 6 Msps. This baseband sampling rate interfaces the GNU Ra-
dio software with the Osmocom hardware blocks [20], safely satisfying the
Nyquist-Shannon sampling [21] theorem for the 3 MHz signal width by
maintaining an oversampling ratio of 2.

e Bandwidth: 3 MHz. By expanding the software LoRa bandwidth to 3
MHz, the chirp slope steepens drastically, proportionally increasing the the-
oretical maximum bit rate to accommodate GCS parameter downloads.
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e Spreading Factor: SF7. As the lowest standard spreading factor, SF7 min-
imizes the time- on-air per symbol, prioritizing extremely low-latency de-
livery for joystick operations over extended range limits.

e Coding Rate: 4/5. Appending one parity bit per four data bits supplies ade-
guate forward error correction (FEC) utilising Hamming (8,4) codes [11],
suitable for aerial multipath environments without excessively bloating the
packet overhead.

o Low Data Rate Optimization (LDRO): Enabled. Although convention-
ally utilized only for high-SF configurations where symbol times exceed
16.38 ms, enabling LDRO assists the SDR receiver algorithms in maintain-
ing symbol timing stability. It effectively halves the number of bits encoded
per symbol, increasing resilience against fractional frequency offsets

e and clock drifts between the independent, un-synchronized oscillators of
the two BladeRF boards.

e Implicit Header & CRC: The LoRa physical header is configured to ex-
plicitly declare payload length and coding rate. The physical layer CRC is
explicitly disabled, as the upper MAVLink protocol natively implements
highly robust CRC-16-CCITT cryptographic hashes per packet, making
PHY -layer CRCs redundant.

B. Transmit Chain Processing

The transmit chain begins with a custom GNU Radio Source block that parses
the asynchronous serial or UDP stream originating from QGroundControl or the
Flight Controller. The block buffers incoming bytes until a complete MAVLink
packet is formed, constructing discrete GNU Radio Protocol Data Units (PDUs) [6]
to prevent fragmentation across the air interface.
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The PDUs are passed to the LoRa TX Block, which executes a rigorous se-
guence of physical layer transformations [5]:

1. Data Whitening: An XOR cipher utilizing a predefined linear-feedback shift
register (LFSR) sequence randomizes the data to ensure uniform spectral en-
ergy distribution and prevent DC biasing in the RF amplifier chain [15].

2. Hamming Encoding and Interleaving: The 4/5 FEC is applied, and the
resulting bits are diagonally interleaved across a defined matrix size to pro-
tect against burst errors caused by momentary RF fading or impulsive noise
[15].

3. Gray Indexing: The interleaved bits are mapped to integer values repre-
senting the starting frequency offset of each individual chirp [15].

4. Chirp Synthesis: The baseband complex I/Q samples are mathematically
generated, synthesizing a signal that sweeps from -1.5 MHz to 1.5 MHz rel-
ative to the center frequency at exactly 6 Msps.

C. Receive Chain Processing

The incoming 6 Msps baseband stream from the Osmocom Source is fed into

the computationally intensive LoRa RX block. The process involves:

1. Preamble Synchronization: The receiver detects a defined sequence of
identical up-chirps.

2. De-Chirping: The synchronised signal is multiplied by a locally generated
down-chirp. This mathematical operation transforms the frequency-swept
LoRa symbols into discrete, stationary frequency tones.

3. FFT Peak Detection: FFT [18] is applied to the de-chirped signal. The
frequency bin containing the maximum spectral energy peak directly corre-
lates to the Gray-indexed integer of the transmitted symbol [18].

4. De-Interleaving and Decoding: The integer is converted back to bits, de-
interleaved across the matrix, de-whitened via the LFSR, and parsed back
intoa MAVLink PDU. A custom sink block finally routes the raw byte stream
to the local serial/UDP socket connected to the GCS.

V1. Experimental Flight Validation

To explicitly validate the theoretical capabilities and stability of the proposed
SDR-based LoRa architecture, comprehensive real-world flight tests were con-
ducted in an open-field environment.

A. Experimental Setup and Hardware Integration

The UAV test platform was equipped with a standard open-source flight
controller Pixhawk 6c [19] utilising the MAVLink v2 protocol [3]. The flight con-
troller's telemetry UART port was bridged via a USB-to-Serial adapter to the Rasp-
berry Pi 5 companion computer. The Raspberry Pi 5 executed the GNU Radio gr-
lora_sdr flowgraph, generating the data stream and pushing it to the onboard
BladeRF 2.0 micro SDR. The Ground Station node consisted of a laptop running
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QGroundControl[2]. The laptop was tethered to a secondary BladeRF 2.0 micro via
USB 3.0. Both SDR nodes utilised basic, unamplified omnidirectional antennas
tuned appropriately for the 383.75 MHz and 637.9 MHz frequencies. The antennas
were mounted vertically to ensure matching polarisation during level flight.

B. Flight Test Performance and Observations

During dynamic, multi-axis flight operations, including rapid altitude changes,
banking maneuvers, and high-speed passes, the system successfully initialised and
maintained a continuous, bidirectional FDD MAVLink connection between the
UAYV and QGroundControl up to a radial distance of approximately 400 meters.
Across the evaluated operational conditions, the implemented FDD link demon-
strated stable communication performance. The GCS received continuous teleme-
try updates at a sustained rate without packet interruption. Furthermore, command-
and-control messages and full parameter tree refresh operations were handled con-
currently with minimal end-to-end latency.

C. Analysis of the 400-Meter Unamplified Range

The effective range of 400 meters observed during this unamplified test aligns
precisely with the expected empirical performance profile of the utilised hardware.
When establishing a wideband 3 MHz channel, the thermal noise floor
(10log10(BW)) is intrinsically elevated by 7.78 dB compared to a narrowband 125
kHz signal. This flight experiment empirically confirms that artificially widening
the LoRa bandwidth via SDR successfully processes the high-throughput MAVLink
protocol without crashing, or dropping state packets. The Raspberry Pi 5 and the
BladeRF successfully managed the immense data rates required for 3 MHz FDD
CSS modulation in an active, vibrating airborne environment without triggering
thermal throttling or USB bus exhaustion.

VII. Conclusion

This paper presents a UAV telemetry system implemented with SDR, using a cus-
tomised gr- lora_sdr on BladeRF 2.0 micro xA4 hardware to expand LoRa’s physical
layer to 3 MHz, enabling a high-throughput, low-latency communication link suitable
for continuous MAVLink data exchange. The 3 MHz bandwidth accommodates the
cryptographic overhead of MAVLink v2 message signing, while the 254 MHz separa-
tion between uplink and downlink frequencies prevents local receiver desensitization.
Empirical flight tests validated the system, sustaining a stable bidirectional MAVLink
connection with QGroundControl at 400 meters using only the native 6.3 mW transmit
power of the SDR interfaced with an airborne Raspberry Pi 5, combining the robust-
ness and Doppler tolerance of CSS with the continuous throughput required for modern
secure and autonomous UAV operations.
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AHHOTANIUA

B nanHO# cTathe pedb MIET O TOM, YTO, HOCKOJBKY pajnyc NeicTBUS
OecrmmoTHRIX JeTarenpHBIX ammapatoB (BILJIA) mpomomkaer pacim-
pATBCA, OcTpas HEOOXOIMMOCTh B BRICOKOHA/IC)KHBIX KaHaJaX Iepeaadn
JaHHBIX Ha OOJBIIME PAacCCTOSHUS BBI3BIBAET 3HAYMTENBHBIA HHTEpEC B
obmacti 3Heprod((EKTUBHBIX CETEH JajJbHEro panuyca JeHCTBUS
(LPWAN). Moayau LoRa gacto ncrons3yrores s Teszemerpun BIUIA;
OJIHaKO OOBIYHO OHHU PabOTAOT Ha (PMKCHPOBAHHOM YaCTOTHOM KaHaie,
YTO JieNlaeT KaHall CBA3H YS3BUMBIM K PaJHO3JIEKTPOHHOMY I10/1aBICHUIO
(rnymwenuro). B To e BpeMs cucteMbl Ha 6a3e IporpaMMHO-ONpeaesse-
moro pagro (SDR) MoryT pemmuTs 3Ty mpobiieMy 3a cueT u3MeHeHust pabo-
yeid yactoTel. Texnonorust SDR npennaraer ruOKocTb, Mo3BOJISS qHHA-
MHYECKH MEHATH YaCTOTHI JUIS H30€KaHUS aKTHBHBIX PAJHOIIOMEX U CO-
3/1aBaTh HACTPaWBacMbIC IIIMPOKOIIOJIOCHBIE KaHAJIbI, KOTOPBIE CTaHIAPT-
HBIC YHITbI IOJIepKHBaTh HEe MOTYT. Hcrnonb3ys SDR BladeRF 2.0 micro
XxA4 u crnenuanu3upoBaHHyl0 00paboTky curnamoB B GNU Radio, MbI
CO3/1JIM HENpEepbIBHBIM KaHal cBA3M LoRa ¢ 4acTOTHBIM AyIIIEKCHBIM
paznenenueM (FDD). 3a cdyeT HMCKYCCTBEHHOTO PacCIIMPEHHS INOJIOCHI
npomyckanus 1o 3 MI' u pasmenenust Bocxopsero (uplink) n Hucxo-
nsero (downlink) kaHanoOB B COBEPIIIEHHO pa3HbIX YaCTOTHBIX JHaIa3o-
Hax, cucteMa 0e3 Tpyza CIpaBiIsieTcs ¢ TOTOKOM JIaHHBIX, HEO0XO0IMMBIM
JUId Ha3eMHBIX CTaHUM ynaBieHus. J[aHHas apXUTEKTypa COXpaHseT
HaJIe)KHOCTh METOJIa PaCIIMPEHHS CIIEKTPa HAa OCHOBE JINHEHHOH 4acTOT-
ot momymsiuu (CSS), ucronb3yemoro B LoRa, mpu aToM ycTpanser
TpaIUIMOHHBIC Y3KHe MecTa cucTeMbl. OHa JIErKO CIIPaBIseTCs C AOMOJ-
HHUTENLHOW BBIYUCIUTEIBHON HAarpy3KOi, CBSI3aHHON ¢ mm(ppoBaHHEM
MAVLink v2, u NOJHOCTBIO UCKIIIOYAET 33JEP>KKU, BOSHUKAIOLINE MPU
MEPEKITIOYCHUN HaIIPaBJICHUs TIepelayu.

Kawouesrble caoBa: [Iporpammuo-onpenensemoe paauo (SDR), 6ecriu-
noTHele netatenbusie anmapatsl (BIIJIA), LoRa, Tenemerpus, BladeRF.
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AHHOTANIUA

TToBTOpHOE OOHApyXKeHHE OOBEKTOB Ha a’3pO(OTOCHUMKAX SBISIETCS
BOXHOHM 3amadyell JUIsd cHCTEM HaOJIONEHHMs, MMOUCKOBO-CITacaTeNbHBIX
orepanyii ¥ 9KOJIOTUIECKOT0 MOHUTOPHHTA. OOBEKTHI, OTHAXKIBI 3a(UK-
CHPOBaHHbBIC Ha H300PAKEHUH, MOT'YT HCUE3aTh U3-3a MEPEKPHITHIA, U3Me-
HEHUs paKypca WM BPEMEHHBIX Pa3phIBOB MEXAY Kaapamu. Bo3moxk-
HOCTb UX [IOBTOPHOTO OOHAPYKEHHS MOBBIIIACT HAJACKHOCTH CHCTEM BO3-
IOyIIHOTO HabmroneHus. B nanHOi paboTe mpemaraeTcs MeTol MOBTOP-
HOTrO OOHApYXEHHUs! 00BbEKTOB Ha a3p0(OTOCHUMKAX, MOJTYUYCHHBIX C Oec-
MIJIOTHBIX JIETATENBHBIX alapaToB. MeTox OCHOBaH Ha CKaHHMPOBAHUHU
HOBBIX Ka/IpOB C LIEJBbI0 HAXOXKJCHUS 00beKTa, HanboJiee MOX0KEro Ha
MOTEPSIHHBIH, C UCIIOIH30BaHUEM BH3YaJBHOTO CXOACTBA. J[Jisi moBkIIIe-
HUsA yCTOI\/’l‘{I/IBOCTI/I K UCKaXCHUSAM MPUMCHSAOTCS METOABI IPEABAPUTEIIb-
HOM 00paboTKM M300pakeHHH, a TakkKe HCIOJIB3yeTCs KIIaCTepU3alus
JUISL COKpaIleHHsl 001acT IoKMCKa. B crucTeMy OBTOPHOTO 0OHAPYKEeHUS
MHTETPUPOBAH AITOPUTM COIOCTABJICHHS, CPAaBHUBAIOLIHE BHU3YaJbHBIE
TMpU3HAKHU NOTCPAHHOI'O O6T)GKT3. C BOSMOJXHBIMHU KaHAUJaTaMH Ha HOBBIX
n300pakeHMsIX. DPPEKTUBHOCTh TPEUIOKEHHOTO MOAXOMAa IMOITBEp-
JK/IeHa IKCTIEPUMEHTAMH Ha pealbHbIX Habopax a’spo(OTOCHUMKOB, Jie-
MOHCTPUPYIOLIMMH YCIIEITHOE ITOBTOPHOE OOHApYXKEHHE OOBEKTOB B
YCIOBHSAX U3MEHsroIEerocs (oHa, MaciuTada 1 OCBEIICHHOCTH.
KnoueBbie cioBa: moBropHOe OOHapyxeHHe OOBEKTOB; a3pooTo-
CHHUMKH, GCCHI/IHOTHBIC JICTATCJIbHBIC allraparsbl.

BBeaenue

Becnimnornsie nerarensusie anmapatsl (BITJIA) crann Ba)XHBIMH HHCTPYMEH-
TaMU B Pa3JIMYHBIX 33Ja4aX KOMIIBIOTEPHOTO 3pEHUs, BKIIOYas aBTOHOMHYIO
HaBUTaIMIO, HAOIIOJICHNE, TTOMCKOBO-CIIACATENbHBIC OTEpallid U MOHUTOPUHT
oKkpyxatomei cpenbl. OMHON W3 KIFOYEBBIX BO3MOXXHOCTEH TaKMX CHCTEM SIBIIS-
€TCs HEeMPEePHIBHOE OTCIIEKUBAHNE OOBEKTOB HHTEpECa B pealibHOM BpeMeHH. Oni-
HAKO B peaJIbHBIX YCIIOBHAX OTCIEKHBAEMBI 00BEKT MOXKET BPEMEHHO HCYe3aTh
U3 TIOJISI 3pEHUSI KaMEphI U3-3a IEPEKPBITUN, PE3KUX ABUKEHUN, MPENSITCTBUNA UITN
TUHAMHYECKUX N3MEHEHHH CIIeHbI. B oTiH4me 0T KpaTKOBPEMEHHBIX COOEB OTCIIe-
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KUBaHUS, BEI3BAHHBIX OMIMOKAMHU alTOpPUTMa, B MOJOOHBIX CUTYalUsIX MPOUCXO-
IUT QakTUdeckas BpeMeHHas MoTeps el — Koraa 0O0BbEeKT BBIXOAUT 3a Mpeelibl
KaJpa WM CTAHOBUTCS HEBUIAMMBIM Ha HEKOTOPOE BPEMS.

s obecrieyeHns aBTOHOMHOCTH CHUCTEMbI M HEIIPEPHIBHOCTH BBIIIOJIHEHUS
3a7a4d He0OX0UMO, YTOOBI CHCTEMA OTCIEKUBaHus Ha ocHoBe BITJIA morna aB-
TOMAaTHYECKH IOBTOPHO OOHAPYKHUBATH LIEJIb ITOCTIE €€ TIOBTOPHOTO MOsBICHUS 03
BMEIIIATENBCTBA oneparopa. B paMkax pa3paOOTKu YHHBEPCAJIBHOTO METOA IIO0-
BTOPHOTO OOHApPYKEHUSI 0OBEKTOB, HE 3aBUCSIIIETO OT KOHKPETHBIX KIIACCOB 00B-
€KTOB, TPAIUIMOHHBIC HEUPOCETEBBIC IETCKTOPHI ObUTH UCKIIOYCHBI U3 PACCMOT-
PEHHS U3-3a UX BEICOKOH PECYPCOEMKOCTH U 3aBUCIMOCTH OT KJIaCCOB, Ha KOTOPBIX
ObuH 00y4eHbl. B maHHO# paboTe mpeaaraercs IByXATallHbII METO/I TOBTOPHOTO
oOHapyXeHHUS O00BEKTOB, CIEIHATBFHO Pa3paOOTaHHBIN I CHCTEM KOMITBIOTEP-
Horo 3penus Ha 6opty BIIJIA. Ha nepBom 3Tare ¢ moMoIipio KIaCCUIeCKUX METO-
JIOB KOMIIBIOTEPHOI'O 3PEHUSI TEHEPUPYIOTCS PaMKU-KaHIUAATHI 110 BCEU CLEHE,
YTO CYIIECTBEHHO COKpaulaeT oOmacTh moucka. Ha Bropom srtame nmpousBomutcs
COIOCTaBJICHUE M300paXEHUI MEXIy STUMHU KaHIUAATaMU U LI1a0JIOHOM, W3BJe-
YCHHBIM M3 HaYaJIbHOTO BUA Ieid. Takoi moaxon ooecrneyrBaeT 0agaHne MKy
3G PEKTHBHOCTHIO U HAJISKHOCTHIO, TTO3BOJISISI TepeoOHapyKUBaTh 00BEKT Oe3 J10-
00y4eHHUs1 MOJIEJIEH, UTO JIeJIaeT ero OCOOCHHO MOAXOAAILINM JUIsl HCIIOIb30BAHUS
Ha rutatgopme BITJIA ¢ orpaHUYeHHBIMH BBEIYHCITHTENBHBIME PECYPCAMH.

IIpennaraemplii MeTon

B pamkax manHO# paboThI 33/1a4a MOBTOPHOT'O OOHApYKEHUSI 00bEKTa ObLIa
pasfeneHa Ha JIBe T10/133Ja4H:

¢ Brigenenune pamok-kanauaatoB (candidate boxes selection);

e ComocTaBlieHHe KaHIUIATOB C STaJOHHBIM miabioHom (template mat-

ching).

[IpennoxxeHHbIN MeTO A cHadana GOPMUPYET MPeAroiaraeMple 00JIacTH, CO-
Jepkane oOBEKTHI, a 3aTeM COIOCTABIISIET MIa0JIOH OTCIIEKUBAEMOT0 00BEKTa C
ATUMU 00JIACTSIMHU.

A. BoiejieHne paMoOK-KaHIHIATOB

ITockonmbKy OCHOBHOM 11EIThEO OBLIO CO3/IaHNEe TTalTIIaiHA ISt OECKIIACCOBOTO 00-
HapyxeHus: 00bekToB (class-agnostic detection), CoBpeMeHHbBIE MOJIEIIM OOHApYKe-
uus, Takue kak YOLO [1], Faster R-CNN [2] u Mask R-CNN [3], Obuti uckito-
4yeHbl. BMecTo 3TOrO Ui reHepaly paMOK-KaHIUIaTOB UCTIONB3YIOTCS KapThl Ipa-
Huil (edge maps), UMUTUPYIOIIE 0COOCHHOCTH YEJIOBEYCCKOTO BOCIIPUSATHS BU3YAITh-
HBIX 00BEKTOB. Takoi moaxon (hOKyCHpyeTcsl Ha KOHTYPHOH WH(OpPMAaIH, aHajIo-
THYHO TOMY, KaK YeJIOBEK PACcIo3HAET OOBEKTHI [0 HX OUYEPTaHHsIM Ha (oHe.

O06paboTka 01HOTO KaJpa BEIOJIHIETCS N0 cieAylomeMy naiimnaiiny (Puc. 1):

1. Cnauana u3 pa3MbITON YepHO-OEIION BEpCUU M300PAXKEHUS W3BICKASTCS

KapTa rpaHull ¢ ucmoiib3oBanueM Metoaa Kanuu (“Canny edge detection”)
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[4]. TTockonbky m300paxenus ObutH Nody4deHbl ¢ BIIJIA, GOMBIIMHCTBO
00BEKTOB COJICPkKAT PE3KUE U YCTKHE ITPAHMIIBI, YTO MOXKET IPUBECTH K T'e-
HEepalyuy HECKOJIBKUX OTPAHHMYUBAIOIINX PaMOK JIJIsl OAHOTO OOBEKTa.

2. Jlnsa yctpaHeHHs U30BITOYHOCTH MIPUMEHSFOTCS MOP(OIOTHIECKUE oTepa-
LUU: TUITATAIMS, 3PO3Hs, OTKPBITUE U 3aKPBITHE. DTH ONIEPaIliy TOMOTAI0T
YCTPaHUTH IIYM U O0BEUHUTH Pa3pO3HEHHBIC Kpasi.

3. 3areM KOHTYpBI M3BIECKAIOTCS C MOMOIIBIO HepapXUIecKkoro jepesa (tree
hierarchy), 94To O3BONSAET pa3/ensITh BHEUNIHHE W BHYTPEHHHE KOHTYPHI.
BHemHre KOHTYpPHI HMCHONB3YIOTCS HAMPSIMYIO: HMX OTrPaHHYUBAIOIIHEC
paMKHU pacCMaTpUBAIOTCS KaK KaHUIAThI.

4. Jlnsg BHYTPEHHUX KOHTYPOB IIPUMEHSETCS OTAEIBbHBIN aJrOpuTM OObeIn-
HEHUS: OTPaHWYHMBAMOIINE PAMKH TPYMIIHPYIOTCS MO PACCTOSHUIO MEXKIY
MX LIEHTPaMHU, MPEAIoJIarasi, YTo OHM MPUHAICKAT OMHOMY 00beKTy. [t
KaKJOW TPYIIIBI 3aTeM (POPMHUPYETCS HOBas OrpaHUYMBAIOIIAs PaMKa IO
BBINYKJIOH 060s01uKe (convex hull) BepmmH Bcex paMOK BHYTPH T'PYIIITHL.

e , . Trsmercdt L Cawtry Edgs 7 Taepects
Py o ——— Computaten » Lutecter . Modeeew -
| | -~

1 Aopty % E0D0 N0 e—

Pucynox 1. [latinnaiin arcopumma evioenenus 02panuiugarouux pamoK-KaHOUuOamos.

J71sl KOHKPETHBIX MPUKIIATHBIX 33]1a9 MOXHO TaK)Ke T0OABISTh OTOTHUTEIh-
HbIC QUIBTPHI, TAKHE KaK:

e  OrpaHuyeHus 10 IUIONIAH PAMKH;

e  OrpaHuyeHHs 10 COOTHOIICHHIO CTOPOH;

e VYianeHue UIMHHBIX NPSAMBIX JUHUN ¢ OWHAPHOHN KapThl TPaHUL] — IS CHU-

YKEHUSI [ITyMa U TOBBIIICHUS] TOUHOCTH BBIJICIICHHS TPAHUI] OOBEKTOB.

B. ConocraBieHue KaHAUAATOB ¢ IA0J0HOM

B ycnoBusix nosropHoro ooHapysxeHust o0bektos ¢ BIIJIA, rne uens Moxer
CYIIECTBEHHO MEHSTHh MacIiTad M PaKypc, a BEIYUCIHUTENbHBIE PECYPChl OTPaHu-
YeHBI, BHIOOpP CTPATErWU COMOCTABIICHHsI A0JIOHOB PHOOPETAET KIFOUEeBOE 3HA-
yenwue. [To aTol npuurHe 0c000€ BHUMaHUE YACIAIOCh 3PPEKTUBHBIM U OBICTPO-
JEHCTBYIOLINM METO/IaM, CIOCOOHBIM COXPAHSITh YCTOWYMBOCTD B YCJIOBHSIX OIrpa-
HUYEHH PeabHOrO BPeMEHH.

B pamkax jgaHHON paboThl OBIJIO MPUHATO PEIICHHE HCIIOIh30BaTh HaNOoIee
JIETKUH 1 OBICTPBIA crIoco0 cpaBHeHUs. st m3BiieueHus nmpu3Hakos (features) u3
n300paKeHNsI KaHTUIaTa ¥ 1a0JIOHa MBI HCIIOIb30BaIN KJIACCUIECKYIO HEHPOCEeTh
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IS Kiaccu(UKaAMK, Y KOTOPOH YAaIuiIN MOCISTHUN CIION KiacCupHUKaInH, CO-
XpaHHB TOJIBKO IKCTPAKTOP NpU3HAKOB. TakuM 00pazoM, AJsl Kaxa0ro nzodpaxe-
HUA BBIYUCIAIOTCS BCKTOpHHC HpeI[CTaBJ'IeHI/IH, a CpaBHCHI/Ie HpOBO,Z[I/ITCH C HucC-
I10JIb30BaHUCM KOCI/IHyCHOFO paCCTOSIHI/ISIZ
dist(?,?)=¥,
X[ [¥]

rae X u Y — BeKTOpHBIE Npe/ICTaBICHHS TPU3HAKOB KaHU1aTa U [1abJIoHa.

B kadecTBe apXWTEKTYpbl Al W3BJICYEHHS IPHU3HAKOB HCIOJIb30BANACH
ResNet18 [5]. OTa ceTh 0OmamaeT ymepeHHOM TITyOMHON U oOecriednBaeT OBICTpoe
W3BJICUCHHUE TIPU3HAKOB, COXPAHSIS TIPH STOM BBICOKYIO TOUHOCTH COTIOCTABIICHUSL.

OueHKa U KCIePUMEHTAIbHAs POBEPKA MeToAa

A. HaGop 1aHHBIX H METPUKHU OIlcHUBAHUSA

JIJ1s1 OLICHKH HAIIIETO TIOIX0/1a JIYUIlle BCETO MOIXOIIT HAOOPBI TaHHBIX, pa3Me-
YeHHBIC IS 33]]a9M OTCIICKHUBAHUS OOBEKTOB, TAK KaK pa3MeTKa B HUX IUIOTHAS (TO
€CTh BBITIOJTHEHA JUTS KKI0T0 Kaipa). Ml BeIOpami Habop manHbix: Vis Drone Single
Object Tracking [6]. /laHHBI! HAOOP COAEPHKHMT MOCIICAOBATEIHLHOCTH a3PO(POTOCHUM-
KOB, CJICJITAHHBIX HaJ| TOPOJICKOH CPEMIOH, C OTCICKUBAEMBIMH O0OBEKTAMH Pa3IUUHBIX
KJaccoB. [T0CKOBKY B 3KCIIEPUMEHTAX HUCIONB3YIOTCS JIBa CITyYaliHbIX KaJpa U3 Ol
HOM TOCIE/IOBATENIHHOCTH, Mbl HMCKITIOUMIIM TE TOCTEOBATEIBHOCTH, B KOTOPBIX
HaOJTIOIAFOTCS CUJTHHBIC TIEPEKPBITHS (0cclusions) Wiy 3HaYUTEIbHAS 00pe3ka 00beK-
TOB (truncation). Ilociie Gpunprparu ocranock 34896 kanpos u3 39 nocienoBareb-
HOCTEH C TIOTHOCTHIO BUIMMBIMU OTCIISKHBAEMBIMH O0BEKTAMH.

JIJis OLIEHKH Ka4ecTBa COBMAJICHUS MPEICKA3aHHOTO OrPAHUYMBAIOIIETO TIPs-
MOYTOJIbHHKA ¢ 3TaIOHHBIM (ground truth) UCIOB30BANNCH METPUKA IEPEKPHITHS
— Intersection over Union (IoU), a Tak:xe ocHOBaHHasl Ha HEl TOYHOCTh — KOJIHYe-
CTBO BEPHO HAMJIEHHBIX OTrPAaHUYMBAIONINX PAMOK, TO €CTh TeX, y KoTophix loU
npessimiaet 0.5.

B. DkcniepuMeHTHI M pe3yabTaThl

M3 xaxmoil mociaenoBaTeIbHOCTH MBI CIIyJailHBIM 00pa30oM BBIOpaIA Mapy
M300paKeHU, UMUTHPYS moTeplo oObekTta Ha N-oe KommyecTBOo KaapoB. B
KauecTBe pe3yiabTara pabOThl METOJIa, KaK OBUIO OMHCAaHO B 2.2, BHIOWpaNach
OrpaHUYHUTESIbHAS PaMKa C HAMMEHBIIIUM KOCUHYCHBIM PACCTOSIHHEM C I1a0JIOHOM.

Kak n oxxuanoce, kauecTBo 00HAPYKEHHS CHUKAIOCH, KOTJIa PSAZIOM C 00beK-
TOM OTCJIC)KUBAHUS HAXOAWINCH IPyTHe 00BEKThI, B OCHOBHOM U3-32 MOP(OJIOTH-
YECKUX OTEepaIiii, TAKUX KaK PAacIIUpEeHUE W 3po3us. B Takux cimydasx aBa wid
0oyiee 00BEKTOB MOTYT CIIMBATHCS B OJIMH, YTO MPHUBOJUT K YBEIUYCHHUIO OTPaHH-
YUTENBHOW paMKd. B ciydasx, rie 00beKT ObUT H30IUPOBaH OT APYTHX, aITOPUTM
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YCIIEHIHO TIPEe/CKa3bIBall OrpaHMYUTENbHbIE paMkh. [Ipumep TouHoro cpabaTsiBa-
HUS aIrOpuTMa MOBTOPHOTO OOHapykeHus uepe3 1030 kaapoB mocie «IoTepr»
npuBeneH Ha Puc. 2.

(8) Jlyuwiutl KaHOUOAM — 3e/IeHbIM YBEMOM U Yelb — CUHUM YBETOM.

Pucynox 2. I[lpumep pabomei arcopumma na nociedosamensrocmu uz VisDrone.
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3akiaiouenue

B nmannoii paboTe npeacTaBiieH Jerkuit B 3OPEKTUBHBIN METO TIOBTOPHOTO
oOHapyXeHHs 00bEeKTOB Ha a’podoTOCHWMKaAx, momydeHHbIX ¢ BIIJIA. Meron
OCHOBaH Ha TCHEPAlMU PAMOK-KaHIMIATOB C MCIIOJIb30BaHUEM WH(pOPMAIMH O
rpaHuIaX 00OBEKTOB U MOCIICAYIOIIEM CONOCTaBIeHUH ¢ abaoHoM. OH He TpeOyer
MPEIBAPUTEIHLHOTO 00YyUCHHS M MOXKET MPUMEHSTHCS HA YCTPOUCTBAX ¢ OTPaHU-
YEHHBIMHU BBIYUCIUTEIHHBIME pecypcaMu. Ha TaHHOM 3Tarie SKCIIepUMEHTHI TTOKa-
3aJId BBICOKOE KadeCTBO MPEAJIOKEHHOro MeTofa. B manpHelimem OymyT mpoBe-
JICHBI 00JIee IeTAIbHBIC SKCIICPUMEHTHI M UCCIICA0BaHUS BIMSHHUS ()OHA, MaciiTada
Y CBETa Ha Ka4eCTBO TOBTOPHOTO OOHAPYKEHHUSI.

PaccMOTpeHHBIH anropuT™M MOKET ObITh HHTETPUPOBAH B CHCTEMY OTCIICHKH-
BaHUs 00BEKTOB, YTO IMO3BOJIMT MMOBBICUTH €€ HAJISKHOCTD M KauecTBo. Jliis s dek-
TUBHOW MHTErpaluy HeoOX0JUMO pa3paboTaTh alroOpUTM, CIIOCOOHBIH aBTOMATH-
YEeCKH OTPENEeNATh MOMEHT MoTepru 00BhEKTa U MOMEHT, KOTJia HY)KHO HAauWHATh
MOWCK PAMOK-KaHHIATOR.
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OBJECT RE-DETECTION IN AERIAL IMAGERY CAPTURED
BY UAVS

G. Khachatryan, A. Sardaryan, V. Melkonyan, A. Avanyan, O. Hovhannisyan
Russian-Armenian University

ABSTRACT

Object re-detection in aerial imagery is a critical task for surveillance sys-
tems, search and rescue operations, and environmental monitoring. Ob-
jects that have previously appeared in a frame may disappear due to oc-
clusions, viewpoint changes, or temporal gaps between frames. The abil-
ity to re-detect such objects significantly enhances the reliability of aerial
observation systems. This work proposes a method for object re-detection
in aerial images captured by unmanned aerial vehicles (UAVS). The
method involves scanning new frames to find the object most similar to
the previously lost one, using visual similarity. To improve robustness
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against distortions, the approach includes image preprocessing techniques
and clustering to narrow the search area. The re-detection system incor-
porates a matching algorithm that compares the visual features of the lost
object with potential candidates in subsequent frames. The effectiveness
of the proposed approach is validated through experiments on real aerial
image datasets, demonstrating successful object re-detection under vary-
ing conditions of background, scale, and lighting.

Keywords: object re-detection; aerial images; unmanned aerial vehicles.
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AHHOTANIUA

B nanHOl craThe paccmarpuBaeTcs IpoOieMa CONOCTABIEHUS HCXOA-
HOTO H HCIIOJIHAEMOT0 KoAa (QYHKIHH B YCIOBUSIX OTCYTCTBHS OTIIA04-
HOU U cuMBOJIbHON uHbopManuu. IlpencraBnen nHcTpymeHT Pigaios++,
SBJISAIOMINICS pa3BUTHEM MHCTpYMeHTa Pigaios. OCHOBHBIE YITydIIeHUS
BKJIIOYAIOT BHEJPEHHE MEXaHM3MOB IMPEABAPUTEIBHOTO COIOCTABICHUS
OMOMMOTEYHBIX (PYHKIIHIA, @ TAKXKE HCTIOB30BAHNE HOBBIX METPHK, TAKHX
KaK CpaBHEHHE CUTHATYp (QYHKIHMHA M aHaJIU3 BHI3OBOB OMOJIMOTEYHBIX
¢ynkmi. [IpemnmoxkeH METO MOBBIMICHUSI TOYHOCTH COMIOCTABICHHS 32
CYET aHAJIM3a KOHTEKCTa PACIONIOKEHHs] (PYHKIMHA OTHOCHTEIBHO YiKE
UICHTUQHUITMPOBAHHBIX Tap. s oneHkH 3¢ QeKkTHBHOCTH pa3paboTaH
ITOPUTM aBTOMATHYECKOH FeHEPalliK TECTOB. DKCIIEPUMEHTAIIbHBIC pe-
3ynbTaThl Ha 0ase makera GNU Coreutils mokasany, 4To BHECEHHBIE MO-
JTU(QHUKALMY TIO3BOJIMIIM TOBBICUTH TOKa3aTelb TOYHOCTH Ha 14.15% u
nonHoTH! Ha 10.3% 1o cpaBHEHHIO ¢ 0A30BBIM PELICHUEM.

KiroueBble c10Ba: comnocTaBiIeHUe KOa, CTATUIECKOE COMOCTABICHHE,
aHaN3 yA3BUMOCTEH.

BBenenune

B coBpemenHOM Mupe TpebOBaHUS K MPOTPAMMHOMY OOECIIEYEHHIO HETIpe-
PBIBHO pacTyT. B yCIOBHSIX MOCTOSHHO YCHJIMBAIOUICHCS KOHKYPEHIIUHM BEJIHKO
CTpeMJICHHE K OBICTPOMY TIOJTYYCHHIO PEe3YIbTaTOB. B CBSA3M C 3TUM YacTO UCIIOJNb-
3YIOTCS YK€ CYIIECTBYIOIIHE UHCTPYMEHTHI M OMOIHOTEKHU, KOTOPBIE MOTYT IIPH-
MEHATHCS KaK B MCXOJHOM BHJIE, TaK U C ONPEICIICHHBIMU U3MeHeHusIMH. Bee 310
MOJYKET MPUBECTH K HAPYIICHUSAM aBTOPCKHX MpPaB M YCIOBHH JIMIIEH3UPOBAHUS
MPOrPaMMHOT0 00ECTICUEHHMSI C OTKPBITHIM UCXOIHBIM Kos1oM. Hampumep, eciu ka-
kas-mu0o mporpamma umeet auner3uto GNU General Public License (GPL) [1],
TO JII000M, KTO M3MEHSET WIHM HCIIONB3YET 3Ty MPOrpaMMy, 00si3aH pacmpocTpa-
HUTb UCXOJHBIN KOJI IO TOM K€ JIULICH3UEH. .

ITporpaMMHUCTBI 1 KOMITAHUH MPOJIAIOT MOJL30BATEII0 B OCHOBHOM HCITOJHS-
EMBIN KOJI, @ He UCXOAHBIN. Clie1oBaTeIbHO, I OOHAPYKEHUSI BHIIICYITOMSIHYTHIX
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HapyIIEHUH YacTO HEOOXOAUMO TOHSTD, OBLI JIW JAHHBINA UCTIOTHAEMBIN KOJ TTOJTY-
YeH U3 JaHHOT'0 UCXOJHOr0 KOJa.
BMmecre ¢ MOCTOSHHO pacTymiMMU 00beMaMu KOJla YBETUYUBACTCS M KOJIU-
YECTBO COJICPIKALIUXCS B HUX YSI3BUMOCTEH. Pa3pabaThiBarOTCs pa3inyHbIe
MHCTPYMEHTBI Il aBTOMAaTHYECKOro 0OHapyXeHUsSI OMIMOOK KaK B UCXOJ-
HOM, TaK ¥ B UCIIOJHSAEMOM Koze. 1 ecii u3BECTHO O HAIMYHMU YI3BUMOCTH
B HEKOTOPOM (parMeHTe MCXOJHOTO KOJa, TO, Haills MOAOOHBIH y4acTOK
KOJIa B UCIIOJTHSIEMOM (paiiiie, MOKHO TIPEIIOJIOKUTh, YTO TaKas e ysI3BU-
MOCTb NIPUCYTCTBYET U B UCHIOJHsIeMOM KoJie. BepHo u obpatHoe [7, 8].
Takum 00pa3oM, COMOCTaBICHIE HCXOAHOTO M UCIIOTHIEMOTO KOJIa UIMEET P
[IPUMEHEHU:

e BbifiBileHHe HapylleHUH aBTOPCKHUX NPaB WU INPOBepPKa JHLEH3UU
GNU GPL (General Public License). CtaButcs 3amada npoBepHTh, U3
KaKOr'0 MUCXOJHOTO KOJ1a ObUT IOJYYCH JaHHBINA UCIIOHAEMBIH KO,

e OOnapy:xenue ysa3BumocTeii. CTaBUTCS 33/a4a HAWTH B UCTIOIHIEMOM
(MCcX0MHOM) KOJIe Y4acTOK, aHAIOTHYHBIN ySI3BUMOMY (hparMeHTy, MpH-
CYTCTBYIOIIIEMY B UCXOAHOM (HCIIOIHIEMOM) KOJIE.

e 3anaum odOparTHoii pa3pabdotku (Reverse engineering). CtaButcs 3a-
Jla4ya BOCCTAHOBJIEHUS HCXOAHOTO KOJIa, COOTBETCTBYIOLIETO JaHHOMY HC-
MOJTHSIEMOMY KOJY.

CXO0ACTBO NCXOIHOTO M UCTIOJIHAEMOI0 KOJa

N3BecTHO, 4TO U3 OJTHOTO M TOTO K€ HUCXOAHOTO KOJ[a MOYKHO MOJY4HUTh pas3-

JUYHBIA UCTIOJHSAEMBIH KOJI. DTO 00YCIIOBJIEHO TEM, YTO Pa3HbIE KOMIIHIISTOPHI MO-
I'yT FeHEpUPOBATh Pa3HbIM OOBEKTHBIN KO, @ TAKXKE NPUMEHATh Pa3IMIHbIE ONTH-
Mu3zanuy. McnonHseMsle (ailiipl Takke pa3inyaroTcsl B 3aBUCUMOCTH OT apXUTEK-
TYpPBI LEINEBOW MAILIUHBL.

Bynem cuurtath, 9TO MaHHBIN HCTIOTHSAEMBIN KOJ TIOJI00CH NCXOTHOMY KOIY,

€CITM OH MOKET OBITH MOJY4EH B pe3yJIbTaTe KOMIMJISIIMU 3TOT0 UCXOJHOTO KOZA.

ITocTanoBKka 3axaum

Paspabotath 1 peaTn30BaTh HHCTPYMEHT COMOCTABIIEHHS UCXOIHOTO U UCTIOJN-
HSIEMOT'0 KOJ1a, KOTOPBI 00eCcIeunBacT COOTBETCTBHE MEXAY QYHKIMSIMHI HCXOA-
HOT'O M HCIOJHAEMOro koja. PaccmaTpuBaeTcs citydaid, Koraa npeaoCcTaBICHHBIN
WCXOIHBIN KOA MOXET He KOMIMIUPOBATHCS (HApUMep, U3-3a OTCYTCTBHS HEKO-
TOPBIX (hAIIOB), HO TP STOM SIBIISIETCSI CHHTAKCUYECKH aHAIN3UPYEMBIM.

Ecnu B ricnonmHsieMOM KOZAE MPUCYTCTBYET OTIaf04Has HHPOPMALHS, PELICHHE
3a7la4y TPUBHAIBHO, TaK KaK OHA COJEPKUT MPsIMbIE CBA3U MEXy CTPOKAMH UCXOJ-
HOTI'0 KOJIa ¥ HHCTPYKIUSAMU UCTIONHAEMOro Kozia. OJHaKo cieayeT OTMETHTb, UTO U3
UCIIONHAEMOr0 KOJia, NPEAOCTABIAEMOr0 KOHEUHOMY I10JIb30BaTENI0, OTIaI0YHAs U
CHMBOJIbHAS! HH(pOpMAaLUst 0OBIYHO yaanseTcs [2] (CBsI3b MEXAY CTPOKaMU UCXOJHOTO
KOJIa ¥ MHCTPYKLMSIMU pa3pbIBacTcs, a UMEHa (DYHKLNHA 3aMEHSIOTCSI WITH YIAJISFOTCST).
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B nannoit pa60Te MBI 6y,E[eM HUCXOOUTD U3 MPEATIOJI0KCHUSA, YTO B UCIIOJIHACMOM KOJEC,
CpaBHUBAC€MOM C UCXOJHBIM, OTJIaJ0OUYHAA U CUMBOJIbHAA I/IH(bOpMaHI/IH OTCYTCTBYCT.

CyuiecTByonme HHCTPYMEHTHI

CyIIIeCTByeT HECKOJIbKO MHCTPYMCHTOB, IPCAHA3HAYCHHBIX IJI COIIOCTAaBJIC-
HUA HCXOJHOT'O U UCITIOJHACMOI'O KOJa:

Pigaios [3] — mpuHIMaeT Ha BXOJ HCIIONHAEMBIN U HCXOTHBIN KO M HaXO-
JIUT COOTBETCTBYIONIHME NPYT Ipyry (GYHKIUH. MHCTPYMEHT BBIMOIHSET
COIOCTaBJICHHE HAa OCHOBE MMEH (DYHKIIMH, CTPOKOBBIX KOHCTAHT, KOJIH-
YeCTBa IUKJIOB M YCIIOBHUIi, BEI30BOB (DYHKIINiL, I100ATbHBIX ICPEMEHHBIX,
KOJIMYECTBA OMepaTopoB SWitCh u ux BapuaHTOB (Case), a Takke peKyp-
CUBHOCTH (QYHKIMA. MHCTpYMEHT He TpeOyeT KOMITWISAIUM UCXOTHOTO
KOJIa — JIOCTATOYHO JIMIIb YCIICIIHOTO MPOXOXKICHUS CHHTAKCHYECKOTO
aHamm3a.

BinPro [4] — npuHUMaeT Ha BXO/ UCIIOJIHAEMBIH U UCXOIHBINA KOJ M BbI-
quCIAeT KO UITUSHT CXOICTBA, KOTOPBIN MPENCTABISIET COOOM MPOLIEHT
(GYHKIMHA MCXOMHOTO KOJa, HAIISIIIMX COOTBETCTBHE B HCIIOIHIEMOM
daiine. Uem Bbiie 3TOT K03 UIMEHT, TeM OOJbIIIe BEPOSTHOCTH TOTO,
YTO UCTIONHSIEMBIH KOl ObLIT CKOMITHITUPOBAH U3 JAHHOTO UCXOIHOTO KOJIa.
AJTOPUTM COTOCTABIICHHS YCTONYMB K TAKMM WU3MCHEHHSIM, KaK TMpaBKa
KOMMEHTApHUeB, IMEPeHMMEHOBaHHE (DYHKIMI WM H3MEHEHHE IMOpsIKa
0OBsIBIICHHS MIEpEMEHHBIX. bollee cymecTBeHHOE BIMsSHEE HA KOAPHIIHN-
€HT CXOJICTBA OKa3bIBAIOT CTPYKTYPHBIE U3MEHEHUS IPOTPAMMBI U H3Me-
HEHHe 3HAUCHHI KOHCTaHT. Ha 0CHOBE mpeBapuTelIbHO COOPAHHBIX JIaH-
HBIX MHCTPYMEHT IBITACTCS MPEAyrajaTh, Kakue (YHKIIUH HCXOIHOTO
koza Oynyt BcTpoensl (inline). ComocTaBiieHue BBINOIHIETCS Ha OCHOBE
CTPOKOBBIX M YHUCJIOBBIX KOHCT@HT, BBI30BOB OMOJIMOTEYHBIX (DYHKIIHH,
rpada BHI30BOB U KOJIMYECTBA apryMeHTOB. Tpedyercsi, 4TOObI HCXOAHBIN
ko ObL1 KoMmuupyembiM ¢ nomorinbio GCC miu Intel C++ Compiler
(ICC). WUcnonmuseMbIit KO TOJDKEH OBITh CKOMITFUIMPOBAH IO apXUTEK-
Typy x86—64 ¢ 3apaHee U3BECTHBIM YPOBHEM ONTHMHU3ALINY.

Re-Source [5] — nonyyaer Ha BXOJ TOJIBKO HMCIOJHSAEMBIH KOJ M WILET
COBIIaJICHUS B 0a3ax JaHHBIX, COACPIKAIIMX HUCXOIHbIH KO IHCTpyMEHT
BBITIOJTHSET COMOCTABJICHHE Ha OCHOBE KOHCTAHTHBIX 3HAYCHHH OIepaH-
JIOB, BBI30BOB (DYHKIIMI U CTPOKOBBIX KOHCTaHT. ba3bl HCXOAHOTO KOAa,
UCIIONIb30BABIIUECS HHCTPYMEHTOM, B HACTOSIIIEE BPEMS HETOCTYITHBI.
CodeBin [6] — mpuHIMaeT Ha BXOJ TOIBKO MCIIOTHIEMBIH KO U HILET CO-
OTBETCTBHUS B OHJIAWH-0a3e MCXOMHBIX KOAOB. COMOCTABICHUE OCHOBAHO
Ha KOJIMYECTBE ONEPAaHIOB, BBI30BaX I0JIb30BATECIBCKUX H OMOIMOTECUHBIX
(YHKIMH, CTPOKOBBIX M YHCIIOBBIX KOHCTaHTaX, a TaKXKe CIIOKHOCTH
rpad)a OTOKa yIpaBICHHUSL.
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AJTOPUTMBI CONIOCTABJICHHS BBIILICYKa3aHHBIX MHCTPYMEHTOB YUUTHIBAIOT JIMIIb
YacTh POrPaMMHBIX HHCTPYKIHH (BBI30BBI (DYHKIWH, KOTMYECTBO LIUKJIOB) U CTPOKO-
BbI€ KOHCTAHTBI, YTO 3a4acTyIO IIPUBOIHUT K HU3KOHM TOUHOCTH. [1pH 3TOM TONBKO MH-
ctpymeHT Pigaios crioco6eH paboTaTs ¢ HEKOMITHITUPYEMBIM UCXOIHBIM KOZIOM.

Hucrpyment Pigaios

WucTpymenT Pigaios mpuHIMaeT Ha BXOA UCXOMHBIN M UCTIOTHIEMBIN KO, a
Ha BBIXOJIE BBIIACT MAaphl COMOCTAaBICHHBIX (yHKIMHA. Pabota mHCTpYyMEHTa co-
CTOUT U3 TPEX ITAIOB.

Ha mepBoMm 3Tarie U3 HCXOTHOTO M UCTIOJIHSAEMOT'0 KOa U3BJICKAIOTCS OTpe/ie-
JICHHBIE CBOMCTBaA (MMeHa (pyHKINH, CTPOKOBBIE W YMCIIOBBIE KOHCTAHTHI U JIP.) C
ucnons3oBanreM “Clang bindings” [9] u IDA Pro [10], coOTBETCTBEHHO.

Ha BTOPOM 3TaIri€ Ha OCHOBEC BI)I6paHHI)IX MCTPHUK U3 UCXOJHOT'O U UCIIOJIHAC-
MOTO KOfla OTOMPAIOTCS MMOTEHIMAIBHO CX0KUe QyHKIUH. VIcToNb3yIoTCs ciey-
IOIINE METPHUKH:

e lneHTHYHOCTH UMEH (PYHKIHUN — BHIOMPAIOTCS (DYHKIIUA C OJJUHAKOBBIMHU

HUMCHaMH.

e leHTUYHOCTh KOHCTAHT — BHIOMPAIOTCS (DYHKIIUH, COACPIKAIIUEC OJTHU U
TE YK€ CTPOKOBBIE MJTH YHCIIOBbIE KOHCTAHTBI.

e HneHTHYHOCTH HCXOTHOTO (aiiiia — BBIOMparoTest QyHKIMN, TPUHAIIeKA-
IIME UCXOAHBIM (paiiyiaM ¢ OJIMHAKOBBIMH UMEHAMH.

Ha tperbeM 3Tane i KayKoi napbl Ha OCHOBE U3BJIEUYEHHBIX XapaKTEPUCTUK

BBIYHCIIsIETCS KOd(duieHT cxoacTea. K aTHM XapakTepuCTHKaM OTHOCSTCS:

e  ums QpyHKIUY;

KOJIMYECTBO YCIIOBHH;

KOHCTAHTHI,

KOJIMYECTBO IHKJIOB;

KOJIMYECTBO ONEpaTopoB switch;
BBI30BbI QYHKIIHIA;

Fﬂ06aJH)HBIe 1 JIOKAJIbHBIC TIEPEMEHHBIC,
PEKYPCHBHOCTb.

Yem OosbIIIe XapaKTEPUCTHK COBIMAIACT, TEM BBIIIIE BEPOSITHOCTB TOT'O, 4TO (DyHK-
LUK UCXOTHOTO M UCIIOJIHAEMOr0 KoJia HICHTHYHBI. [1apbl, yell ko3 GuIMeHT cXo1-
CTBa MPEBBIIIACT 3apaHee 3aJIAaHHBIN MOPOT, COXPAHSIOTCS Kak cxoxue QyHkuun. Ha
TPEThEM dTalle, OCHOBBIBASCH HA Tapax (PyHKIMIA, OTOOPaHHBIX Ha TIPEIbLIYIIEM
Tare, BEIOMPAIOTCs HOBBIC KaHIUIATHI C UCTIOJIb30BaHUEM CTPYKTYPHBIX METPHK:

1. «Cocennue» ¢ynkiun. Ecim ¢pyHkunu f; (McXomHblii ko) | f}, (MCmo-
HSEMBII KOM) YK€ COIIOCTaBIICHBI, U B HCXOTHOM KOJie eCTh (DyHKIUS g, ,
KOTOpask MpeIIeCTBYET WM CIEAYeT 3a fg, a B HCIOIHIEMOM KOJE €CTh
byHKIHSA g)), TPEALICCTBYIOIIAS WK CIEAyIomast 3a f, To napa (Jgs, gp )
BBIOMpAeTCs sl CPAaBHEHHS.
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2. BrosweiBaembie hynkuuu. Ecim f; ¥ f), comocTaBieHsl U f; BBI3BIBACT g ,
a fp BBI3BIBACT g, , TO Napa (gs , gp ) BEIOUpaeTcs AJisi CpaBHEHUSL.

3. BoeBaromue pynknun. Ecnu f; u f; conoctaBneHsl, 1 gs BBI3BIBAET f; ,
a gp BBI3BIBACT f},, TOo Mapa (gs , g, ) BEIOUpaETCs 1l CpaBHEHUSI.

s 5TUX HOBBIX Map TakKe BeIYHCIsIeTCs Ko3dhdunueHT cxoacraa. [Ipomecc
MOMCKa HOBBIX Map NPOJOKAETCS HTEPATHBHO JI0 TEX MOP, IIOKA 3TO BO3MOXKHO MO
YKa3aHHBIM MeTpuKaM. [1apbl ¢ BEBICOKUM KO3 GHUITMEHTOM CXOICTBA JOOABISIFOTCS
K CIMCKY HalJICHHBIX COOTBETCTBUM.

HTOroBeIM pe3ynpTaToM pabOThl MHCTPYMEHTA SIBIISIETCS COBOKYITHOCTH Tap
CXOXUX (YHKIUH, HAKOTUIEHHBIX Ha BTOPOM M TPEThEM 3Tamax.

HNucTpyment Pigaios++

s ynyuiienus paboTel HHCTpyMeHTa Pigaios ObuTH 100aBICHBI MEXaHU3MBI
COIIOCTABJICHUSI OMOJMOTCUHBIX (PYHKIIMHA, HOBBIE METPUKU W JOMOJHUTEIbHBIC
CBOICTBa CPaBHEHMUSI.

Comnocrapjienne 0U0IHOTEYHBIX PyHKIMH

Ha Bropom 3tamne paboTel HHCTpYMEHTA, TIepe]] 0TOOPOM Tap Ha OCHOBE MET-
UK, BBITIONHSETCS COMOCTaBJIeHHE OMOIMOTEUHBIX (YHKIMA. BaxkHO OTMETHUTH,
YTO MMEHa OMOIMOTEUHBIX QYHKIMIA HE yIANSIOTCS U3 HCIIOMHIEMOTO KoJia 1aXKe
B TEX CIIy4asx, KOTJa B HEeM OTCYTCTBYET CUMBOJIbHAS HH(OpMAIIHSI.

[Iporecc oprann3oBaH CiIeIyOIAM 00pa3oM:

W3 ucnonHsieMoro xosa BEIIEISAIOTCS Bce Onbmmoreunple pyHknmu. Mx oOHa-
py’KeHHUe OCYILIECTBIIETCS ¢ MOMOIIbIo HHCTpyMeHTa IDA Pro ¢ ncnonbs3oBanuem
texHosoruun F.L.LLR.T. (Fast Library Identification and Recognition Technology)
[11]. 3aTem HalifeHHbIe (PYHKIIMU UILYTCS B UCXOAHOM KOJIe TI0 UX uMeHaM. Ecim
B HCXOJIHOM Koie OOHapy>K1BaeTcsl YHKIUS C IICHTUYHBIM UMEHEM, IaHHAs [apa
CUYHMTAETCS TOYHO COMOCTaBIeHHON. PYHKIINU, COTIOCTABICHHBIE Ha JAHHOM JTarle,
WCKITIOYAIOTCS M3 AAbHEHNIIIEro pacCMOTPEHHs KaK MOTeHINAIbHbIE KaHNIaThl Ha
JOPYTUX CTagusX pabOoThl anropuT™Ma. JTOT IIAr HapaBieH Ha ONTHMHU3ALHIO [IPO-
W3BOJUTENBFHOCTH HHCTPYMEHTA, a TAKXKE TO3BOJISIET 3HAUYUTEIBHO CHU3UTh BEPO-
STHOCTH BBIOOpA OIIMOOYHBIX Map GYHKIUI B X0/1€ TIOCIIEAYIOIIETO aHAIN3a.

Metpuxkn

K cymectByronmM MeTpukaM HHCTpyMeHTa Pigaios Obutn 10OaBIIEHBI HOBBIE:

e CurHarypa ¢pyHKIUM — IJI1 CPABHCHUS BEIOUPAIOTCS (PYHKITIH U3 HCXO/I-
HOTO ¥ MCHOJHAEMOT0 KOJia, UMEIOIIIE UICHTUYHbIC CUTHATYPHI.

e Bb130BbI 0M0IHOTEYHBIX (PYHKIMIT — JIsI CpAaBHEHUS OTOMpArOTCs (DyHK-
MM, KOTOPBIE BBI3BIBAIOT OIHU U T€ K& OMOIMOTEYHbIE (PYHKINH.
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L (I)yHKIII/II/I, PaCIOJO0KCHHBbIC MEKAY CONMMOCTABJICHHBIMHU ITAPAMHU — BbI-
6I/Ipa}OTC$I Tapbl q)yHKI_II/II‘/'I, KOTOPBIC HAXOAATCA B MHTCPBAJIaX MCIKIAY YIKC
COIIOCTABJICHHBIMHU CTPOKaMH UCXOAHOI'O KOAAa U COOTBETCTBYIOIIUMU aJl-
pecaMu UCIIOJTHAEMOr'0 KOoaa.

CroiicTBa cpaBHeHHUS

B nepedeHb cBOICTB [Tt cpaBHEHUS (PYHKIUN OBLIO JOOABIEHO HOBOE CBOH-
CTBO — curuarypa ¢pynkuuu. Tenepp 11l Kaxa0l CpaBHUBaEMOM Maphbl, TIOMUMO
BBIIICYIIOMSAHYTBIX XapPaKTCPUCTUK, YUYUTBIBACTCA U COOTBECTCTBUC CUTHATYP, YTO
BJIUSICT HAa UTOTOBBIM KOA((UITUSHT CXOCTBA.

TecTupoBanue

JJis o1leHKH TOYHOCTH pabOThl HHCTPYMEHTOB ObLIa pa3paboTaHa aBTOMATH-
3UpOBaHHAs CHCTEMa TECTUpOBaHUs. IIporecc TeCTUPOBaHUSA COCTOUT U3 ABYX JTa-
[TOB: aBTOMATUYECKON T€HEPALIMY TECTOB M HEMOCPEICTBEHHOT'O TECTUPOBAHMSI MH-
CTPYMEHTOB Ha 3THUX JaHHbIX. [JI1 aBTOMaTHUYECKOW reHepalui TECTOB 3TOr0 HUC-
TIOJIB3YIOTCS JIBE BEPCUU O/IHOM U TOH e MporpaMMbl (KOTOpbIe MOTYT COBIAIaTh),
ob6o3naunM ux V1, V2. Ha nepBom atare ucxomsslii ko V1 koMmunmupyercs ¢
0TJIaJ0YHON MH(OpPMAIMEH, YTO MO3BOJISAET COXPAHUTh CHUMBOJIBHYIO HH(pOpPMa-
IIUI0, B YACTHOCTH, UMeHa QYHKIMH. KOMIUISAIMA MOKET BBIIOIHATHCS C pa3iind-
HBIMH YPOBHSIMH ONTUMHU3aIMU. [lodydeHHbIi nenomHseMslid koa o0o3HaunM Bl.

3areM BBITIOIHACTCS conocTaBienne QyHknuii u3 B1 u V2, nMeronux oauHa-
KOBbIe UMeHa. [losyueHHbIe Mapbl NPEICTaBISIIOT COOON «3TalIOHHBIE» COOTBET-
CTBHSI, KOTOPBIE B JIy4IlIEM CIy4ae JOJDKEH OOHApPY)KUTh TECTHPYEMbI MHCTPY-
MEHT Npu cpaBHeHnu Bl u V2.

Ha BTOpOM 3Tamne tecTupyemblii HHCTpYMEHT IpUMeHseTcst K chOpMHUpOBaH-
HBIM TECTaM, MOCJIE YETO BBIYMCIISIIOTCS MTOKa3aTelnd TOYHOCTH (precision) M MOJ-
HOTHI (recall).

B mauane mporecca coxpaHseTcs COOTBETCTBHE MEXIy UMEHAMH (PYHKIIHN
HCTIOJIHAEMOr0 KOJIa M afjpecaMu X Hayana. 3aTeM U3 ucroHseMoro (daiina yna-
JsieTcs Bcs CUMBOJIbHAs MHQoOpManus (BKIoyas MMEeHa (QPYHKIHIA) ¢ MOMOIIBIO
yTHIUTHI strip [12]. Y aajgeHne CMMBOJIOB HEOOXOIUMO JIJISi MAKCUMAJIBHOTO MTPH-
ONMMKeHNs YCIIOBUHN TECTa K pealbHBIM CIIEHApHUSAM, TaK KaK MMOCTABIISEMOE IOJTb-
3oBaressiM 110 00b1HO He conepuT Takoi nHpopMmaunu. Ha cnenyromem mare
HCXOJHBIN U «OYHMILEHHBIH» HCIIOJIHAEMBIH KO MOAAIOTCA HA BXOJ TECTUPYEMOTO
MHCTPYMEHTA.

[Tape! ¢pyHKUMH, COTOCTaBIEHHBIE HHCTPYMEHTOM, CPAaBHUBAIOTCS C 3TaJIOH-
HBIMHU TIapaMU, TIOJTYYEHHBIMH Ha TIepBOM 3Tane. J[ng xaxaol HailaeHHOH (QyHK-
UM U3 UCTIONHAEMOTO KOJla BOCCTAaHABIMBAETCS €€ UM (110 paHee COXPaHEHHOMY
aapecy Havana QyHkuun). Eciiu B HaliIcHHOH Mape uMeHa (YHKIUH M3 HCXOIHOTO
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U UCTIONHSIEMOTO KOJla COBMAIAIOT, PE3yIbTaT CUUTACTCS HCTUHHO TOJIOKUTEIb-
HBIM, B IPOTUBHOM CiTydae — olIOKOi. Ha ocCHOBE 3THX AaHHBIX PacCUNUTHIBAIOTCS
TOYHOCTH M TIOJTHOTA.

Jl1s1 mpoBeAeHUS TECTUPOBAHMSI UCITONIB30BANICS MCXOMHBIA Kox libxml2 [13]
W CTaHJApTHOTO MakeTa mporpamm coreutils [ 14] onepaunonHoii cuctemsl Linux.
[NakeT BrIIOYaeT OoJiee cTa mporpamMm U ObUT BEIOpaH It 00ecneueHus: pa3Hoo0-
pa3us BXOJHBIX TAHHBIX.

PesyabTarsl

Huctpyment Pigaios++ ObUI poTECTUPOBaH ¢ IOMOIIBIO pa3padOTaHHOM aB-
TOMAaTHU3UPOBaHHON cucTembl. B Tabn. 1 mpuBeaeHo cpaBHEHHE PE3yNIbTATOB pa-
OOTBI OPUTHHAIBHOTO WHCTpyMeHTa Pigaios m ero mMoanunmpoBaHHOW BepCcHUU
Pigaios++.

Tabnuya 1. Cpasnenue pesyromamos Pigaios u Pigaios++

HcxomHblii HcnonaseMblit Pigaios Pigaios++ Pigaios Pigaios++
Kopg Kon Tou- TounocTh IlonsoTa IlonsoTa
(Ontumuzanmst) HOCTb (%) (%) (%)
(%)
coreutils- coreutils-8.18 18.7 34.7 3.1 9.2
8.18 (00)
coreutils- coreutils-8.18 17 33.7 2.8 9.7
8.32 (00)
coreutils- coreutils-8.18 12.1 27.7 2.6 9.4
8.18 (03)
libxml-2 libxmlI2.s0.2(02) 22.4 30.7 25.8 36.9

AHanu3 CpaBHCHHUS MOKA3bIBAET, YTO BHECCHHBIC M3MCHECHUS MOJIOKUTESIHHO
MOBJTHSUTH HA UTOTOBBIC MOKA3aTE M M MOBBICHUIIA TOYHOCTH U MOJHOTY pabOThI HH-
CTpyMeHTa. B 4acTHOCTH, IOKa3aTelb TOYHOCTH YIYUINMICA B CpPEIHEM Ha
14.15%, a monaoTa — Ha 10.3%.
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RESEARCH AND DEVELOPMENT OF METHODS FOR
SOURCE AND BINARY CODE MATCHING

H. Movsisyan, H. Aslanyan
Russian-Armenian University

ABSTRACT

This paper addresses the problem of matching source code with its corre-
sponding executable functions in the absence of debugging and symbol
information. We present Pigaios++, an enhanced tool built upon the Pi-
gaios framework. Key improvements include the integration of prelimi-
nary library function matching mechanisms and the introduction of new
metrics, such as function signature comparison and library call analysis.
Furthermore, a method is proposed to improve matching precision by an-
alyzing the positional context of functions relative to already identified
pairs.

To evaluate the effectiveness of the tool, an automated test generation al-
gorithm was developed. Experimental results conducted on the GNU Co-
reutils suite demonstrate that these modifications improved the average
precision by 14.15% and recall by 10.3% compared to the baseline imple-
mentation.

Keywords: code matching, static matching, vulnerability analysis.
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AHHOTALNUSA

B nanHO# cTaTtbe mpencTaBiIeH ajIrOpUTM TE€HEpPalMH CHHTETHYECKHX
JAHHBIX JJIS 32/1a4 JUCTAHIIMOHHOTO 30HIMPOBAHUS, PEaIM30BAHHBIN B
cpene Unreal Engine 5. TToaxo oCHOBaH Ha MPOLCAYPHOM MOJICTHPOBa-
HHUH TOPOJCKOH Cpelbl, CTOXaCTHYeCKOM Pa3MEUICHUH OOBEKTOB C reo-
METPUUECKUMH U CEMAaHTHUYECKUMH OTPaHUYCHUSAMH M MOJICIIMPOBAHUU
napamMeTpoB BUPTYaJIbHON KaMepbl. AHHOTAIMU (POPMUPYIOTCS aBTOMa-
TUYECKH U3 TPEXMEPHON CLIEHBI M BKIIIOYAIOT OIPAHUYMBAIOIINE PAMKH U
CEMaHTHUYECKHE MackH. [IpeyioKeHHBIN aJropuT™M 00eCTIeYnBaEeT COria-
COBaHHOCTH MEXy N300paKEHUSAMHU B Pa3METKOW M MO3BOJISIET MacIlTa-
OupyeMO reHeprpOBaTh 0OYUaIOIIKE TaHHbIC AJIS 38]]a4 KOMIBIOTEPHOTO
3peHHUs B TUCTAHIIMOHHOM 30HINPOBaHUH.

KaioueBble cjioBa: cuateTndeckue nannsie, “Unreal Engine 57, nucran-
IIHOHHOE 30HIMPOBAaHHE, ABTOMATHYECKas pa3MeTKa, KOMIIBIOTEpHOE
3peHue.

BBeaenue

OnHOl U3 KIIOUEBBIX MPOOJIEM KOMIBIOTEPHOTO 3pEHUs] B TUCTAHIIMOHHOM
30HIMPOBAHUY SBJSIETCS OTPaHUYEHHAs! JOCTYITHOCTh U HECOBEPILIEHHOE KaYeCTBO
pasmeueHHbIX naHHBIX (Puc.l). B ornmume ot o0bruHbIX doTorpaduii, nanHsie
a3pPOCHEMKH ¥ CITyTHUKOBOTO MOHHUTOPHHIA XapaKTEPU3YIOTCSl BEICOKOU TIOTHO-
CTbIO OOBEKTOB, BAPMATUBHOCTHIO YIJIOB 0030pa W CHIBHOH 3aBHCUMOCTBIO OT
YCITIOBUH OCBEIICHUs B aTMOC(EPHBIX sBIeHUN. TpaauroHHass pyqHas pa3MeTKa
TaKUX N300pa’keHN TpyHo3aTpaTHa, OABEPKEHA OIMNOKaM HHTEPIPETAIINY U Ya-
CTO HE MO3BOJISICT JOCTHYb ITUKCEIbHONH TOYHOCTH, HEOOXOANMOI U COBPEMEH-
HBIX TTyOOKHX HEMPOHHBIX CETEH, 4TO, B KOHEYHOM UTOT'e, CHI)KAET MX 000011a0-
Iy CIIOCOOHOCTb.
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Puc. 1. Cpasnenue macox Change Detection: SYSU-CD (sepx)
U HAwU cunmemuyeckue OanHvle (Hu3).

st yMeHbIIeHNs 3aBUCUMOCTH OT PYYHOM pa3MEeTKH MPUMEHSIOTCS METOJIbI
caMO000y4€eHHS U TOITYKOHTpOJIMpyeMoro ooyuenus [1, 2], oqHaKo OHM HO-TIPEX-
HeMy (DYHKIMOHAIBHO 3aBUCST OT CIIeUM(UKH JaHHBIX 1I€JI€BOI 00JIaCTH U KpaiiHe
YYBCTBUTENIbHBI K IITyMy B MeTKax. [ eHepaTHBHbBIE MOJEH, BKIIIOYasi COBPEMEH-
HbIe TU(GPY3NOHHBIE apXUTEKTYPHI [3, 4], TO3BONISIOT CHHTE3UPOBATh BU3YalbHO
peanucTU4Hble M300paXeHHs, HO 00JaJaroT CYIIECTBEHHBIM HEJOCTaTKOM: OHH
00ecreYnBaoT OrpaHNYEHHBIN KOHTPOJIb Ha/l TEOMETPUEH CLICHbI U PU3MYECKUMHU
napameTpamMu ChbeMKH (BBICOTa, (JOKYCHOE PAcCTOSIHUE, YTOJl HAKJIOHA KaMephl).
Bonee Toro, Takue Mojeny He TapaHTHPYIOT MOTYY€HHUE TOYHOW U CEMaHTHUECKU
COTJIACOBAaHHOM Pa3METKH.

B ortnnume oT HUX, UCHOIB30BaHME CIEUAIN3HPOBAHHBIX 3D-cuMymsanuii
MTO3BOJISIET TOJIHOCTHIO aBTOMATHU3HWPOBAThH MPOIIECC aHHOTHPOBAHUS M PEajn30-
BaTh KOHIEMIHUIO yIIPaBISIEMO TeHepayy. ITO JaeT BO3MOKHOCTb SIBHO 33/1aBaTh
COCTaB CLIEHBI U ITapaMeTPbl BUPTYAJILHOTO CEHCOpPA, MOITy4as HACAIBHO COTJIaco-
BaHHBIE Mapbl «<M300pakeHne-Mackay [5, 6].

Lenbto naHHOM pabOTHI SBISETCS OMUCAHUE AlTOPUTMA TeHEePallud CUHTETH-
YeCKMX JAHHBIX IS 3a1a4 JUCTaHIIMOHHOTO 30HAMpoBaHWsS Ha Oasze “Unreal
Engine 5” [7], mo3BossitoIIero co3aBaTh peauCTUYHbIE CIICHBI M aBTOMAaTHYECKU
M3BJIEKAaTh TOYHbIE AHHOTALIMU U3 BUPTYaJIbHOU cpeabl. B oTinume oT cymiecTBy-
IOIINX TTOIXO/I0B, IPEIaraeMblil alITOPUTM peau3yeT MPoLeaypHbIil MeTo (hop-
MHPOBAHHUS JIOKAIMH M CTOXaCTHYECKOE Pa3MEIICHNEe OOBEKTOB C Y4eTOM UX (H-
3UYECKOT0 B3aMMOJEHCTBUS. DTO 0OeCreyuBaeT CTPOrUid KOHTPOJIb HaJl TEOMET-
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pHeii CIICHBI ¥ MeTaJaHHBIMU aHHOTAIMK, QOPMHUPYS KaueCTBEHHBIE HAOOPHI 1aH-
HBIX JUIsI TpeJo0yveHus MojiesIel B yCIOBUSIX Ae(UIINTa pealbHbIX pa3MedeHHBIX
BBIOOPOK.

B kadecTBe meMOHCTpany MPHUMEHUMOCTH HPEUIOKEHHOTO T0AX0/1a ObUIH
pPacCMOTPEHBI JIBE TUIMYHBIC 33/1a4W JAUCTAHIIMOHHOTO 30HaupoBanus: “Change
Detection” u “Small Object Detection”.

3amaga “Change Detection” 3akirodaercsi B BBIABICHUH M3MEHEHHH MEXIY
N300pakKeHUSMH OHOW M TOH K€ TePPUTOPUH, TIOITyISHHBIMH B Pa3HbIE MOMEHTEI
BpPEMEHH, HampUMep NpPU CTPOUTENBCTBE 3JaHUH WM W3MEHEHUH HHPPACTPYK-
Typsl (Puc. 2).

Cemanmuueckas macka

Hzobpadicenue 0o Hzo06pasicenue nocne

Puc.2. Ilpumep cunmemuyecku ceeHepupo8aHHOU NAPbL U300PANHCEHU
u macku usmenenuti s 3a0aqu Change Detection.

3agada “Small Object Detection” HanpaBieHa Ha 0OHapyXeHHE MaJIbIX 00b-
€KTOB Ha a3pPOKOCMUYECKUX M300paKEHUSX, TAKMX KaK TPAHCIIOPTHBIE CPEICTBA,
KOTOpBIE 3aHUMAIOT HEOOJBIIIOE KOJTMIECTBO MUKCENIEH M PacIionararoTcs B IUIOT-
HO¥# ropojckoii cpene (Puc. 3).

[Ipennaraemblii anropuT™M COCTOUT U3 TPEX OCHOBHBIX STAIOB!

1. MoaenupoBaHue BUPTYaTbHON Cpebl

2. eHepanysi CHHTETHIECKUAX JAHHBIX

3. ABTOMaTHuecKass aHHOTAIIHS.

1. MoaeaupoBaHue cpeabl

T'opoackue cuensr popmupyrorcs B “Unreal Engine 5” ¢ ucIoyib30BaHUEM
mporeypHoil reHeparmu, aaHHbix “OpenStreetMap” [8] u unctpymenra “City-
BLD” [9], npemHa3HaYeHHOTO ISl CO3JaHUS TOpOJACKOH TutanupoBku (Tabm. 1).
Takoit moIx01 TO3BOJISIET TEHEPUPOBATH TOMIOJIOTHYECKH MPaBAONOI00HBIE CTPYK-
TypbI 3aCTPOWKH W BapbHpPOBATh MapaMeTPhl OKPYKEHUS, BKIIOYAs T€OMETPHUIO
3IaHUl, JOPOKHYIO CETh M DIIEMEHTHI TOPOACKONW MH(PPACTPYKTYpHL. JlomomHm-
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TEJIHHO HACTPAMBAIOTCS OCBELICHHE, aTMOC(EpHBIC 3PPEKTHI ¥ TapaMeTPhl PeH/IC-
pUHTa, 9TO 00ECIICYNBACT PEATMCTUYHOCTH CLICHBI U ITOJHBIN KOHTPOJIb HAJI €€ CO-
CTaBOM TIPH T€HEPAINH CHHTETUIECKIX JTaHHBIX.

Tabauya 1. Xapaxmepucmuku cCunmemuyeckux cyem
U CMAamuCmuKa 2eHepayu U300paicenull.
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Cityl City?2 City3 OSM City
Pasmepni (km) |1.5 x 1.5 1.0 x 1.0 1.5x1.5 4.0x25
KoanuecTBoO
CHHTeTHYeC-
KHMX M300pazke-
HUIi 20 000 25000 50 000 35000

2. FeHepaunﬂ CHHTCTHYICCKUX JAaHHBIX

I[Iporiece reHepanuy JaHHBIX CTPOUTCS HAa AITOPUTMHYECKOM Iepedope co-
CTOSIHUI BHPTYaJIbHOU CPEBI, I'/Ie TOJOKEHNE KKIOT0 IEMEHTa ONpeesieTcs
3aJaHHBIMH I'€OMCTPUUCCKUMU U CCMAaHTUYCCKUMHA OTPAHUUCHUAM.

Kaxnas urepaiyst HanpaBJieHa Ha CO3/IaHUE COTVIACOBaHHOM mapkl {I, A}, Tae
| — cuHTE3UpOBaHHBIE N300paKeHHMs, @ A — COOTBETCTBYIOIINI UM HA0OP BBICOKO-
TOYHBIX aHHOTAIHH.

2.1 Jloruka pa3menieHusi 00beKTOB U OrpaAHUYEHUS

Pazmemenne 00beKTOB opMyTHpyeTCs Kak 3a7ada BEPOSTHOCTHOTO BRIOOPA
COCTOSIHUI ¢ OTPaHUYCHUSIMH B CIICIIHATIbHOM eBKINA0BOH rpymme SE (3), koTopas
npeAcTaBisieT co00l COBOKYIMHOCTh MpeoOpa3oBaHuil TBepAoro tema. [ xax-
JIOTO DK3eMIUIsIpa 00BEKTa 0; €ro 103a ONpPENEIseTCS BEKTOPOM COCTOSHUS S; =
(t;, R;) B MupoBoii cucteme koopaunar “Unreal Engine 57, rie t; € R 3 — BekTop
cMmelenus, a R; € SO(3) — maTpuIia BpaiieHus..

Kiacc oObekTa L; BEIOMpaeTCsl CTOXaCTHIECKA W3 MHOXKECTBA KJIACCOB L ¢ wc-
MOJIB30BAaHUEM B3BELIEHHOTO AWCKpEeTHOro pacmpexaenenus L; ~ Discrete(L,w),
I7Ie W — HaCTPauBaeMblil BEKTOP BECOB. DTO MO3BOJIAET KOHTPOJINPOBATH COOTHOILIE-
HHE KJIACCOB B TEHEPUPYEMOM HaOOpe TaHHBIX.

ITo3ummst t; 00BbEKTa 0; OTIPEACIACTCS MPOSKIMEH JTyda W3 BUPTYaTbHON Ka-
MEpBI B CLIEHY, 8 OpUEHTalNA R; coriacyeTcs ¢ MOBEPXHOCTHIO pa3MeEIIeHNUs U, U
HEOOXOIMMOCTH, C HANPaBICHUEM JTOPOKHON TPACKTOPHH.

Jis mpenoTBpanieHus HEKOPPEKTHBIX KOH(GUTYpalHid BBITONHSAETCS IIPO-
BepKa IMepecedcH MeXTy 00hEKTaMU U TCOMETPHEH CIICHEI.

Taxol moaxon mo3BossieT GopMUPOBATH MPABIONOA00HBIE CLIEHBI C KOHTPO-
JUPYEMBIM COCTaBOM U paclpeieieHHEM 00bEKTOB.
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2.2 MoaeaupoBaHue BUPTYAJIbHOI KaMephl

Kamepa mogenupyercss Kak NapaMETpU3yE€Mbld BUPTYaJIbHBIM CEHCOP C
HacTpanBaeMbIMH BHyTpeHHUMH K (TN Tpoekiuu, paspemenue, FOV u 1.1.) n
BHEIIHUMH napameTpamu E = [R | t]. (monoxeHue u opueHTaus). Buemnue na-
paMeTpsl ONpEeAesIoT HaOM0AaeMYI0 00J1acTh, CIYXKAIYIO OMIOPHBIM 3JIEMEHTOM
IUTS. TIOCTIEMYIOIIETO pa3MernieHnst 00bekToB. Vcnomp3oBanue opTorpadudeckon
MIPOEKINY TI03BOJISIET UMHUTHPOBATH CITyTHUKOBYIO ChEMKY, B TO BpEMs Kak Iep-
CTIEKTHUBHAS MPOEKIHSI UCTIONB3YeTCs ATl CUMYISIINU pakypcoB BITJIA.

3. ABTOMaTHYeCKAsI AaHHOTAIUSA

Onno u3 npeumyiects “Unreal Engine 5” — monydyenne TOYHBIX aHHOTAITUH
Onaronapsi moHOW MH(OPMALIUK O TeOMETpHH 3eMeHTOB cueHbl (Puc. 3). O0sb-
eKTBI JENATCS Ha OTCIEKHMBACMbIE W HEOTCIECKHBACMBIC, IIPU 3TOM B Pa3METKY
BKJIFOYAIOTCSI TOJIBKO LIEJICBBIE KJIACCHL. AJITOPUTM aBTOMAaTHYECKH (POPMUPYET 1Ba
THUIa aHHOTAIMH A: OrpaHUYMBAIOIINE PAMKH M CEMaHTHYECKUE MACKH, COTJIACcO-
BaHHBIC C U300pAKCHUEM U JIMIICHHBIC OMIMOOK PYYHOTO aHHOTHPOBAHHUSL.
e CemanTHyeckue MacKu. Macku (HOpMHUPYIOTCS aBTOMATHYECKHA Ha OC-
HOBE METa/IaHHBIX BUPTYaJIbHOU cpebl. 1 TOBBILICHNS KauecTBa 00yye-
HUS BBITIOJHSIETCS TOCTOOpaboTKa: Menkue GparMeHTsl 00BEKTOB, BOSHUK-
e U3-32 YACTHYHBIX TIEPEKPBITHH, YAAISIOTCS, €CIIH UX TUIOMIAIb HIKE
YCTaHOBJICHHOT'O TIOPOT'a, YTO MUHUMH3HPYET IIYM B JaHHBIX.

e OrpanuumuBammue pamMku. /s Kaxaoro o0beKTa BOCEMb BEPIIUH €T0

= 8
3D-orpanuuuBaromen pamku {v;} j=1 TPOCUMPYIOTCA HA TLIOCKOCTH

1
n3o6paxenud. Mrorosas 2D-orpaHnunBaionias pamka ornpeaenseTcs Mu-
HUMAaJIbHBIMA U MAaKCHMAaJIbHBIMH KOOPAWHATaMH MPOEKIUHA, OrpaHIUYCH-
HBIMU pasMepamu Kaapa W X H. DTo rapaHTHpyeT TOYHOCTb Pa3METKU
JaKe Ui 00bEKTOB, YACTHYHO HAXOSIIUXCS 3a MpeieiaMi BUIAUMOCTH.

Cunme3suposannoe usoopa-  Cunmeszuposannoe u3zoopa-
JHceHue JICeHUe ¢ 02PAHUYUBAIO-
WUMU pamKamu

Cemanmuueckas Macka

Pucynok 3. Ilpumep cunmemuyecko2o u3006pasiceHuss u agmoMamuyecKy C2eHepuposan-
Holx anHomayuil ona 3aoaqu “‘Small Object Detection .
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Pe3yabTarbl

Jns omerkn 3G GEKTUBHOCTH MPEAIOKCHHOTO aJTOPUTMa OBUTH TPOBEIACHBI
OKCIIEPUMEHTHI Ha JBYX 3ajJa4yax JUCTAHIIMOHHOro 30HmupoBanus: “Change
Detection” u “Small Object Detection”. B oboux cityyasx UCIOJIb30BaIach cxema
00y4eHHs1, IPU KOTOPOH MOJIEIh NPEIBAPUTEIBHO 00y4anach Ha CHHTETUYCCKHX
TAHHBIX, TIOCJIE YeT0 BBITOIHSIIOCH T00OYUIeHre Ha HeOOIBIIIOM 00beMe peaTbHbBIX
pa3MeuCHHBIX TaHHBIX.

PesynbraThl skcnieprMeHTOB B 3amauax “Change Detection” u “Small Object
Detection” moareepkaatoT 3G HEKTUBHOCTH MPEATIOKEHHOTO oaXx0a. Kak BHIHO
u3 Puc. 4, UCoNb30BaHNUE CHHTETUYCCKOTO MPEAOOYUCHHS TTO3BOISET BBISBIAThH
JOTIOJTHUTENIbHBIE U3MEHEHHSI, KOTOPBIE MOTYT OTCYTCTBOBATh B pa3MeTKe, HO CO-
OTBETCTBYIOT BH3YaJIbHOMY COJICP)KAHHIO CLICHBI.

CDLamba - CDLamba -
SYSU Full Synt + SYSU
1%

Pucynox 4. IIpumep Change Detection: (1) uzobpasicenue tl (0o uzmenenuii),
(2) usobpavicenue t2 (nocie usmenenutl), (3) IMANIOHHAA CEUAHMUYECKAS MACKA
usmenenutl, (4) npedckazanue 6a3080u Mooeu, 00YUeHHOU HA PeaibHblX OAHHBIX,
(5) npeockazanue mooenu, NPeosapumenbHo 00Y4YeHHOU HA CUHMEMUYeCKUX OaHHbIX
¢ nocnedyiowum 0oobyuenuem Ha 1% peanbHvix OaHHBIX.

Cormacuo Tabn. 2, ucroas3oBanue mogenu “CDLamba” [10] ¢ noGaBnennem
CHUHTeTHYeCKHX JIaHHBIX (Syn + 10% real) craOnibHO ynydIiaeT METPHUKH Ha BCEX
naracerax. Ha LEVIR-CD [11] moka3zatens F1 Bripoc ¢ 0.861 no 0.882, a IoU — ¢
0.756 no 0.788. Amnamormunsiii poct 3a¢pukcuposan Ha “WHU-CD” [12] (F1 ¢
0.833 10 0.848) u SYSU-CD [13] (F1 ¢ 0.785 1o 0.806), uro n0Ka3bIBacT BEICOKYIO
00001IaroIIyI0 CIIOCOOHOCTh MOJIeNIeH, Mpe0OYICHHBIX Ha CHHTETHYECKUX JaH-
HBIX, MPU JAe(DUIIUTE pealibHbIX aHHOTAIIUH.

B 3agaue “Small Object Detection” (Tabxn. 3) na matacere “UAVDT” [14]
npenoOydeHne Ha CUHTETUYECKUX JaHHBIX O0ECIIEUMIIO CYIIECTBEHHBIH CKa4YOK
tounoctH. st momenu “ESOD” [15] 3Hauenne mAP@0.5 yBenuuuninocs ¢ 0.548
1o 0.660, a Recall — ¢ 0.583 no 0.687. s “YOLOv12” [16] + SAHI [17] Precision
noxusuics ¢ 0.756 mo 0.816, a urorossrii mokazarens mAP@0.5:0.95 noctur 0.420,
YTO MPEBOCXOJUT PE3yJIbTaT OOydYeHHS Ha TIOJTHOM HAOOpe peallbHBIX JTaHHBIX
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(0.378). Takum oOpa3om, naimaiin Ha 6a3ze “Unreal Engine 5 no3sossiet a3 dek-
TUBHO KOMIICHCHPOBATh HEXBATKY JOPOTOCTOSIICH PYYHON Pa3METKH B IUCTAHIIU-
OHHOM 30H/IHPOBAHHH.

Tabruya 2. Pezynomamur “Change Detection” na LEVIR-CD, WHU-CD u
SYSU-CD ua modenu CDLamba.

Dataset Training F1 loU
LEVIR-CD 100% real 0.899 0.8166
LEVIR-CD 10% real 0.861 0.756
LEVIR-CD Syn + 10% real 0.882 0.788
WHU-CD 100% real 0.9172 0.8470
WHU-CD 10% real 0.833 0.715
WHU-CD Syn + 10% real 0.848 0.736
SYSU-CD 100% real 0.8242 0.7009
SYSU-CD 10% real 0.785 0.646
SYSU-CD Syn + 10% real 0.806 0.675

Tabnuya 3. Pezynomamur Small Object Detection na UAVDT.
Model Training Precision Recall mAP@0.5 [mAP@0.5:0.95
ESOD 100% real 0.733 0.604 0.563 0.254
ESOD 10% real 0.719 0.583 0.548 0.240
ESOD Syn + 10% real 0.736 0.687 0.660 0.270
YOLOvV12+SAHI 100% real 0.777 0.598 0.682 0.378
YOLOV12+SAHI 10% real 0.756 0.592 0.665 0.375
YOLOvV12+SAHI [Syn + 10% real 0.816 0.621 0.707 0.420
3ak/oueHue

B nanHoii paboTe nmpeacTaBieH aarOpuTM IT'eHEepaui CHHTETHIECKUX JAHHBIX
Ui 3aa4 JUCTAaHIMOHHOTO 30HIMPOBAHUS, PEaln30BaHHBIA Ha 0a3e IBIIKKA
“Unreal Engine 5”. Pa3paboTaHHbIi OIX0/] O3BOJISIET IEPSHECTH TPOLIECC O~
TOTOBKH 00Y4YaloIMX BHIOOPOK B KOHTPOJIMPYEMYIO BHPTYaIbHYIO CpPEIy, perias
npoGisieMy neduuTa 1 BBICOKOH CTOMMOCTH PEaNbHBIX Pa3MEUCHHBIX TaHHBIX.
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OCHOBHBIE pe3yJIbTaThl PA0OTHI:

1. Asromarm3ainus MOJIEIHPOBaHUs. Vcronb30BaHue MPOLEAYPHOH reHepa-
nuy 1 gaHHeix “OpenStreetMap” mo3BoiniIo co3aBaTh TOMOJOTHYECKH
JOCTOBEPHBIC TOPOJICKUE JIOKAIIMH OOJBIION MPOTSIKEHHOCTH, 00eCIIeyr-
Basi BU3yaJlbHOE Pa3HOOOpa3ue 3aCTPOUKH U TOPOKHBIX CETEH.

2. Yupasiasiemas reHepanus. Peain3oBaHa JOrvka pa3MeIeHus 00bEKTOB
¢ yueToM (DPU3NYECKUX U CEMaHTHYCCKUX OIPAaHHYCHUI. DTO rapaHTUPyeT
OTCYTCTBHE TEPECEUCHUI U PEATMCTUYHOE PACIOJIOKEHHE OOBEKTOB B
CIICHE.

3. ABTomMarumueckasi aHHOTamus. biarogaps npsMoMy HW3BJICUCHUIO JIaH-
HBIX M3 METaJIaHHBIX CIICHBI W MapaMeTPOB BUPTYATbHOW KaMephl, aro-
pUTM HOPMHUPYET HICATHHO COTIIACOBAHHBIC TAPHI «U300PaKCHUE-MACKAY
Y OrpaHUYMBAIOIIUE PAMKH, HCKITIOUas OIIMOKHU YeJIOBEUYeCKOro (pakropa u
06CCHC‘-II/IB3H TOYHOCTDH Ha IMUKCCJIbHOM YPOBHE.

DkcrnepuMeHTallbHas OlleHKa Ha 3a1a4ax “Change Detection” u “Small Object

Detection” moaTBepauia, 4To MpeaBApUTEILHOS 00yUCHHE MOJIENIEH Ha CHHTETH-
YECKUX JIAHHBIX CYIIIECTBEHHO MOBBIMIAST MX 0000MIAIOIIYIO CITOCOOHOCTh. B ycio-
BUSIX OTPaHUYEHHOTO O00beMa pealbHBIX aHHOTAIMH MPeIIOKEHHBIN aaropuTM
mo3BoIseT A((HEeKTUBHO MacIITaAOMPOBATh 00YYArOIINE BRIOOPKH, TIOrOTABINBAs
HeWpoceTeBbIe MOJIEIH K padoTe CO CI0KHBIMH PaKypCaMy M BAPUATHBHBIMHU yCIIO-
BUSIMU CheMKH. Takum 00pazoM, paboTa oATBEPIKAAET BHICOKYIO 3P (HEKTHBHOCTh
WCTONB30BaHus 3D-cUMyISIMiA Kak HAJIEKHOTO WHCTPYMEHTA JIJISl Pa3BUTHS CH-
CTEM KOMITBIOTEPHOTO 3pEHHUS B JUCTAHIIMOHHOM 30HIMPOBAHHH.

o
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SYNTHETIC DATA GENERATION PIPELINE FOR REMOTE
SENSING TASKS BASED ON UNREAL ENGINE 5

K. Surmenelyan, A. Aramyan, O. Hovhannisyan, M. Smbatyan,
V. Poghosyan, A. Malajyan
Russian-Armenian University

ABSTRACT

This paper presents a synthetic data generation pipeline for remote sens-
ing tasks implemented in Unreal Engine 5. The approach is based on pro-
cedural modeling of urban environments, stochastic object placement
with geometric and semantic constraints, and simulation of virtual camera
parameters. Annotations are generated automatically from the 3D scene
and include 2D bounding boxes and semantic masks. The proposed pipe-
line ensures consistency between rendered images and annotations and
enables scalable generation of training data for computer vision tasks in
remote sensing.

Keywords: synthetic data, Unreal Engine, data annotation, remote sen
sing.
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AHHOTAIUA

B pabore paccmarpuBaeTcs 4aCTOTHO-MOJAYJIMPOBAaHHAs HENPEPBIBHO-
BOJIHOBAS PaIUOJIOKAIIIOHHAS! TEXHOJIOTUS, IIIUPOKO NPUMEHsIEMast B CO-
BPEMEHHbBIX U3MEPUTEIbHBIX PAIHOJIIOKAIMOHHBIX cucTeMax. OCHOBHOE
BHHUMaHUE yaemnseTcs nporpaMMHoil peamusamuun FMCW-panapa ¢ uc-
MOJTE30BaHHEM ITPOTPaMMHO-OIPEIENIIEMOT0 paio Ha 6ase miaTdopmbl
USRP u cpeast GNU Radio.

Lenpro nccnenoBaHus SBISIETCS MOTydeHHE (YHKIMOHAIBHON HMILIe-
MeHTaluu pagapa [1] mocpencTBoM GJI0KOBOM apXUTEKTYPHI U 3KCHEPU-
MEHTaJIbHAs TPOBEPKa €ro OCHOBHBIX PaJMOJIOKAIMOHHBIX XapaKTepH-
cTK. B pamkax paboThl peain3oBaHbl (JOPMHPOBAHHE U MOICITUPOBAHUE
OTpa)XKEHHBIX CHT'HAJIOB, HU(poBas 00paboTKa CHrHaNa OueHHud. DKcire-
PUMEHTAJIbHBIE HCCIICIOBAHMSI HAMIPABJICHBI HA aHAIIU3 CIICKTPAJILHBIX Xa-
PaKTEpPHUCTHK.

TTokazaHo, 4TO MPOrpaMMHO-OIPEACIAEMBbIi TOAX0]] 00ECIIeYHBACT BbI-
COKYIO THOKOCTh HACTpO#kH napameTpoB JIUM-curHaia v mo3Boisiet -
(heKTUBHO HCCIIEAOBATh BIMSHUE MOJIOCHI YACTOT, AJTUTEIBHOCTH YacTOT-
HOTO CBUIIA M YaCTOTHI JUCKPETH3aLMU Ha pe3ysbTaThl u3mepeHui. Io-
Jy4YEeHHBIE pe3yNbTaThl noaTBepkaaroT npumenumoctb GNU Radio u
USRP B kxauecTBe yHUBEpCAIbHON 3KCIIEPUMEHTAIBHON TIATPOPMBI U151
uccnenoBanusi FMCW-panuonokaioHHbIX cucteM [2] U MOTYT OBITh
UCIIOJIb30BaHbl TP pa3paboTKe aBTOMOOWJIBHBIX pajapoB, CUCTEM
MPEJOTBPAIICHHUS CTOJIKHOBCHUH M IPYTUX PAJHOJIOKAIIMOHHBIX MTPUIIO-
JKEHUH OJIMKHEro IeHCTBHUS.

KiioueBble cjioBa: mporpaMMHO-OIpesensieMoe paanuo, GyHKIMOHATb-
HbIe MIPUHIMITEI PaJuooKanMoHubX Texuoioruid, GNU Radio, uudpo-
Basi 00pabOTKa CHTHAJIOB.
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BBenenue

YacToTHO-MOIYIMPOBaHHBIE HEMPEPHIBHOBOIHOBEIE PAINOIOKAIIIOHHBIE CH-
CTeMBI 3aHUMAIOT BYXHOE MECTO B COBPEMEHHOW PaaroIOKaIiy O6J1aroaaps BBICO-
KOM TOYHOCTH U3MEPEHUHN, KOMITAKTHOCTU M CPABHUTEIHHO HU3KOM CTOMMOCTH pe-
anu3auuu. [lepBelie TeopeTudeckue U mpakTHueckue uccnenopanud JIYM-pagapos
ObLTH TTpoBeZIeHbBI B cepennHe XX Beka [3], mocie 4ero qaHHast TEXHOJIOTHS TOJTy-
YHIa IIMPOKOE MPUMEHEHNEe B N3MEPUTENBHBIX CHCTeMax. B mocnenHue robl HH-
tepec Kk FMCW-pagapaM 3HaUUTENBHO BO3POC B CBS3U C PA3BUTHEM aBTOMOOUIIb-
HBIX CHCTEM IMTOMOIIX BOJAMUTEIIO U aBTOHOMHOT'O yrpaBieHus [4].

CoBpeMennbie FMCW-pagapsl IpUMEHSIOTCA B CUCTEMaxX NpPeJOTBPAILEHUS
CTOJIKHOBEHHIA, KOHTPOJIS «CJIETIBIX 30H», OOHAPYKEHHUS IOCTOPOHHUX O0OBEKTOB,
a TakKe B METEOPOJIOTHYECKUX [5]_M HAaBUTAIMOHHBIX cUcTeMax [6]. OCHOBHBIM
MPEVMYILIECTBOM JaHHOM TEXHOJIOTHH SIBISETCA BO3MOXHOCTH OJHOBPEMEHHOIO
WM3MEpEeHMsI JaTbHOCTH M OTHOCHUTENBHON CKOPOCTH OOBEKTa 3a CUET aHAIM3a Ya-
CTOTHI CUTHaIa OueHnH, (opMUPYyEeMOTro TIPY CMENTMBAHUH TIEPEIAHHOTO U OTpa-
YKEHHOT'O CUTHAJIOB.

MarepuaJ 1 MeTOAbI

B kauecTBe SKCTIEpUMEHTATIBLHOM TIaT()OpPMBI HCTIOIB30BAIACH IPOTPAMMHO-
onpenensemas paaunocucrema USRP B200, padoTtaromiast B quanazone 5—6 ['T' u
OCHaIlleHHas Joronepuoandeckoil antenHo (Puc.l). Ympasnenue anmapatHON
4acThi0, ()OPMUPOBAHNE 30HAUPYIONUX CHUTHAIOB M IUQpoBas oOpaboTka ocy-
mecteisunchk B cpee GNU Radio mop ympasieHueM ornepariMoHHONW CHCTEMbI
Linux. Yacrora muckperusanuu cocrapisuia 10 MI'm, nenTpanbpaas yactora — 5,9
[T ko3 punmenT nernumanym — 8.

Pucynox 1. [lookntouenue cucmemoi.

3oHaupyromuii curHaN GOpMUPOBAJICS B BHJIE THHEHHO-YaCTOTHO MOYJIUPO-
BaHHOTI'0O CHTHAJIA C MOJIOCOM NepecTpoiiku 5 MI' 1 HauanbHBIM CMEILEHUEM —2,5
MTI'n. dnurensHocTr yyacTkoB CW, BOCXOASIETO M HUCXOSIIEr0 CBUIIOB 3a7a-
BaJINCh YUCIIOM OTcueTOB 16 384, uTo mpm "actoTe muckpermzanuu 10 MI'1t cooT-
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BETCTBYET JUITMTEIBHOCTH KaXKIOTr0o ydacTka okoio 1,64 mc. YactoTHoe pasperie-
HUe cocTaBisuio okoio 610 I'u. [Nepemaromuii 1 MpUEeMHBINA TPaKThl KOHPHUTYPH-
POBAITKCH ITPOTPAMMHO C BO3MOXKHOCTBIO PETYIMPOBKH KOA(PPUIMEHTOB ycHeHHs
(TX =10 nb, RX = 30 nb) 1 xoMIeHcaIiu anmapaTHON 3aJePKKH.

Pucynok 2. Cmpyxkmypuo-gyuxyuonanvrnas 6nok-cxema FMCW ¢ cpede GNU Radio.

@OyHKIMOHANBHAS CTPYKTYPa M3MEPHUTEIBHOTO TPAKTa U IapaMeTpbl 00paboTKU
nperncraeieHsl Ha cTpykTypHoit cxeme GNU Radio (Puc. 2). ITocne npruema curaan
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MOJIBEPTAJICSI KOTEPEHTHOMY TIEPEMHOMXCHUIO C OMIOPHOM KOIUEH, NeIMMAIliH, Cer-
MeHTanuu notoka Ha ydactku CW, UP u DOWN, a Taxke CHeKTpabHOMY aHAIU3y
metonoM BII® ¢ amHoi okHa 2048 otcueroB. OOHapYKEeHHE OTPAKEHHBIX KOMIIO-
HEHT BBITIOJHSIOCH QBTOMATHYECKUM ITOUCKOM MaKCHUMAJIbHBIX CTICKTPATLHBIX TTHKOB
c moporoM —150 nb. Busyanu3anus CeKTpOB U BPEMEHHBIX 3aBUCHMOCTEH BBITTOJTHSI-
JIach B PeaAJTbHOM BPEMEHH CpejicTBaMu rpadrdaeckoro uatepdetica Qt.
[MpumeHenHas MeTonnKa odecreuria BOCIPOU3BOIUMOCTh H3MEPCHUI U TIOTY-
YeHHE IKCTICPUMEHTAITBHBIX JIAHHBIX, TOCTATOYHYIO TOYHOCTD JUTS aHAITN3a (DYHKIIHO-
HaJIbHBIX XapaKTEPHCTUK UCCIIEAYyEMOH palHoIOKAIIMOHHON KOH(UTypaIyu.

Pe3yabTarhl

B xoxe skcnepuMeHTanbHOM OTJIAAKU IporpaMMHoO-onpenensemon FMCW-
cxeMbl OblJIa MpoBeJieHa CIIeKTpalibHasl OllEHKa MTPUHUMAEMOT0 CUTHANA C UCTIOJb-
30BaHMEM BPEMEHHBIX, YACTOTHBIX U BOJOMAHBIX MPEACTABICHUA. AHATU3 BbI-
nonHswIcs 1ipu pazmepe bBIID 2048 u addexTuBHOM motoce HAOIIOISHUS TOPSIKA
+0.3 Ml .

[To nanHBIM criekTpaibHOro oToOpaxenus (Puc. 3) 3nauenus “Max Hold” u
“Min Hold” cocrasnstot npubiusutesnbho -60 dB u -100 dB cooTBeTCTBEHHO, U4TO
YKa3bIBaeT Ha pa3jinuue YPOBHEH CIIEKTpa B pacCMaTpUBAEMOM SKCIIEPUMEHTAILHOM
koH(purypauun. Takum o0pazom, 3¢ GeKTUBHBIN TUHAMUYECKUI 1Uana3oH npueMa
nocruraet npuoimsurensHo 40 dB, uto noATBepKIaET JOCTATOUHYIO YyBCTBHTEIb-
HOCTh IPHEMHOTO TPaKTa JijIsl PETUCTPALUH CIIa0BIX OTPaKEHHBIX CUTHAJIOB.

W et Ongtey  Tew D Diglt  Loncilton Dl

N A -‘*~-,,., " oamteaan W (- NI NSNS e e B
i | e oy wrr PR A% N D TN - b Ly
Poviasad

Patative Gabn (40)

Froguency (M9

Pucynox 3. Hacmommnoe npedcmasienue npuHamoz2o cueHaid
¢ omobpaicenuem Max Hold u Min Hold.

AMIUTUTY1a OCHOBHOTO crieKTpanbHoro nuka (Puc. 4) B X011 SKCrIepUMeHTa
H3MeEHsIach B quamaszone ot -30 dB 1o -8 dB (Bapuanus mopsiaka 22 dB), uto 06y-
CJIOBJICHO M3MCHEHHUEM YCJIOBUI OTPaXKEHUS W TOJIOKEHHEM 00BhEeKTa BOIHM3H aH-
TeHHOTrOo MoayJs. [Ipu mporpaMMHOM HM3MEHEHHH Mapamerpa 3afepxku (number
delay samples) HaOMFOMaI0Ch CHCTEMATHYECKOE CMEIIICHUE CIICKTPaIbHOTO MMHKA,
YTO MOATBEPIKIACT KOPPEKTHOCTh (POpMHUpPOBaHHS U 00pabOTKHM 4aCTOTHOIO Oue-
Hus B peanm3oBanHoii FMCW-1iemouxke.
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Pucynok 4. Amnaumyosl 0OCHOBHBIX CHEKMPATbHBIX NUK.

Bomomnannoe (“Waterfall display”) npencrasienue criiektpa (Puc. 5) ucmosns-
30BaJIOCh JUIS KQUECTBECHHOM OIEHKH BPEMEHHOM JMHAMHMKM CWrHaia. [Ipu npu-
OMKEHUH OTPAXKAIOIIETO 00BhEKTa (PUKCHPOBATIOCH JIOKATBHOE YBEIINYCHUE CIICK-
TPaJIbHOW HHTEHCHBHOCTH, a IIPH €70 JIBUKECHUH — XapaKTEPHbIE BpEMEHHBIE (ITyK-
TyaIllH, CBI3aHHBIC C JIOTIIEPOBCKMMHU KOMITOHCHTaMH.

PeaengDiacie  WEE e Tee Denes Dusey  Comvieiw Sy

o 1 % . '
oty Dty Ut : 4 4 100
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Pucynok 5. Booonaonoe npedcmasinenue cnekmpa.

B xope skcriepuMenTa nporpamMmmHas peanusaius FMCW -anropurma dhopmu-
poBajia YMCIICHHBIC OIEHKH TATLHOCTH M CKOPOCTH HAa OCHOBE YaCTOT OMEHHH.
Cremyer OTMETUTb, YTO MOJYUYCHHBIC YNCIICHHbBIC 3HAYCHUS HE MOTYT pacCMAaTpPH-
BaThCs KaKk aOCOIIOTHEIE (I)I/I3I/IT-IGCKI/IG BCJIIMYUHBI, ITOCKOJIBKY Ha HUX BJIMAIOT HE-
CKOJIBKO (haKTOPOB: TOYHOCTH KaIMOPOBKH CKOPOCTH U3MEHEHHS YaCTOTHI, IMapa-
METPBI YCUIIUTEILHOTO TpakTa (KO3()OUIIMEHTHI YCHUIICHHSI, TMHEHHOCTD), a TAKKe
HAJINYKE MAPA3UTHBIX CBSI3eH MEKIY MPUEMHBIM U MepeaaronuM Kanamamu. [1o-
OTOMY JaHHBIC OLUCHKU HCIIOJIb30BaAJIMCh NPECUMYIICCTBEHHO IJIsI KAYECTBCHHOI'O
aHaJM3a JMHAMUKU CUTHANIA W TPOBEPKU paboThl anroputMa. J[aHHbIE OIIEHKH HC-
TOJIb30BAIMCHh UCKITFOUUTENEHO I KAYeCTBEHHOU Bepu(pUKanuu padboTocmocoo-
HOCTH aJITOPUTMA M aHAJIM3a TUHAMUKH OTPAKEHHOTO CUTHANA.
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3akiaiouenue

Takum 00pa3oM, IPOBENEHHbIE HCCIEAOBAaHMS INOKA3alM, YTO HMPHUMEHEHHUE
IIPOTPaMMHO-OIIPEAEIAEMbIX PAJHOCHCTEM 00ECHEUUBACT HIMPOKUE BO3MOXKHO-
ctu. B xone skcnepuMenToB Oblia 3adrKcMpoBaHa pa3HUIA YPOBHEH MHKOB IO-
psaka 22 dB, uTo noaTBepANIO PabOTOCHOCOOHOCTD PEaTH30BAaHHOTO alTrOpUTMa
00pabOTKH U YyBCTBUTEIBHOCTh CUCTEMBI K U3MEHEHHUSAM YHEPIeTHUECKUX Xapak-
TEPUCTHK OTPAXKEHHOro cUrHajia. [lomydeHHble pe3yabTaTsl JEMOHCTPUPYIOT 3(-
¢dextuBHOCTD Hcnoib3oBanus mwargopm GNU Radio u USRP kak yauBepcanbHOR
SKCIIEpUMEHTAIBHOM cpepl i uccnegopanuss FMCW-paanonokaliuOHHBIX Me-
TOJOB U UX MOCJIEIYIOUIET0 IPUMEHEHHS B CUCTEMax OJHMKHEr0 PaguoIOKaIoH-
HOTO JIEHCTBUSL.
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RESEARCH AND MODELING OF FREQUENCY-MODULATED
CONTINUOUS WAVES (LFM, FMCW) IN SOFTWARE-
DEFINED RADIO SYSTEMS BASED ON OPEN TOOLS

E. Sivolenko, M. Pinamyan, B. Hovhannisyan
Russian-Armenian University

ABSTRACT

This paper examines frequency-modulated continuous-wave (FMCW) ra-
dar technology, which is widely used in modern measurement radar sys-
tems. The primary focus is on the software implementation of an FMCW
radar using a software-defined radio (SDR) platform based on USRP
hardware and the GNU Radio development environment.

The objective of the study is to obtain a functional implementation of an
FMCW radar using the block-based architecture of GNU Radio and to
experimentally validate its principal radar performance characteristics.
FMCW signal generation, reflected signal modeling, and digital signal
processing are implemented in this work. The experimental investigation
is aimed at analyzing the spectral characteristics of the processed signals.
It is shown that the software-defined approach provides high flexibility in
configuring the parameters of the LFM (chirp) signal and enables efficient
investigation of the influence of bandwidth, frequency sweep duration,

w
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and sampling rate on measurement results. The obtained results confirm
the applicability of GNU Radio and USRP as a universal experimental
platform for the study of FMCW radar systems and can be used in the
development of automotive radars, collision avoidance systems, and other
short-range radar applications.

Keywords: Software-defined radio (SDR), functional principles of radar
technologies, GNU Radio, digital signal processing (DSP).
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AHHOTADUA

PagnonokannoHHbIE CUCTEMBI KIaCCHOUIUPYIOTCS TIO TUITY 30HAUPYIO-
LIero CUTHana, BKItovas HenpepbiBHble (CW), 4acTOTHO-MOAYJIMPOBaH-
Hele HenpepbiBHBIE (FMCW), cryneH4aTo-4acTOTHbIE HENpepbIBHbIC
(SFCW) u umnynbscHbIe pagapsl. BeiOOp curHaiia onpeesiseT apXuTeK-
TYPY CHUCTEMBI U METOJbl 00pPabOTKU OTPaKEHHBIX CUTHANIOB. B maHHOM
paboTe paccMaTpuBaeTCs MHOTOYACTOTHBIA PaIMOJIOKaToOp HeNpepbIB-
Hoii BosHbl (MFCW), OCHOBaHHBIH Ha MCIIOJIb30BaHUH HA0Opa AUCKPET-
HBIX YaCTOT JUTSl OLIEHKH JaJbHOCTH LeJIeH 1Mo (pa3oBbIM COOTHOIICHHSM
OTpaKeHHBIX curHanoB. Ilo cpaBHeHuio ¢ kmaccuueckumu CW- u
FMCW-nonxonamu, MFCW oGecrieqnBaeT MOBBIIICHHYIO HHPOPMATHB-
HOCTb IIPU YMEPEHHOI! CII0KHOCTH peaIU3aLUK U XOPOLIO HOAXOAUT JJIs
JKCIIEPUMEHTANBHBIX uccienoBannii. Peamm3zanms MFCW-pamgapa BbI-
MoJIHEeHa Ha 0a3e mporpaMmmHo-ompenensemMoro paauo (SDR) ¢ ucrnons-
3oBanueM cpensl GNU Radio u cnenuann3upoBaHHOW OMOIHOTEKH gr-
radar, mpeHa3HAYSHHOHN AT PaJHOJIOKAMOHHON 00pabOTKN CHI'HANOB.
WHcTpyMeHTapuii gr-radar mpegocTaBisieT TOTOBBIe OJOKH Uist popMu-
POBaHUS CUTHAJIOB, (ha30BOH 00pabOTKU M OILIEHKH AAIBHOCTH, YTO MO3-
BOJISIET peann30BaTh 00pabOTKy B pealIbHOM BPEMEHH U YCKOPSIET IPOTO-
TUIUPOBAHUE CUCTEMBI. IS TOBBIIEHHS OTHOIIEHHSI CUTHAJI/IIIYM B pa-
00Te MpUMeHseTCs corylacoBaHHas (GUIbTpanus, peajin3yeMasi B paMKax
UCIIOIb3YEMOT0 IPOrPaMMHOTO MHCTpYMeHTapus. Takoil moaxoxa obec-
neyrnBaeT P PEKTUBHOE OOHAPYKEHHE OTPAKCHHBIX CUTHAJIOB IIPH OTHO-
CHUTEJIHO HU3KUX BBIUUCIUTEIBHBIX 3aTPaTax, 4YTO OCOOEHHO BaXKHO IS
SDR-peanu3anuii paanoIoKainOHHBIX CUCTEM.

Kurouessie ciioBa: GNU Radio, USRP, pagap, MFCW, gr-radar.

BBenenue

CymiecTByeT 4 OCHOBHBIX KJIacCa palapoB B 3aBUCUMOCTHU OT THUIIA NIEpeiaBa-
€MBIX MMH CUTHAJIOB: HempepbIBHbIe BOMHBI (CW), 4aCTOTHO-MOyTUPOBaHHBIC
HenpepsiBHBIE BONHBI (FMCW), cTymeH4aTro-4acTOTHBIE HENpPEPHIBHBIE BOJHBI
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(SFCW) u ummynbscHble BOJIHBL. B pamkax maHHOH pa®OTBl MbI MCIOJIb30BAIN
MFCW curnan — pazaoBuinocts CW-curnanos. Ero rmaBHOe npeuMyIiecTBo me-
pen curHalamu CW mwm FMCW 3akmrogaercs B ToMm, uto MFCW no3Boinser of-
HOBPEMEHHO OTCIIEKMBATh HECKOJIBKO OOBEKTOB 3a CUET Pa3HBIX 4acToT. B kade-
CTBE MporpaMMHOI cpensl ucnonb3aBanu GNU Radio, mockonbky ona 6ojee 1o-
CTYIHA JJOBOJILHO ITMPOKOMY CETMEHTY 00111ecTBa U 0c0OeHHO nHkeHepaM. Kpome
toro, GNU Radio nerde n ru64e, mOCKOIBKY MO3BOJISIET HIMIIOPTHPOBATH OHOIHO-
teku depe3 Python. Taxxe cnemyer ormernuts, uro GNU Radio mpeanasHaueHo
1uist paboThl ¢ curHanamu SDR. OHUMU U3 BAKHEHIINX Y3JI0B PaJlapoB SIBISIFOTCS
¢uIbTpEl 1 0coOeHHO cornacyromuil GpubTp. OcHOBa UX pabOTHI 3aKII0YaeTCs B
TOM, YTO OTHPABJISIETCS] U3BECTHBII CUTHAJI, & OTPAXKEHHBIH CUT'HAJ MIPOBEPSETCS
Ha HaJM4ue OOIIMX 3JIEMEHTOB BBIXOAHOTO CHTHaja. DTOT (PUIBTP yIydIIaeT OT-
HOIIICHWE CUTHAI/IIYM 3a CUET yYMEHBIIEHHs CIEKTPaJbHOH IOJIOCHI IIyMa H,
KpOME TOTO, YMEHBIIAET LIYM B IOJIOCE MPOITyCKAaHUS BeWBJeTa 3a cyeT (HOopMbl
crekrpa BeiiBineTa. OH UMEET ONTHMAIBHYIO IPOU3BOIUTEIBLHOCTh U HU3KHUE BBI-
YHCIIUTENbHBIC 3aTPATHI.

MartepuaJibl U METOABI

Kak mbr yxe 3naem MFCW-pamap (Multi — “Frequency Continuous Wave-
form”) — ato pamap HempepbIBHOW BOJHBI, KOTOPBIH paboTaeT Ha HECKOJIBKUX Ya-
CTOTax Mepeavynd OJHOBPEMEHHO M MCIIOJIb3YET OOy 00pabOTKy cUrHajia Jist
9X0-CUTHAJIOB. DTOT THII pajiapa 0OBIYHO MCIOJIB3YET CIEKTPOrPAMMHBIN aHAIN3
MOJIYYCHHOTO 9XO-CHI'Hala M CMEIIHUBAET €ro B OCHOBHYIO TOJIOCY H, CJIeJ0Ba-
TEJILHO, CIIOCOOCH OOHAPYKMBATh U pa3peniaTh IBE [T C Pa3HBIMU CKOPOCTSIMH,
HO Ha OJIMHAKOBOM PaCCTOSHHUH.

Y

Puc. 1. Yacmommo-epemennoui epagux cuenara MFCW.
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B oTnnume oT TpaAMLIMOHHBIX allapaTHO-OPUEHTHPOBAHHBIX pealn3alui, B
JAaHHOW paboTe mpejyiaracTcs MPOrpaMMHBIA moaxo[ K peanu3ainuu MFCW-pa-
napa Ha ocHoBe onbmmoreku gr-radar cpexst GNU Radio. cnions3oBanue naHHOTO
MHCTPYMEHTapHsl pacCMaTPUBAECTCS KaK METO IPOrPaMMHOTO IIPOTOTUITHPOBAHHUS
PaAMOIOKallMOHHBIX CUCTEM C HcIoyib30BaHueM SDR.

Gr-radar npezacrapinsieT co00# OTKPBITHII MPOrpaMMHBINA MOy b THIIAa Out-0f-
Tree (OOT) mnsa cpenpt GNU-Radio, nmpegHazHaueHHBIA TSI TeHEPAK U 00pa-
OOTKH PaiuOJOKALMOHHBIX CUTHAJIOB B CHCTEMax MPOrPaMMHO-OIIPENEIIIEMOr0
paauo (SDR). [lanHbIi HHCTpYMEHTapui pa3padoTaH C IEIbl0 YCKOPSHHOTO Ipo-
TOTUIIMPOBAHUS PATUOJIOKAIIMOHHBIX CUCTEM M MPEAOCTaBiIsieT Habop Creruali-
3UPOBAHHBIX (YHKIHOHAIBHBIX OJOKOB, KOTOPBIE MOTYT OBITh MHTEIPUPOBAHbI B
notokoBeie cxeMsl (flowgraph) cpeapt GNU Radio.

bubmuoteka gr-radar BKIIIO4aeT MOAYJIH TS peaM3alliy Pa3iIMYHbIX 3TAroB 00-
paboTKK PaIHONIOKAIIMOHHBIX CUTHAJIOB, TAKUX KakK ()OPMHUPOBAHUE 30HAUPYIOMINX
CHTHAJIOB, IA(poBasi 00padOTKa MPHHUMAEMBIX CUTHAIIOB, aHAIM3 (a3oBoi HHGOP-
Malll¥, OLEHKA JATbHOCTH 10 LIENH, a TAKKE BU3yaAIN3alyis MOTyYeHHBIX TaHHBIX.

WuctpymenTapuii moctpoeH Ha MoaynsHOH apxutektype GNU Radio u mon-
JIep>KUBaeT MCIIONb30BaHUE OJIOKOB, PEATM30BAHHBIX Ha si3bikax Python u C++.
Ot0 obecrieunBaeT THOKOCTb MPH pa3pabOTKE PAIHOIOKAIMOHHBIX alTOPUTMOB U
ynpoiaer uHTerpanuto ¢ SDR-ycTpoiicTBamMy, TAKMMH KaK yCTPOWCTBA CEMENCTBA
USRP. Baxxnoit gacteio siBnsiercs sxotaitmep UHD, KOTOpPBIiT MO3BOJISIET CHHXPO-
HusupoBath notoku TX u RX, npuanmaembie ot USRP, mi1st obecnieuenus cra-
OubHOI (a30Boii CBSA3M pU 3MepeHusiX. biaronaps 3ToMy cTaHOBUTCSI BO3MOX-
HOM peanuzanusi 00padOTKU CUTHAJIOB B PEKHUME PEaIbHOTO BPEMEHHU.

OCHOBHBIMH NPEUMYIIIECTBAMH HCTIONB30BaHMs gr-radar sIBIISIOTCSI BO3ZMOXK-
HOCTBH OBICTPOTO MPOTOTUIMPOBAHUS PAJANOJIOKAMOHHBIX aJITOPUTMOB, MOJYJIb-
Has CTpyKTypa 00pabOTKH CUT'HAJIOB, COBMECTUMOCTH ¢ SDR-mardopmamu u oT-
KPBITBIA MCXOAHBIM KOJ, MO3BOJSIOMIMK HCCIENOBaTeNsIM MOAMGUIMPOBATh U
aJanTHPOBATh AITOPUTMBI IO/ KOHKpeTHbIe 3a1aun [1,2,3,4,5].

PesynbTarsl

Ha Puc.2 npezacraBnena peain3oBaHHasi CTPYKTYpa 00pabOTKH paiioIOKaIu-
onHoro curHana B cpene GNU Radio. B naHHO# KOHpUTypanuu HCIoIb3yHOTCs
(dyHKIMOHANBHBIE O10KK OnONMHOTEeKH gr-radar, KoTopble 00ecreunBaOT POpPMU-
pOBaHUE MHOTOYacTOTHOTO CUTHAJIA, ero 00padoTKy U MOCIEAYIOIIUI aHaIN3 OT-
paKCHHBIX CUTHAJIOB. [IpMeHEeHHEe JTaHHOTO HHCTPYMEHTAPHS TO3BOJIHIIO OCTPO-
UTbH TIOJIHBIN TPaKT 0OpabOTKM paJMOIOKAMOHHBIX JaHHBIX B paMKax Mporpam-
MHO-OIIPEEIISIEMON PalHOCHCTEMBI.
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Puc. 2. Kooa pacapa MFCW.

ITocne 3amycka pa3paGOTaHHON NMPOrpaMMHOM CXEMBbI BBINOJHSETCS 00pa-
00TKa NPUHIUMAEMBIX CUTHAIOB U (DOPMHUPOBAHUE BBIXOAHBIX JAHHBIX, OTPAXKAI0-
LIMX [apaMeTpsl 0OHapyskeHHbIX neiei. Ha Puc. 3 npeacraBieHsl pe3yabTaThl pa-
0OTEI CHUCTCMBI, ITOJIYYCHHBIC B IIPOICCCC BLIIIOJHCHUA ITPOTrpaMMBI. llaHHI)Ie pe-
3yNbTaThl IEMOHCTPUPYIOT BO3MOXKHOCTD MpakTHueckoil peanuzanun MFCW -pa-
AnoJoKaTopa ¢ ucroib3oBanuem cpeapl GNU Radio u 6ubnuoreku gr-radar.
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INVESTIGATION AND IMPLEMENTATION OF A MULTI-
FREQUENCY CONTINUOUS WAVE RADAR USING SDR
SYSTEMS IN AN OPEN-SOURCE ENVIRONMENT AND THE
PYTHON PROGRAMMING TOOLKIT

S. Hovhannisyan, E. Sivolenko
Russian Armenian University

ABSTRACT

Radar systems are classified according to the type of transmitted probing
signal, including continuous-wave (CW), frequency-modulated continu-
ous-wave (FMCW), stepped-frequency continuous-wave (SFCW), and
pulsed radars. The choice of signal determines the system architecture and
the methods used for processing the reflected signals. In this work, a
multi-frequency continuous-wave (MFCW) radar is considered, which is
based on the use of a set of discrete frequencies to estimate the target range
from the phase relationships of the reflected signals. Compared with con-
ventional CW and FMCW approaches, MFCW provides increased infor-
mational content with moderate implementation complexity and is well
suited for experimental studies. The implementation of the MFCW radar
is carried out using software-defined radio (SDR) based on the GNU Ra-
dio environment and the specialized gr-radar library designed for radar
signal processing. The gr-radar toolkit provides ready-made blocks for
signal generation, phase processing, and range estimation, enabling real-
time signal processing and accelerating system prototyping. To improve
the signal-to-noise ratio, matched filtering is applied within the utilized
software framework. This approach ensures efficient detection of re-
flected signals with relatively low computational cost, which is particu-
larly important for SDR-based radar implementations.

Keywords: GNU Radio, USRP, radar, MFCW, gr-radar.
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AHHOTAIUA

OHKoJIOTHYecKUe 3a00JIEBaHUS OCTAIOTCS OJHOW U3 BEOYIIUX II00aib-
HBIX IIPOOJIEM 37]PaBOOXPAHEHUS], €XKETOHO BBI3bIBasl POCT 3a00J1€BaeMOC-
TH U CMEPTHOCTH, YTO CTUMYJIUPYET MOUCK HOBBIX 3()(PEKTHBHBIX U 0€30-
MIACHBIX TepaleBTUYECKUX areHToB. Ha (oHe cTpeMUTEIbHOrO pa3BUTUSL
HaHOTEXHOJIOTHH 0cOOBII MHTEpEC BBI3BIBAECT MPUMEHEHNE HAHOYACTHI] C
YHHUKaJIbHBIMH (PU3UKO-XUMHYECKHMHU CBOWCTBAMH, TIO3BOJISIOLIMMU Iie-
JICHANIPaBJIEHHO BO3/IEHCTBOBATh HA OIYXOJIEBbIE KIETKH W MOIU(UIH-
POBaTh BHYTPUKJIETOUHBIE Mpoliecchl. Cpean HUX HAaHOYACTHUIIbI cepebpa
(AgNPs) paccmaTpuBaroTcs Kak NEpCHEKTHBHBIE MPOTHBOOITYXOJIEBbIE
areHTsl Oyarofapsi BBIPQKEHHBIM IIUTOTOKCHUECKUM, MPOANONTOTHYE-
CKUM W aHTHIPOJH(EepaTUBHBIM CBOWCTBaM. B mociieHue roapl 3Ha4YH-
TEIbHOE BHHMAaHHUE YJIENAETCS MOJICKYJISPHBIM MEXaHHW3MaM HX [eil-
CTBHS, BKJIIOUAIOIIMM I'€HEepaluio akTUBHBIX (opM kuciaopoza (ADK) u
azora (ADA), Hapymienue GyHKIMOHMPOBAHUS MUTOXOHIPUH, aKTHBa-
IIMIO KacIa3, MOAYJSIMIO KIIOUEBBIX CUTHAJBHBIX ITyTEH, JeHATypanuio
OHMOTIONMMEPOB U IOJIABICHUE HEOAHT'MOTeHe3a, BKIIIOYas WHIMOMpOBa-
uue HIF-10/VEGF-3aBucumbix myteid. buoreHHsbli («3eneHblil») CHHTE3
HaHocepeOpa TO3BOJIIET HE TOJIBKO IIOBBICUTH OHOCOBMECTHMOCTH
AgNPs, HO ¥ HHTErpupoBaTh OHOJIOTMYECKH AKTUBHBIE (UTOKOMIIO-
HEHTBI, YCHJIUBAs UX aHTUIPOIU(EPaTUBHBINA U IPOATIONITOTUYECKHUIA T0-
teHuansl. Kpome toro, AgNPs 1eMOHCTpUpPYIOT BBIpa)KeHHBIN CHHEp-
TU3M C XMMHOTEPAEBTUUECKUMHU TIpenapaTaMu, CIIOCOOCTBYsI IIPEO10IIe-
HHUIO MHOXKECTBEHHOM JICKAPCTBEHHOW YCTOHYMBOCTH U MOBBIICHUIO (-
(heKTUBHOCTH JICUEHUSI.

B nanHOM 0030pe paccMaTpHBarOTCs TAKXKE OrPaHMUYCHUS, CBA3AaHHBIE C
MOTEHIUAIBHOW TOKCUYHOCThIO, HAKOIUIEHUEM B TKaHSX U UyBCTBHUTEIIb-
HOCTBIO CBOMCTB HAHOYACTHI] K pazmepy, Gopme u tumy nokpsitus. O06-
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CYXJAIOTCSI COBPEMEHHBIE CTPATEruy MOBBIIIEHUS 0€30MIaCHOCTH U Tap-
retHoctd AgNPs, Bkitouass OMOreHHOE MOoNydeHHne W (PyHKIMOHAIHM3a-
110 nosepxHocreil. HecMmotps Ha mporpecc, npumenenue AgNPs B kiu-
HMYECKOU NPAKTUKE OCTAETCS OIrPAHUYEHHBIM U3-3a HEMOJIHOTO TIOHUMA-
HUA UX (papMaKOKUHETUKH, OMOTpaHC(HOPMALUM U TOKCHYHOCTH.
KiioueBbie c10Ba: OHKOJIOIHS, HAHOTEXHOJIOTMH, HAHOYACTHUIIBI Cepe-
6pa, IPOTUBOOILYXOJI€Bast aKTUBHOCTb, MOJIEKYJIIPHbIE MEXaHU3MBIL.

BBeaenne

3a mocnenHUe MATH JIET JaHHbIE BCeMHUpHOW OpraHu3alid 37paBOOXPAHCHUSI
(BO3) n MexayHapoaHoro areHTcTBa N0 m3ydeHmto paka (MAWP) ykaseiBaroT Ha
YCTOWYHBBIN POCT IIIO0ATFHOTO OpeMEHN OHKOJIOTHYeCKHX 3a0os1eBaHuid. CormacHoO
oruery GLOBOCAN, 8 2020r. ObLIO 3aperiucTpUpOBaHO OKOJIO 19,3 MITH HOBBIX CITy-
YaeB 3J7I0KaueCTBCHHBIX 3a00seBanuii U 10 MitH cMmepteit [1]. B 2022r. ynciio HOBBIX
CITy4aeB yBenM4miIoch 10 20 MiH, a cMepTHOCTh cocTaBmwia 9,7 muH [2]. Hambomee
pachpocTpaHeHHBIMU OCTAOTCS PaK JISTKOTO, MOJIOYHOM JKelNe3bl, KOMOPEKTATbHBIH
pak, a TaKke — omyxonu rnedenu u xenyaka [3]. [Iporuossr BO3 ykasbiBaroT Ha TO,
410 K 2050r. 3a00/1€BaEMOCTh MOXKET JOCTUTHYTh 35 MJIH HOBBIX CITy4aeB, UTO COOT-
BETCTBYET pocTy Ha 77% 1o cpaBHeHuIo ¢ 2022r. [4]. OHKonIOrnuecKue 3a00eBaHus
MIPOJIOIDKAFOT MPECTABISATH 3HAYMMYIO TIIO0ATBHYIO MTPo0IeMy, 00YCIOBISHHYIO KaK
MEIUIIMHCKMMH, TaK ¥ COIMAILHO-IKOHOMHUYECKMMU (akTopamu. Cpenu Haubosee
pacnpocTpaHEeHHBIX JIOKATH3aIMK OTAEbHOE MECTO 3aHUMAET PaK MeYeHU — TPEThsI
TIO3UIWIS TI0 YPOBHIO 3a00JIEBAEMOCTH M CMEPTHOCTH [5].

Pak oTHOCHTCS K T€TEPOT€HHBIM 3a00JI€BaHUAM, XapaKTEPU3YIONUMCS Hapy-
HICHUEM PETYISALUHN KIETOYHOU mpojudepann U MpUCyIei OmyXoIeBbIM KIIEeT-
KaM CIIOCOOHOCTELIO K MHBA3HUH U METaCTa3upoOBaHNIO, YTO MOXKET ITPUBOAUTH K JIC-
TaIBHOMY UCXOAY. B CBSI3M ¢ 3TUM paHHee BBISABIEHHE H CBOSBPEMEHHOE JICUeHHE
HUMEIOT KIIIOYEBOE 3HAYCHHUE IJIsl CHIDKCHUS PaclipOCTPaHEHHOCTH 3a00JIeBaHUs U
YMEHBIIIEHUSI CMEPTHOCTH [6].

OcHOBHEIE METOAbI JICUCHHA OHKOJIOIMYCCKUX 32160J'[eBaHI/II71 — XUPYPIruiccKoe
BMELIATENbCTBO, JTyueBas Teparusl, XAMAOTEPAIMs U IMMYHOTEpaIlHs, KOTOPbIE ITPH-
MEHSIOTCS KaK 10 OTJIEJIbHOCTH, TaK M B COUETAHUH JIPYT C APYTOM. XHPYPruuecKoe
BMCIIATEIILCTBO OCTACTCA KIIFOUCBBIM ITOAXO0A0M IIPH JICUHCHUN 6OHBIHI/IHCTBa COJINI-
HBIX JIOKATM30BAaHHBIX OITyXOJIel, OTHAKO TPH HAJIMYMU METacTa3 TpeOyeTcs JOIoI-
HHUTEJIbHAs cUCTeMHas Tepanusl. JlydeBas Teparus UcIosb3yercs y 6ojee 4eM IoIo-
BUHBI MTALIMEHTOB W JIEMOHCTPUPYET BBICOKYIO 3(p(hEeKTUBHOCTD, HO €€ MpUMEHEHHE
OTPaHUYEHO PUCKOM OCTPOM M OTCPOUEHHOW TOKCUYHOCTH. TpaulIMOHHAs XUMHOTE-
parmsi TaKKe CTAIKUBACTCS C PSIOM OrPaHHUYCHHUH, BKITIOYas HECTaOMITbHOCTD TIperia-
paToB, HU3KYIO paCTBOPHUMOCTb, Pa3BUTHE JICKAPCTBEHHOW YCTOMYHMBOCTH, & TAKKE —
BBICOKasl TOKCHYHOCTD /I 370POBBIX KJIETOK, TKaHel M opraHoB. Kpome Toro, cu-
CTEMHOE BBEICHHE XMMHUOIIPENapaToB 3aTparuBaeT BCe COMATUYECKHE KIIETKH, YTO
TMOBBIIIAET BEPOATHOCTh TeHEPAIN30BAHHON TOKCHIHOCTH [7, 8].
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Takum 06pa3oM, 3¢ HEKTUBHOCTH MPOTHBOOITYXO0JICBON Teparuy 4acTo orpa-
HUYMBAETCS Pa3BUTHEM JICKAPCTBEHHOW YCTOMYMBOCTH, KOTOpas 00yclOBJcHA
MHOXECTBOM MEXaHHM3MOB, BKJIIOYAsi MHAKTHBALUIO NPENapaToB, MOAUGUKALMN
X MHUIICHEH, YKIOHEHHE KJIETOK OT aIroIlTo3a, aKTUBHBIH BBIHOC JIEKAPCTB, BOC-
cranosnenne noBpexaeHuiit JJHK, kieTouHyio reTeporeHHoCTh U n30eranue uM-
MYHHOT'O KOHTPOJSI B MHUKPOOKPY)KEHHH OMYyXONd. Pa3znuynbie TpaHCHOpTEpHBIC
0eJKH, SKCIPECCHPYEMbIE B PA3IMUHBIX TKAHIX, CIOCOOCTBYIOT Pa3BUTHIO PE3U-
CTEHTHOCTH 3a CYET aKTUBHOI'O IIEPEMELICHUS MHOT'OUNCIIEHHBIX BEIIECTB, BKJIIO-
Yast ATOCTATHUECKUE MPEnapaThl, uepes3 miasMaTHueckyio Mmemopany [9, 10]. Te-
HeTHYeCKas HECTaOMIBHOCTh TAKXKE MIPACT KIIFOYEBYIO POJIb, CHIKAS TU(PepeH-
LUPOBKY U CO3pEBaHUE KIIETOK, TOTJa KaK HapylIEeHHEe KOHTAKTHOIO HHI'MOUPOBa-
HUSL CIOCOOCTBYET TpaHChOpMAIi JTOOpPOKAUYEeCTBEHHBIX HOBOOOpPa3OBaHUH B
arpeccuBHbIe 3110KauecTBeHHbIE (Gopmbl [11]. [ToMIMO BHYTPHKIETOUHBIX MeXa-
HHU3MOB, 3HAUUTENIbHBIA BKJIAJ B Pa3BUTUE MHOXECTBEHHOM JIEKapCTBEHHOMN
ycroitunBoct (MJIY) BHOCAT usronornyeckue GhakTophbl, CBSI3aHHBIC C OMyXO-
JIEBBIM MHUKPOOKPYKeHHEM. ACCOIIMUPOBAHHBIE C OMyX0JbI0 (prOpoOIaCTHI CeKpe-
TUPYIOT 3aIUTHBIC IMTOKUHBI U KOMIIOHEHTHI BHEKJIETOYHOTO MaTpuKca, popMu-
pys 6apbep Uil MPOHUKHOBEHHS JIGKAPCTBEHHBIX cpe/cTB. [loBbIIIEHHOE WHTEP-
CTHLMAJILHOE JaBJICHHUE KUIKOCTH YXyIIIAaeT JOCTaBKY IPOTUBOOITYXOJIEBBIX Ipe-
[apaToB B OIYXOJIEBYIO TKaHb, TOTZA KaK KHCJIasg U TMIIOKCHYECKass MUKpocpena
n3MeHseT (papMaKoIOrHIECKyI0 aKTHBHOCTh U KIIETOYHOE MOTJIONICHHE Tpemnapa-
toB [12]. KpoMe Toro, n3MeHeHH sl B JIUIIHIHOM COCTaBE U CHHTE3€ IIa3MaThye-
CKOM MeMOpaHbl OKa3bIBAIOT CYIIECTBEHHOE BIMSIHUE HAa (hOopMUpOBaHUE (PEHOTH-
OB JIEKAPCTBEHHON YCTOMYMBOCTH, 3aTPYAHSSI BHYTPUKIIETOUHBIN TPAHCIIOPT Ipe-
MapaToB U CHIDKAs UX HUTOTOKcHYeckuit adpdext [13].

HecMmoTpsi Ha 3HauMTeNbBHBIN Tporpecc, MOKazaTeld 3a00IeBaeMOCTH U
CMEPTHOCTU OT OHKOJIOTHYECKUX 3a00JIeBaHUH MPOJODKAIOT PacTH, YTO HOAUYep-
KHMBaeT HEOOXOIUMOCTh Pa3pabOTKK HOBBIX, OoJiee d3PEKTUBHBIX U OE30MACHBIX
TepaneBTHYECKUX CTPATETHI.

Ha ceropnsiiauii IeHh HAHOTEXHOJIOTHH PACCMATPUBAIOTCS KaK TIEPCIIEKTHB-
Hasl cTpaTerus Uil MPEeOoAoJICHUs OTPaHNUCHUN TPaJULMOHHON Tepanuy, B 4acT-
HOCTH 32 CYET IOBBIIEHUS CIEHU(PUIHOCTH AOCTABKH IPENapaToB B LEJIEBbIC
YYaCTKH, YIY4YIICHUS TepaneBTHICCKON d(PPEKTUBHOCTH U CHUIKEHUS TOOOYHBIX
addexron [8, 14]. VBenuyeHHas yaeiabHas nopepxHocth Hanouactuil (H) obec-
MEYNBACT UM YHUKAJIbHBIE CBOMCTBA, BKIIOYask BO3MOKHOCTH OMO(yHKIIMOHATIN3a-
UM U co3faHre 3QQEeKTUBHOTO MHTepdeiica A B3aUMOICHCTBHUS C OKPYXKalo-
IMMH TKaHAMHU. B HacrosIiee Bpems pa3padaThIBAacTCsl MIMPOKUH CHEKTP HaHO-
[IperapaToB ¥ HAHOMATEPUAJIOB, YTO A€JIaeT HAHOMEIUIMHY OJHON U3 Haubojee
MEPCHEeKTUBHBIX 001acTell uccaenoBaHui Onaronaps ee BRICOKOH 3((eKTHBHOCTH
1 BO3MOXKHOCTH HUCIOJIb30BaHHS MEHBLINX /103 JIEKAPCTBEHHBIX CPeACTB [8].
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B nmanHOM 0030pe OCHOBHOE BHUMAaHHE YACICHO JOCTIXKEHHUSIM B 00JIacTH
HAaHOTEXHOJIOTHH U TOTYSPKHYTHI UCKIIOUUTENbHBIE ocoOeHHOCcTH AgNPSs, KoTO-
pBI€ OTIMYAIOT UX OT TPAIUIIMOHHBIX METOIOB JICUEHHUS, JHATHOCTUKH 1 BU3yalH-
3alWd, JAEMOHCTPUPYS MHOTOOOEMIAIONINE Pe3yNbTaThl B YIIYUIICHHH MPOTHO3a
JUTSL JICUCHUS PA3TUYHBIX 3JI0KAYECTBCHHBIX 3a00JICBaHU.

HaHoTexHO0/10TMH — KaK NepPCneKTUBHbIH MOAX0/ K NPe010JeHUI0
OrpaHMYeHM i CeJIeKTUBHOM J0CTABKH NPOTUBOOIYXO0JIEBHIX NIPENapaToB

Henocrarouynas ciennuIHOCTD 1 BRIpaKEHHAS IMTOTOKCHYHOCTb, a TAKXKE pa3-
Butue MJIY npu npuMEHEHUHM TPAJULIMOHHOM XUMHOTEPAMU U MUMMYHOTEParuu
OCTaIOTCS OIHUMH M3 KITFOUEBBIX ()aKTOPOB, OrPAHMIHUBAIOIIHMX dYPPEKTUBHOCTH Jicue-
HHSI OHKOJIOTHUECKUX 3200JIeBaHMiA. B CBSI3U € 3THM B MOCIIETHAE TOBI 3HAYUTEIILHOE
BHMMAaHUE YAEIACTCS Pa3BUTHIO HAHOOHKOJIOTMY — COBPEMEHHON MEXIUCLIUIIIMHAP-
HOUW 00JacTH, HANpaBJIeHHON Ha WCToNb30BaHue HY as qMarHOCTHKH, TapreTHOro
BO3J/ICHCTBHS M TEPAIMH 3I0KAYeCTBEHHBIX HOBOOOpa3oBanwmii [ 15].

[TpumeHeHne HaHOMATEPHAJIOB MTO3BOJISIET CO3/1aBaTh (DYHKIIMOHATH3UPOBAH-
HbIE IIATGOPMBI, KOTOPbIE MOTYT OZHOBPEMEHHO BBICTYIIATh B POJIM KaK AMArHO-
CTHYECKHX, NPO(PHUIAKTUIECKUX, TAK U TEPAleBTUUECKUX areHTOB, OTKPbIBas HO-
BbI€ BOBMOKHOCTH JUTSI TIEPCOHATIM3NPOBAaHHON MeIUIIMHBL. HaHOOHKOIOTHS TIpO-
JeMOHCTPHPOBAJIa MHOTOO0CIIAIOIINE PE3yIbTaThl KaK B MPEKIMHUYECKUX, TaK U
B KJIMHUYECKUX HCIIBITAHUAX M 3apeKOMEHI0Baja ce0sl KaK MHHOBAILIMOHHBIH Me-
TOJ TEpAIlMH Pa3IMYHbIX 3a00JIeBaHNH Oy1aronaps BHICOKOM crieuUIHOCTH U 3]-
(eKTUBHOCTH MPH pa3IMYHbIX TUIAX ommyxosei [16].

CoBpeMeHHbIE HAHOTEXHOJIOTUYECKUE CTPATErud, pa3padarhlBalolIfe CH-
CTeMbI HAHOMACIITAOHOW TOCTAaBKH JIEKAPCTBEHHBIX BEILIECTB, 00ECIIEUYNUBAIOT TOY-
HOE€ HAalLleIMBAaHHE OITyXOJIEBBIX KJIETOK IPU OJHOBPEMEHHOH MMHHUMM3ALUHU TOK-
crueckux 3¢ dextoB. braronaps On0COBMECTUMOCTH B MaJlbIM pazMepaM HaHOMa-
TepUaNbl CIOCOOHBI 3PPEKTUBHO MPEOJI0IEBATH OMOIOTHIECKUE Oaphephl, UTO Jie-
JIaeT UX MOIIHBIM HHCTPYMEHTOM B OHKOTepanuu [17].

Hanomarepuassl, B Tom uncie HY, Bce mupe npuMeHsroTes B MeAuuHe O1a-
rojiapsi CBOUM creliupuIecKuM GU3NKO-XUMHUIECKUM XapaKTEPUCTHKAM, BEICOKON
CTaOMILHOCTH ¥ BBIPAXKEHHBIM TEPMUYECKUM U (DOTOXUMHUYECKHUM CBOHCTBAM.
Cpenu HY 6naropoansix MeTamioB ocoboe BHUMaHue npusiekatoT AgNPs. bia-
rogaps MajsiM pazmepam (<100 HM), 60JIBIIIOMY OTHOIIEHHMIO MJIOMIAAH ITOBEPXHO-
CTH K 00beMy M TOBBIIIEHHON peaknoHHOW criocoOHocTH Takre HY obnmamaror
YHHMKaJIbHBIMH CBOMCTBaMM, KOTOPBIE AEJIAI0T UX MEPCHEKTUBHBIMU KaHAUAATaMU
JUTSL ICTIOJIb30BaHMS B KAY€CTBE IPOTHBOOITYXOJICBBIX areHToB [18].

B nanorexnonorun cuare3 HY MoxxeT OBITH OCYLIECTBIEH Pa3NUYHBIMUA Me-
TOJaMH, BKIIIOYasi XUMHUUYECKUe, hu3ndeckue U OMoiorniyeckue noaxozsl. B mo-
CIIeTHHE TOIbI 0COOYIO MOMYIIPHOCTD IPHOOPET METOJ «3€JICHOTOY, WM OHOTeH-
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HOTO CHHTE3a, MPEACTABIISIONNN COOOH IKOJIOTHYeCKH OE30IacHYI0 M YCTOMYH-
ByIO cTpareruro nomydeHus HY Oe3 mpuMeHEeHHs TOKCHUYHBIX PACTBOPHUTENCH U
OIIACHBIX XMMHMYECKHX pearcHToB. B pamkax Takux OMOJIOrMYECKHX MPOLIECCOB B
Ka4yecTBE MPUPOAHBIX HCTOYHUKOB LIIMPOKO MCIIOIb3YIOTCS PACTECHUS U MUKPOOP-
raHu3Mbl. BHOTeHHBIN cuHTE3 00MafaeT PSIOM MPEUMYIIECTB 110 CPaBHEHHIO C
TPaJUIIMOHHBIMUA METOJaMH1, & IMEHHO: HU3Kas CTOMMOCTb, BBICOKAsi MacITaOu-
PYeMOCTb, CONPOBOXKIAECTCSI MUHUMAJIBHBIM 00Pa30BaHUEM OINACHBIX OTXOIOB U
MO3BOJISIET [IOJyYaTh HAHOMATEPHAJIbl, HOAXOSIIUE AT IPOMBILUIEHHOTO IPUMe-
Henus. Kpome toro, 3ToT moaxon obecneuuBaeT GopmupoBanune HU ¢ pa3zHood-
pasHbBIME MOP(OJIOTHYECKUMHU XapaKTEpUCTHKAMH, pa3MepaMy U CBOHCTBaMHU T10-
BEPXHOCTH, YTO MO3BOJIAET aJalTUPOBATh UX IOJ KOHKPETHBIE 00JIacTH MPHUMEHE-
Husl. B kauecTBe GMONOrHYECKUX KOMIIOHEHTOB, YYAaCTBYIOIIHMX B CHHTE3€ U BBI-
MOJHSFOIUX (DYHKIMIO KaTaau3aTopOB, BOCCTAHOBUTENCH, CTAOMIN3aTOPOB WIIN
($hopMO0OPa3yIOINX areHTOB, MOTYT HCIIOJIB30BATHCS OMH(EHOBI, (PIIABOHOHIH,
AIIKaJIOH/IbI U TEPIICHOU/IbI, KOTOPBIC BOCCTAHABIMBAIOT HOHBI Ag" 110 Ag U cTabu-
JM3HUPYIOT TOJTyYeHHbBIC HaHOYacTHUIIbI [19-22].

XO0Ts MHOTHE IIATOCTATHYECKHE MPETIapaThl 001aJat0T BBICOKOH MPOTUBOOIY-
XOJIEBOM aKTHUBHOCTBIO, MX 3(P(PEKTHBHOCTh YaCTO OTPaHUYEHA UYBCTBHTEIILHO-
CTBIO TKaHEH M pa3BUTHEM TOKCHYECKUX 3(P(EKTOB, BKIIOUAs MOBPEKACHUE 3710~
POBBIX KJIETOK. B CBSI3U ¢ 3THM B psizie HCCIICAOBAaHUN M3YyYaJIUCh Pa3JIMYHbIE THUITBI
HAaHOMATEPHAIOB — JIMIIOCOMBI, TIOJMMEPHbIE HOCHTENH, (HyHKIIMOHATH3UPOBAH-
HBbIC MOJICKYJIBI ¥ aHTHTENa — U ObUIO TIOKA3aHO, YTO WX KOMOMHUPOBAHHOE WC-
MOJIb30BaHUE MO3BOJIAET JOCTHYb ONTHUMAJIBHOTO OajaHca MEXIY TepaneBTHYE-
cKoi () (HeKTUBHOCTHIO M CHIKEHHEM TOKcHIHOCTH [23]. B oTimnume ot kinaccuye-
CKHUX TMPOTHBOOITYXOJIEBBIX M0Ax010B, HU obOecreunBaroT 6osee celnekTUBHYIO J10-
CTaBKY TEpareBTHYECKHX areHTOB, YTO CIIOCOOCTBYET YMEHBIICHHIO CHCTEMHOTO
TOKCHYECKOT'0 BO3/IEHCTBUS U BBIPAXKEHHOCTH N000UHBIX 3(hdexToB. Kpome Toro,
HAHOYACTHUYHBIE CHCTEMBI JIOCTABKU JICKAPCTBEHHBIX CPEACTB XapaKTEpU3YIOTCS
VIIy4IIEHHBIMH (PapMaKOKUHETUIECKUMH CBOMCTBAMH, TIOBBIICHHOW TOYHOCTBHIO
HAIETMBAHUS U CIIOCOOHOCTBIO IMPEOJIONIeBATh MEXaHU3Mbl MHOXKECTBEHHOM Jie-
KapCTBEHHOH yCTOWYMBOCTH OIYXOJIEBBIX KJIeTOK [15]. Tem He MeHee MOTeHIIMa-
JIbHAs TOKCUYHOCTh HAHOMATEPUAJIOB OCTAETCSl BYKHBIM OIPaHMYMBAIOLINM (aK-
TOPOM, H JIJISl X IMUPOKOTO BHEAPEHHS B KIIMHHYECKYIO OHKOJOTHYECKYIO MpaK-
TUKY TpeOyIOTCsI TasibHeliIIee yriryOIeHHOE HCCIIeI0BAaHNE M ONITUMHU3aIus [6, 24].

Ilo cpaBHEHUIO € TpaIULIMOHHBIMHA METOJAAMH ITPOTUBOOITYXOJICBOM TEpaItiy Tap-
TeTHasl HaHOTepanus IEMOHCTPUPYET MOBBIIICHHYIO 3()(EeKTUBHOCTH, 00YCIOBIIEH-
HYI0 MUHMMAJIbHBIM CHCTEMHBIM BO3JIEHCTBUEM, YIYYIIEHHON IPOHUIAEMOCTHIO U
yllep’)KaHHUEM B OILyXOJIEBbIX TKaHsX. Peanuzanust JaHHOTO OX0/1a COIIPOBOKAAETCS
YBEJIMUCHUEM TIEPHOJIa TIOTYBBIBEACHNUSI HAHOYACTHL] U3 TIa3Mbl 1 U3MEHEHHEM HX
OuopacIipeieNieHus], 9TO CIIOCOOCTBYET CENIEKTUBHOMY HAKOIUICHHUIO HAHOMAaTEPUaIOB

101



102 Loie L. Tymosn

B OITyXO0JieBbIX o4arax [25]. [Ipomierne Bpemenn rupkyssiiuyt HY cBsi3aHO ¢ TpeBbI-
IIICHUEM UX pa3Mepa Mmopora MmoYeyHoi 3KCKPELUH, YTO OTPAaHUYMBACT UX OBICTPYIO
AIMMHAHANINIO U3 opranm3Ma. /lnddepennmansHoe HaKOIIIEHNE B OITyXOJIEBBIX TKAHAX
obecrieurBaeT OoJIee BRICOKYIO JIOKABHYTO KoHIeHTpanuto HY mo cpaBHeHwIO C mTa3-
MOW M 3JI0pPOBBIMH OpraHaMu, PUYEM 3TOT MPOIECC 3aBUCHUT OT BPEMECHHU U MOXKET
BOCIIPOHM3BOJIUTECS. HE3aBUCHMO OT pa3mepa omyxoiu. COBOKYITHOCTh YKa3aHHBIX
CBOWCTB TIO3BOJISIET TApT€THOW HAHOTEPAITMH 00ECIICYNBATh TIPOJIOHTMPOBAHHBIN Te-
parreBTHIecKuii 3(h(heKT, TOBBIIIAS PE3yIbTaATHBHOCTH (hapMaKOJIIOTHYECKOTO BO3ACH-
CTBHA 3a CYHET CUHEPIU MEXK Y JJIUTCIBHBIM ITPUCYTCTBUEM IIpETIapaTa B OHYXOHCBOI\/'I
TKaH! 1 NOAACPKAHHUEM €TI0 OITHUMAJILHOM KOHILICHTpAalyu B CUCTCMHOM KPOBOTOKE,
YTO OTKPBIBAET MEPCIIEKTHUBEI TSl 00JIee TOYHOTO M OE30TIACHOTO JICUSHHUST OHKOJIOTH-
yeckux 3abonesanmii 16, 26].

Oo0mue TpeGOBaHNA K HAHOYACTHIIAM KaK MJIaTGopMaM 10CTaBKHU
JIEKAPCTBEHHBIX CPeICTB

Jnst pa3pabotku 3ddeKTHBHBIX mI1aT)OopM MPOTUBOOMYX0IeBoi Teparmu, HU
JOJDKHBI 00J1aaTh PAAOM KIIIOUEBBIX CBOMCTB, BKIIIOYass OMOCOBMECTHMOCTD, BBICO-
Kyt0 OHOJIOCTYITHOCTb M CTaOMJIBHOCTB B (DU3HOJIOTMUECKUX ycinoBusix. Kpome toro,
OHH JIOJDKHBI 00ECIIeUMBAThH CEIIEKTUBHOE BO3/ICUCTBIE HA OITyXOJICBBIE KJIETKH, MH-
HUMU3HPYSI TOBPEXKJICHHE 37I0POBBIX TKAHEH, 1 3P (PEKTHBHO BBICBOOOXK/IATH TEPATICB-
THYECKOE CPEACTBO HEMOCPEICTBEHHO B 1IENEBOM yuacTke. Peanmzanust stux tpedo-
BaHWI BO MHOTOM ompezessiercst GU3NKO-XUMUUECKUMHU Xapaktepuctukamu HY, nc-
TOJTb3yEMBIX B KAU€CTBE HOCUTENICH JIeKapCTBEHHBIX TIpenaparos [§].

Pa3zMep HaHOYaCTHIl OKa3bIBAET KIIOYEBOE BIMsSHIE HA UX 3(PPEKTUBHOCTH B
MIPOTUBOOITYXOJIEBOH Teparuy. 3a CYeT MOBBIIEHHON NPOHUIIAEMOCTH COCYUCTON
CTEHKH OITyXOJI€H, pasMep 4YacTHIl MOKHO ONTUMH3HPOBATH TaKHUM 00pa3oM,
YTOOBI OHU OBLTH JOCTATOYHO MAJIbl JIJIsl IPOHUKHOBEHHUS B OITYXOJIb, HO TIPU 3TOM
JOCTaTOYHO KPYIHBI, 4TOOBI TPEIOTBpAIATh IKCTPABA3aALMI0 M3 HOPMAaIbHBIX
KPOBEHOCHBIX COCYJOB M HEKOHTPOJIMPYEMOE HAKOIUIEHHE B 3IOPOBBIX TKAHSX.
Opnnako nornomenre HY pazanyHbIME OpraHaM# CHIIBHO OTJIMYAETCs, YTO Tpe-
OyeT TmiatesibHOrO Mojdopa MX (PUINYECKUX XaPaKTEPHCTHUK. MHOTOUYHMCIICHHBIC
nccnenoBannsa nokasanu, uto HY mensmiero pazmepa (<50 HM) 1€MOHCTPUPYIOT
0oJiee BBICOKYIO TPOTHBOOITYXO0JIEBYIO aKTHBHOCTD 10 CPABHEHHIO C KPYITHBIMU Ya-
CTHLIAMH, YTO 00YCJIOBJICHO UX YIYUIIEHHOH CIOCOOHOCTHIO K MPOHHUKHOBEHHIO U
HAKOIUICHUIO B OMyXOJICBBIX TKaHsX [8, 27].

Eme onHuM xiroueBbiM napamerpoM HY mpu ux npoexTupoBaHuu Ajis Mpo-
THUBOOIIYXOJIEBOW Teparuu sBiseTcsl GopMa, MOCKOJIBKY OHA BIHSET HA THAPOIU-
HaMHKY, B3aUMOJACUCTBHE C KIETOYHBIMH MeMOpaHamMH U (HapMaKOKHHETHKY.
dopmMa 4acTHIl MOXKET ONPEAEIATh UX 3aXBaT PETUKYJIOIHIOTEIMAIBHON cUCTe-
Mot (POC), dro mpenacTaBiaseT 3HAYUTEIBHOE MPEMATCTBUEC IS KIMHHYECKOTO
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MPUMEHEHUS, TOCKOJIBKY KIIeTK POC, B UaCTHOCTH B TICUCHH, yISPIKUBAIOT OOJIb-
Y10 YaCTh BBEJCHHOM JI03bI, CHIDKAsl OMOJIOCTYITHOCTD MpernapaTa 1 MOBBIIIAs M-
MYHOTE€HHOCTb M TOKCHYHOCTb. OJIHUM W3 BO3MOKHBIX ITOJIXOI0B K PEIICHUIO 3TOH
poOJIEMBI SBIIIETCS BPEMEHHOE TTOAABJICHHE aKTUBHOCTH KieTok POC, d4to mo3-
BoJIsIeT nepeHanpaBuTh HY B omyxoseBbie odaru 0€3 HeoOXOAMMOCTH UCTIOIb30-
BaHUS CHCIU(PUUSCKUX JUTaHI0B, MOBbIMAs 3PPEKTUBHOCTH JTIOCTABKU TEPAICB-
THYECKUX cpeacTs [8, 28, 29].

MousekyJisipHbIe MEXaHM3MbI IIPOTUBOOIYX0JIEBOT0 AeiiCTBUS
HAHOYACTHII cepedpa

Pacrymmii maTepec k AgNPS cBsi3aH ¢ MX MOTEHIMAIOM BBICTYTATh B POJIU allb-
TEpHATUBHBIX TIPOTUBOOITYXOJIEBBIX areHToB. CornacHo JaHHbIM JuTeparypbl, AGNPS
MPOSIBIISIIOT BBIPKEHHYIO LIUTOTOKCHYECKYIO AKTHBHOCTb B OTHOILCHWH LIMPOKOTO
CIIEKTpa OITyXOJIEBbIX KiIeToK. Hanbonee n3ydeHHBIMI MOJEIISIMU SIBIISIFOTCS KJICTKU
paka mosiouHoi xenesbl (ZR-75, MCF-7, SKBR3 u 8701-BC), kierounsie uHUM
JICMKEMUH, a TAK)KE KICTKH oryxouiei Toncroi kumku (HT-29, HCT116 u Caco-2). B
9tux Monesix HY BBI3BIBAIOT CHIKEHHE >KU3HECIIOCOOHOCTH KJIETOK, HapylLIEHHE
nponudepalyy 1 3alycK aloNTOTHYECKUX MEXaHU3MOB, YTO MOATBEP)KAACT UX IO-
TCHIIMAJILHYIO TepaNeBTUUECKYIO 3HaYnMocTh [18, 30-32].

AgNPSs neMOHCTpUpPYIOT BBIpaXKEHHBIE TPOTHUBOOIYXOJIEBBIE CBOICTBA, MPO-
SIBIISISICH B CIIOCOOHOCTH 3aMEJISITh Npoiudepannio U NporpecCUpoBaHUe 3J10Ka-
YECTBEHHBIX KJIETOK. MexaHu3M JaHHOTro 3¢ (eKTa CBA3bIBAIOT C UX BIMSIHUEM Ha
peryIsTOpHbIE CUTHAIBHBIE KACKa Ibl, KOTOPBIE UTPAIOT KIFOUEBYIO POJIb B OHKOTE-
He3e, KIIETOYHOM POCTE, BBDKMBAHWM M WHBAa3MH OIYXOJEBBIX KIETOK. AHAIN3
HAKOIJICHHBIX SKCIEPUMEHTAIbHBIX JAaHHBIX NOKa3biBaeT, 4To AGNPS criocoOHBI
WHAYLHUPOBATh IIMPOKHUNA CHEKTP UTOTOKCHYECKUX M3MEHEHH: OT YCUJICHHUS OK-
CHJIATHBHOTO CTpecca M HapylleHUs MUTOXOHIPHAIBHOTO MeTabou3ma JI0 aKTH-
BallM{ alONITOTUYECKUX U ayTO(ParnyecKuxX MpoIeccoB. Takoe MHOTOypOBHEBOE
BO3AEUCTBHE MPUBOAMT K MOJABIICHHIO )KU3HECTIOCOOHOCTH OIYXOJIEBBIX KIJIETOK U
OTpaHUYEHHIO AaJbHEHIIEro pa3BUTHS OIyXOJeBOM TKaHU. BaskHoW ocoOeHHO-
CTBIO SIBJISIETCSI TO, YTO B PSAJIE UCCIIEIOBAHUI OTMEYAETCs] OTHOCUTEILHO HU3Kast
TokcHYHOCTH AGNPS 17151 HOpMaTBHBIX KIIETOK. DTO MOTEHIIMAIBHO 00ecTIeYnBaeT
CENIEKTUBHOCTb JICHCTBHS M YKa3blBae€T Ha MEPCHEKTHBHOCTH HCIOJIb30BAHUS
AgNPSs B xauecTBe KOMIIOHEHTa MPOTHBOOIYXOJIEBBIX CTPAaTETHi, BKIIOYasi KOM-
OuHupoBaHHYIO Tepanwio [33].

MexanusM npotuBoorryxosieBoro neictus AGNPS peammsyercs uepe3 He-
CKOJIBKO B3aUMOCBSI3aHHBIX MEXaHHW3MOB, BKJIIOYAIOLINX WHAYKIHIO 3alporpam-
MHUPOBAHHOW KJIETOYHOW CMEPTH, HapyIIEHHE PETYJISIHUN KIETOYHOTO LIUKIIA, MO-
BpEKACHUS OMOIIOIMMEPOB U JIECTPYKLIUN MEMOPAHHBIX CTPYKTYP, & TAKXKE OKHUC-
nuTensHoro crpecca (Puc. 1).
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APOMUBOONYX0NE80U akmusHocmu Hanovacmuy cepedpa [33].

PazHo0Opa3ue MOEKyIIpHBIX MEXaHU3MOB, JIEXKAIIUX B OCHOBE OHOJIOTHYE-
ckoii aktuBHOCTH AQNPS, 00ycnoBmiio ux pacrymiee 3HaueHHE B pa3pabOTKe U
OIIEHKE HOBBIX TPOTHBOOMYXOJIEBBIX TEPANIEBTHUECKUX MT0X010B. braromaps cro-
COOHOCTH BO3/ICHCTBOBATh HA KIFOUYEBBIE CUTHAIBHEIE ITYTH, PETYIUPYIOIIHE MTPO-
nmudepanuio, anonrto3 U kierouHsii crpece, AGNPS paccmaTtpuBaroTcst Kak mep-
CIEKTUBHBIC aTbIOBAHTHI M CAMOCTOSTENbHBIE ar€HThl B OHKOTEPAITHH.

Toxkcuueckue cporictBa AGNPS u BBICBOOOXXIaeMBIX MMH HMOHOB cepebpa
NPEACTABISIIOT 3HAUUTEIBHBIM UHTEPEC AJI MPOTUBOOITYXOJIEBBIX HCCIEIOBAHUM,
ITOCKOJILKY OHU CIIOCOOHBI MOIABIISATh KIETOUHYIO MPOJIU(EPAIIHIO, BBI3BIBATH T10-
Bpexaenue JIHK, ycunuBaTth OKHMCIUTENbHBIA CTpEeCC M HAapyIIaTh 11€JIOCTHOCTh
KIIETOYHBIX MeMOpaH. BaxkHyro poJib pu 3TOM UrparoT (PU3NKO-XMMUYECKHE Xa-
pakrepuctuku HUY, onpenenstoniye 3 GpeKTHBHOCTh UX KIIETOYHOTO IOTIIONICHHS
Y KHHETHUKY BBICBOOOXK/ICHVSI MOHOB cepelpa, 4To HANPSAMYIO BIHIET Ha BHIPAKCH-
HOCTh MPOTHUBOOIYX0JIeBbIX d(dekToB. [Toaromy koHTposb mapamerpoB AgNPS
Ha dTaIre CUHTE3a SIBISIETCS] KPUTUYECKH BaYKHBIM JUIS1 TOCTHXKEHUS ONITUMAIBHOTO
YPOBHS ITATOTOKCHYHOCTH B COOTBETCTBHHU C TEPANICBTUYCCKUMU 3amauamu [34].

Jarnee onmucaHbl OCHOBHBIE MOJICKYJIIPHBIE MYyTH, YYACTBYIOIIME B MPOTUBO-
omyxoJieBoit aktuBHOCTH AGNPS.
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1. UnayKkuus 3anporpaMMipPOBAHHOM KJI€TOYHO# cMepTH

AgNPS 0061amaroT IIMPOKUM CIIEKTPOM OHOJIOTHYECKHUX 3P (HEKTOB, BKIIIOYAs
3aITyCK pa3NYHBIX armonToTHdeckux mytei. [lokazano, uto AgNPS MoryT akTHBH-
POBaTh BHEIIHUI KacKaJ arnonTo3a, OCHOBaHHBIN Ha B3aUMOJIEHCTBUH PELETITOPOB
cmeptu (Takux, kak Fas, TNFR1, TNFR2, a takxe TRAIL-peuentopos DR4 u
DR5) ¢ ux cnenuduaecknmu auraggamu (FAS-L, TRAIL win TNF). Muorouric-
JICHHBIE MCCIIEIOBAaHUSI CBUIACTEIBCTBYIOT O TOM, YTO 00padOTKa KJIETOK HaHOYa-
CTHLIAMH NPUBOJIUT K 3HAYUTEIHHOMY IMOBBILICHUIO YpOBHEH skcnpeccun FAS n
FADD — ki1i04eBBIX MOJIEKYJI, yYaCTBYIOIIUX B aKTUBAIIMW BHEIIHETO (peUenTop-
OIIOCPEIOBAHHOI0) IIYTH aloITo3a. JTO B3aUMOJCHCTBUE MPUBOAUT K aKTUBALIUU
WHULAATOPHBIX Kacmas-8 u -10, 4ro 3amyckaeT JanbHelllee pacnpOoCTpaHECHUE
npoanontornieckoro curnana (Puc.1) [15, 35]. AgNPS akTuBHpyrOT anonto3 u
MOCPEJICTBOM MOJIYJISIIMU JKCIPECCHUH TEHOB, BKJIOYast P53, ¥ BO3AEHCTBUS Ha
CUTHAJIbHBIC IIyTH, peryaupymooume rudens KineTku. HekpoTuueckast kieTodHas
CMEPTbh TAKXKE MOXKET Pa3BUBATHLCS BCIEACTBHUE MPSIMOTO CTPYKTYPHOI'O IOBPEKAE-
HUS KJICTOYHBIX KOMIOHEHTOB [33]. Psam wuccnemoBaHuii HpoaeMOHCTPHUPOBAI
taroke, 4To AGNPS CyliecTBeHHO BIHSIOT Ha perylisiuio OenkoB cemeiicTBa Bcel-
2, HapyIIal0T MUTOXOHAPHAIbHbIE (YHKUUH U HHULHUUPYIOT aKTHUBALMIO KacIias.
KiroueBbIM IMyCKOBBIM MEXaHH3MOM JIAaHHOT'O allONTOTHYECKOTO IMYTH CUUTAETCS
noBpexaenue JIHK, compoBoxiaromieecss ee ¢parmMeHTanued U KOHIEHCAIMen
XpOMaTHHA, YTO, BEPOSITHO, 0OYCIIOBIIEHO ycuineHnHoi renepareir ADOK [36]. B
cilyyae, ecii rocjie uHIyuupoanHoro nospexaenus JJTHK He npoucxonur ee pe-
napanyy, ¥ BOCCTAHOBICHHE NPOTrPECCHH KJIETOYHOTO LIUKIIA OKa3bIBAETCS HEBO3-
MO>KHBIM, 0eJI0K p53, (QYHKIMOHUPYIOIINH KaK TPaHCKPUIIIMOHHBINA QaKTop, NHU-
UUPYET IKCIPECCHIO POANONTOTHUECKUX TeHOB. K Uicy TakuX MHIIIEHEH OTHO-
CSITCA MPOAIONTOTHYECKUE NpeacTaBurenu cemeiictsa Bcel-2, Bkmowas Bax, a
Takke Oenku, conmepkamme UCKIrounTenbHo BH3-nomen, Takue kak Bim, Bid,
PUMA, Noxa u Bad.

B nuTepaTypHBIX JaHHBIX paHEe OMHMCaHBI HccienoBanus, uto AgNPs npuBo-
JSIT K CHUKEHHUIO SKCIpECcCcHy psiia OelIKOB, yJacTBYIOIIUX B IIpolleccax pemnapa-
un 1 perumkanun JTHK, Brarouas Fen-1, XRCCL1, Pol-B, Pol-g, DNA-PKcs, NF-
kB, Topo lla, MRE11, RFC-1, PCNA, xemuka3y u RPA. KymynsatusHoe Hapytie-
HHE JAaHHBIX MEXAHU3MOB COIPOBOKJAJIOCh BBIPAKEHHBIM noBpexaeHuem J(HK,
YTO TMOATBEPKAAJIOCH MOBBILIEHHEM YPOBHs (OCHOPUIMPOBAHHOIO THCTOHA Y-
H2AX — xapakteproro mapkepa [IHK-noBpexxaenuii. B pesynbrare akTuBanus
p53 crnocobcTBOBaNIA 3aITyCKy alONTOTHYECKOTo Kackamga. OMHUM U3 KITFOUEBBIX
MOCJEYIOUINX 3TAoB P53-3aBUCUMOrO OTBETA SIBJIAETCS MHAYKIMS SKCIPECCHH
Bax u ¢pyHKUMOHANBEHO POACTBEHHBIX OeNKOB. Bax B3aMMOAEHCTBYET ¢ BHELTHEH
MeMOpaHO MUTOXOHAPHH, HOPMUPYS TIOPHI U BEI3BIBAsI MUTOXOHIPUAIEHYIO TUC-
(YHKLUIO, 4TO IIPUBOAUT K HEOOPATUMOMY NOBPEXKICHUIO MUTOXOHIPUN U aKTH-
Balli¥ MHTOXOHAPHAIBHOrO IyTH amonrosa [15,37,38]. IloBbinieHre SKCIpeccHn
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npoarnontorudeckux 6enxoB Bax 1 PUMA — kiroueBoro moaynstopa pS3-3aBu-
CHUMOTIO aronTo3a — B COUYETAaHUH CO CHHKEHHMEM YpPOBHEW aHTHANONTOTHYECKHUX
6enkoB Bcl-2 u Bel-xL mpuBoauT K HapyIieHHto OataHca MEX/Iy Ipo- M aHTHATIO-
NTOTHYECKUMH WIeHaMH cemeiictBa Bel-2, uro mHUIMUpyeT akTHBALIMIO MUTOXOH-
JPUaJIbHO-OMOCPEAOBAHHOIO MYTH amnonTo3a. Moaymisuus aKTUBHOCTH JaHHBIX
OEJIKOB COTPOBOXKAAETCS Pa3BUTHEM MHTOXOHAPUATBEHON AUCHYHKIUH, TPOSBIIS-
IOIIEeiCs, B 4aCTHOCTH, HapymeHneM cuaTe3a AT®. [ToMnMo MUTOXOHIPHATIHLHOTO
MOBPEKICHUS, 00YCIOBIEHHOIO OKUCIUTEIbHBIM CTPECCOM M M3MEHEHHEM Pery-
nauu O0enkoB cemeiictBa Bcel-2, mpennonaraercs, uro AGNPS criocoOHbI Hero-
CPEACTBEHHO B3aUMOJICHCTBOBATH C MUTOXOHApUSAMH. [Ipu 3TOM MX OHosornye-
ckuit 3pPeKT MOKET HOCUTh YaCTHIIECTICIIU(UIHBIA XapakTep, TU00 OBITh CBSI3aH
C MHrHOMpPOBAaHHMEM MHUTOXOHAPHAIBHBIX (PEPMEHTOB, KPUTUUECKH BAXKHBIX IS
HOPMaJILHOTO (DYHKIIMOHHpOBaHusI opranesi [15, 39].

AKXTHBaIVsI BHEITHETO ¥ BHYTPEHHETO IyTEH aromnTo3a CYNTaeTcsi Hanboee u3y-
YEHHBIM MEXaHH3MOM, JIEXKAIUM B OCHOBE aHTHITPOIN(EPATUBHOIO U IIPOTUBOOILY-
XOJIEBOTO ACHCTBUS IEPCIEKTUBHBIX TEPAIEBTUIECKHUX areHToB. OJJHAKO arionTo3 Mo-
JKEeT 3aIyCKaThCs U uepe3 APyTrue KJIECTOUHble MeXaHU3Mbl. OTHUM U3 TaKHX MPOLIec-
COB SABJISIETCS CTPECC PHIOTIIA3MATUIECKOTO peTUKyTyMa (OP), BO3HUKAOIIHIA B YCIIO-
BUSIX IepUIIMTa MUTATENbHBIX BEILIECTB, BO3ACHCTBHS JICKAPCTBEHHBIX BEIIECTB, OKHC-
JIUTETILHOT'O CTPECca, a TAKXKe NP HAKOIUIEHUH MYTAaHTHBIX MM HENPAaBWIBLHO CBEp-
HYTBIX OCJIKOB. DTW HAapyIIEHWS aKTHBUPYIOT PEAaKIMIO Ha HECBEPHYThIE OCNKU
(UPR), kOoTOpbIE B HOPME BBITIOJHSIOT 3ALUTHYIO (DYHKIIUFO U TTO/ICPKUBACT KIIETOY-
HbIA romeoctas. [lpu [nuTensHOM Wi THTEHCUBHOM BO3J€HCTBUM cTpecc OP npuBo-
IIT K aronToTrudeckor rudenu kireTkn. Peakums UPR perymupyercst TpeMst Kiroue-
BbIMH TpaHcMeMOpanHbIMU Oenkamu: IREL, PERK u ATF6, BeicTynaronwmMu ceHco-
pamu ctpecca OP 1 HaxoAAIIUMUCS B HEAKTHBHOM COCTOSTHUH IPH HOPMAJIbHBIX YCIIO-
BusAX. Pan nccnenoBanmii IEMOHCTPUPYET, 4TO ycuiueHne DP-cTpecca M M3MEHEHUs
9KCIPECCHN 3TUX CUTHAIBHBIX OETKOB MOTYT SIBJISITHCS BXKHBIMH MEXaHU3MaMH IIPO-
tuBoomyxonesoro aericteust AGNPS [40].

Kpome Toro, Hanocepedbpo MoXkeT 6JI0KHpoBaTh paboTy HATPUEBHIX M KaJHEBBIX
WOHHBIX KaHAJIOB MEMOpaHBI, BbI3bIBasl HAPYILLEHHE MEMOpPaHHOTO HoTeHuuana. OHO
TaKKe CIIOCOOHO B3aMMOJAEHCTBOBATH C CYIbQrHAPHIBHBIMU rpynmnamMu (-SH) mem-
OpaHHBIX OENKOB, YTO MPUBOJUT K YXY/IICHHIO OaphepHOU (QYHKIMA MeMOpaHbl U
HApYIICHUIO OOMEHHBIX MPOIEccOB. DTH 3P(EKTHI BHI3BIBAIOT BBIPAKEHHBIE MOBpE-
KJIeHHUS] MeMOpaHbI U MOTYT TIPUBOJIUTH K MPSIMOMY HEKpO3y KiieTok [41].

2. HapyuieHue KJ1€TOYHOTO IIMKJIA

OcTaHOBKa KJIETOYHOro Iukia mom aerctBueM AQNPS sBisercs omHuM U3
HanOoJIee M3YyYCHHBIX MEXaHW3MOB MX MMPOTUBOOITYXOJIEBOW akTUBHOCTHU. [lepBOHa-
YaJIbHO OBLIO YCTAaHOBIIEHO, 4TO 00pa0doTka AGNPS npuBOMT K yCHUIICHHOMY 00pa3o-
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BaHWIO HUTpPUTA U yBenuueHuto renepaimn A®K. B nanbreiiem BBISBICHO, YTO TIO-
BhIlIeHHBIE YpoBHH oKcuia a30oTa (NO) n ADK BBI3BIBAIOT AETOSPU3AINIO MUTOXOH-
JPHATLHOTO MEMOPAHHOTO MOTCHIMANIA M IPHBOJIST K OCTAHOBKE KJIETOYHOTO IHKJIA
(mpeumyriectBeHHO Ha ctaguu G2/M) 4To CBSI3aHO ¢ WHIYIHUPOBAHHBIM MTOBPEXKIIC-
uureM JIHK [42]. UzBectHO, uTo AGNPS, Ag* criocoOHBI HHAYIMPOBAaTh ABYXIIETIOUCY-
ueie pa3peiBel JIHK, a Taxoke yBennuuBaTh 10510 KieTok B (ase cyoG0/G1, uro yka-
3pIBacT Ha pa3BuThe amnonrosa [43]. Psn mcciemnoBaHWi JEMOHCTPUPYET BITHSHEC
AgNPs Ha dKCTIpeccHIO KITFOUEBBIX PEryJISTOPHBIX OEIKOB, KOHTPOIUPYIOIIHX KIle-
TOYHBIH UK. Oco00e BHUMaHKE YCSeTCS TPAHCKPUITITHOHHOMY (akTopy P53 —o11-
HOMY M3 HaubOoJiee M3yUeHHBIX CYIPECCOPOB OIyXOJIEBOTO POCTa, KOTOPBIH WUIpacT
KPUTHYECKYIO pojib B 0TBeTe Ha noBpexneHue JAHK, npoueccax ee pemapauuu, pery-
JSIUH MeTaboMu3Ma, ayTo(arnu, KIIeTOUHOTo CTAPECHUS U MHUIIMHPOBAHUH MPOrpaM-
Mupyemoii kieTounoi cmeptu (Puc. 2) [44].

AgNPs criocoOHBI B3aMOICHCTBOBATh C PEIIEITOPAMH MEMOPaHHBIX OCJIKOB,
AKTHBHPYS BHYTPUKJICTOYHBIC CUTHAIBHBIC KACKaIbl U TEM CaMbIM TIOJABIISS MPO-
TUQEepaTUBHYIO0 aKTUBHOCTD KJIETOK. BeTymas B mpsMOi KOHTAKT ¢ MaKPOMOJIEKY-
JIAPHBIMHU KOMTIOHeHTaMu KiieTku, AGNPS oka3bIBatOT BIMSHUAE HA KIFOUEBBIC MTPO-
1ecchl Kiaetognoro meradonusma [45]. AGNPS Moy TupyrOT akTHBHOCTD pa3iiid-
HBIX CUTHAJTLHBIX (PU3UOJIOTMIECKUX MYTEH, MOAABIISIS UK AKTUBUPYS UX, YTO BbI-
3bIBACT PAHHUU ATOINTO3 WM 3aMeIJISIeT HHTEHCUBHOE JICICHHUE OMMYyXOJICBBIX KIie-
ToK. Kpome Toro, B psizie ucciaenoBanuii mokaszano, 4uro AgNPS criocoOHbI akTHBH-
poBath P53, Kacnazy-3 u p-ErK1/2, yro mHUIMHPYET Kackaj BHYTPUKIETOYHBIX
COOBITHA, MPUBOIAIIKUX K AllONTO3y U KOHTPOJIIO KJIETOYHOTO 1uKiia [46]. Jlurepa-
TYPHBIE TaHHBIC YKA3bIBAIOT HA BRIPAKCHHOE CHIDKEHHE DKCIIPpEecCHU MUKIUHOB E1,
B1 u A2 non neticreuem AgNPs. Komrmiekcer Cdc2 (CDK1)/CDK?2 B accoruariyu
C IUKJIMHOM A2 UTParOT KIHOYEBYIO POJIb B IEPEX01€ KIETOK U3 S-(asel B G2-hazy
KIJIETOYHOT'O KA. AKTUBHOCTh JaHHBIX KOMIUIEKCOB HAaXOJUTCS IIOJ OTPHIlA-
TeNbHBIM KOHTposieM OenkoB cemeiictBa Cip/Kip, Brmowas p21 u p27, a takxke
KOHTPOJIbHBIX KMHA3 KJIETOYHOTO IHKIIA, Takux Kak Chk1, ypoBHU KOTOPBIX CyIe-
CTBEHHO CHIDKAINCH mocite Bo3aercTarst AGNPS [47]. B To ske BpeMst sKcIpeccust
Chk2 nemoHcTpHpoBaia napaloKcajibHOE TMOBBILIICHUE, YTO, BEPOSITHO, OTpaxaeT
AKTHBAIINIO KOMIIEHCATOPHBIX CUTHAJIBHBIX MEXaHM3MOB B OTBET Ha HH/yIIUPOBAH-
HBIU cTpecc. L{uknH-3aBrCHMBIE KWHA3BI SBISIFOTCS HYDKEIEKAITIMA MUIIECHSIMA
¢docdaraszer Cdc25A, obecrieyrBaroliel UX aKTHUBAIMIO U MOIEP)KaHUe TIPOrpec-
CHH KJIETOYHOTO LIMKJIa; P 3TOM ypoBeHb Cdc25 A TaKke 3HAUUTENEHO CHIDKAJICS
nocje npuMeHeHust HanoyacTul. COBOKYIHOCTh YKa3aHHBIX U3MEHEHUH, Hapsay
C MOJYJISITIEH SKCITPECCHH JIPYTHX OCITKOB, BOBICUECHHBIX B IIPOIECCH peraparin
JHK, cmocoOcTBOBaja MHTHOMPOBAHUIO MPOJTH(EPAITUN OITyXOJICBBIX KIETOK H
MPUBOIMIIA K OCTAHOBKE KJICTOYHOTO I[UKJIA Ha cTaauu S-assr [15].
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[lony4yeHHble JaHHBIE YKA3bIBAIOT Ha TO, 4To BMemaTenbcTBO AGNPS B Mexa-
HU3MBI PETYJISIINMU KIeTouHoTo 1ukia (Puc. 2) urpaet kitoyeByro posib B GopMu-
POBaHMHU HMX AaHTUIPOIH(EPATHBHOTO M MPOTHBOOIYXOJEBOTO MOTCHINATIOB. B
9TOH CBSI3M aKTYaJIbHBIM IIPEICTABISIETCS AaJbHEHIIee CHCTEMaTHIeCcKoe H3yde-
HHUE MOJICKYJISIPHBIX MEXaHW3MOB HX JEHCTBUS, BKIIIOYas B3aWMOJCHCTBUE C OC-
HOBHBIMH CHTHAJIBHBIMH MYTSMH, KOHTPOJHPYIOIIUMHU KIICTOUHYIO Mposudepa-
LU0, ATIOTTO3 M BEDKMBAHHE KIETOK, TAKUMH KaK p53/p2 1, IUKIMH-3aBUCHMBIC K-
massl (CDKs), MAPK/ERK u PI3K/AKkt [15]. Pacumipenue mpeacTaBicHuii O 1aH-
HBIX B3aMMOJICHCTBHUAX MO3BOJIMUT O0Jiee MOJIHO OXapaKTepHU30BaTh TepareBTHYE-
ckuit morenman AGNPS 1 000CHOBATh MEPCIEKTHBEI UX IPUMEHEHHUS B TIPOTUBO-
OIIYXOJIEBOM TEPAIHH.

COBOKYIHOCTB pe3yJIbTaTOB UCCIIEOBAaHU MMOCIIEIHUX JIET CBUIETEIECTBYET
0 MHOTOYPOBHEBOM W KOMILJICKCHOM XapaKTepe MEXaHU3MOB, IOCPEICTBOM KOTO-
pbix AgNPS criocoGHBI HHAYIUPOBATH THOEIb OMYyX0JIEBbIX KIETOK.

A
/ ROS-dependent

ol Oé) . / - pathways
/ 0

y
/~ ROS production -
ke, 4 B — Cydlin BV** Cip/Kip s
“ e ( Cdk1 ) p21, p27, p57
— DU ’ |
DNA damage _l_ G2 chg,czl:;:)int M ‘
\ Cyclin A [ &
i \C_gk‘z“\ Cell cycle \
—> 53 (N \'Gws G1 e
A\ S checkpoint =

CyclinD  proapoptotic
.|. (Cdk4/6) _proteins -
Y Cdec-25A) . CyclinE
Cip/Kip ——— (Cdk2) |
p21,p27,p57 : T =

Pucynoxk 2. Pezynsayus Kiemouno2o yuria noo 6030elicmeuem HaHouacmuy cepeopa: 3e-
JleHble CIMpenKy ompaicaiom npoyeccul, komopwie akmusupyiomes AQNPS; kpachble —
cuenanvivle nymu, nooasisemvre AGNPS [44].

3. OkucanTeIbHBIN CTPece

PeakTuBHEIC (bOpMI:I KHCJI0pOoaa ABJIAKOTCS KIIHOUYCBBIMU CUTHAJIBHBIMU MOJIC-
KyJ1aMH, Y4aCTBYIOIIIUMU B PCTYJISALIAN KJIETOYHOM CHT HaJIU3alluu U NOAACPIKAHUN
pPEOOKC-rOMEOCTa3a. Nx O6p330BaHI/Ie B KJICTKaX CBsA3aHO C aKTUBHOCTBIO OKCH a3
U 1rmpoueccaMu BO36y>K,Z[eHI/I5I " OAHOBAJICHTHOT'O BOCCTAHOBJICHHA MOJICKYJIAPHOT'O
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KHCIIOPOJIa, YTO MPUBOJUT K T€HEPAIIUH CYIEpOKCHI-aHHOHA, IEPEKUCH BOIOPOIa
U TUAPOKCUIIBHBIX pafukaioB. [loMuMo Kuciopoacoaepkamumx cBOOOTHBIX U He-
CBOOOJHBIX pPaJIuKaNoB, B KJIETKaX IPUCYTCTBYIOT PEAKTUBHBIC COCIUHEHUS a30Ta,
a TaK)Ke METaJIOB NMEPEeMEHHOH BaJICHTHOCTH — TaKHX, Kak »xene3o (Fe) u menp
(Cu), u cepoconepkaliue peaKTHBHBIC COCAWHCHUS. DTH MOJICKYJbI CIIOCOOHBI
ycunuBaTh obpasoBanne ADPK M uHIynuMpoBaTh pa3BUTHE OKHUCIMTEIHLHOTO
cTpecca, YTO B KOHEYHOM UTOTe IIPUBOAUT K HAPYLICHUIO OKUCIUTEIbHO-BOCCTA-
HOBUTEJIBHOTO OanaHca KineTKu. OKHCIUTENBHBINA CTpecC Pa3BUBACTCS B PE3yJilb-
TaTe nucbanaHca MEXIy MpolleccaMy TeHepalud akTUBHBIX (OopM Kuciopoaa H
MeXaHHU3MaM{ X HeHTpanu3aiuu B Kietke [48].

IHommmo mpookcumanTHOTO nerictBust camux HY, odpasoBanne ADK moxer
WHHULUUPOBATHCS SHAOTEHHO, IIPU 3TOM MUTOXOHIPUH BEICTYIIAIOT OCHOBHOH KJle-
TOYHOM MMILIEHBIO OKUCIUTEIBLHOTO CTpecca, MHIYIIMPOBAHHOTO HAHOYACTUI[AMH.
[Nocne npoHUKHOBEHHUS! HAHOYACTHII B MUTOXOH/IPHH HAOJIIOJACTCS YCHIICHHAS T'e-
Hepanusa ADK, o0ycioBieHHas HApyIIEHHUEM TN TIepeH0Cca HIIEKTPOHOB, CTPYK-
TYpHBIMH TIOBpEXACHUSMHU opraHeiusl, aktuBanueii HAJI®H-3aBucumMeix dep-
MEHTHBIX CHCTEM U JACTOJSIpU3alell MUTOXOHAPUAILHOW MeMOpaHbl. Bo3neii-
crBue AGNPS nprBOAUT K MUTOXOHAPHATBHON JrcHYHKINHU (HApyIICHUE MHUTO-
XOH/IPHAJIBHOM 1IeTIN MepeHoca AIIEKTPOHOB), YTO CONMPOBOKAAETCS TOBBILICHHON
redepareir ADOK, koTopbie mOBpexkIaloT BaKHbIE OnoMoueKybl, Bimrodas JIHK,
oenku ¥ munuel. O0beM npoaynupyemMbix ADK Bo MHOTOM ONpeaesseTcst THIIOM
KJIETKH, YPOBHEM €€ MEeTa0OJIMYECKON aKTHBHOCTH (BKJIFOUAs YHCIO MHUTOXOH/I-
pHii), 0COOEHHOCTSIMU OKHCIUTEIbHO-BOCCTAHOBUTEIFHOIO MUKPOKJIMMATA, a
TaKKE PSIIOM IPYTHX OHOJIOTMYECKUX M CPeloBbIX (pakTopos [48].

INocne nporukHOBeHMs B OHonorunyeckue cpeabl AGQNPS roiBepraroTcs oKuciie-
HUIO MOJIEKYJISIPHBIM KHUCIIOPOJIOM U JIPYTUMH KOMITOHEHTaMH, B pE3yJIbTaTe Yero Me-
TAITMYECKOe cepedpo MepexoauT B HOHHYIO dopmy. Obpasyromiecss AJH akTHBHO
B3aMMOZCHCTBYIOT C cyab(pruapunsHbpIMU rpymnamu (-SH) cepoconeprkanmx O6enkoB
W TIENITHIOB — TakuX, Kak nirytatuoH (GSH), tropenokcun (TXN), THOpeaOKCHHITE-
pokcunasza (TPX) u cynepokcuincmytasa (COJl) — hopMupyst CTaOUiIbHbIE CBS3U C
aroMamu cepbl U a3oTa. HapyiieHue cTpyKTypsl O€IKOB BKIIIOYAECT U MHAKTHBALIUIO
IRP-1, conmpoBoskaatomnryrocs pacniagom Fe-S knactepos, BHICBOOOXKIEHUEM Kelie3a U
MoauduKaruen -SH-rpyr, 4To JOMONMHUTENHHO YCUITUBACT KIIETOUHBIH JrcOaaHc.
OTO NPUBOAXT K U3MEHEHHIO CTPYKTYpPhI M (PyHKIMH 1aHHBIX OenkoB. [1o mepe cBs-
3bIBAHMS 3HAYNUTENBHBIX KOJM4YecTB AJ* aHTHOKCHIAaHTHAs (DepMEHTAaTHBHAS CHCTEMA
yTpauuBaeT CIIOCOOHOCTb HEUTPaIN30BHIBATh OKUCIMTEIBHBIN cTpecc. Bianmonei-
crBue okcuzaa azota (NO) ¢ CcynepoKCHIOM IPUBOAUT K 00Pa30BaHUIO PEaKTHBHBIX
(dopm kucmopoa u azora (ADPKA), koTopeie 001a1af0T 0COOEHHO BBIPAKEHHBIM ITH-
TOTOKCHYECKHM JiericTBreM [22, 49]. CHmkeHHe CKOPOCTH Tpoud)epaliiu, ImoBpekK-
JICHHE OpraHes1, OMONOoIMMEPOB, B KOHEUHOM MTOT'e MPUBOIUT K THOENH KieTku. Mc-
CIICIOBaHMS BHYTPUKIICTOUHOHN Tipomykimu ADKA moaTBep vy, 9To OHa SBISETCS
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BaKHEHIIINM MPU3HAKOM TOKCHYHOCTH, BbI3BaHHOW HY, ¥ MOXeT paccMaTpuBaThCs
KaK TMEpBbI IIar B KacKaJaX TOKCHYHOCTH M 3alpOrpaMMHPOBAHHOM KIIETOYHOM
cmeptu [21].

4. NHrudupoBaHne HEOAHTHOTeHEe3a, MPeTOTBPAllleHHE POCTA OMyXoJaei
W MAJTUTHH3AMSA

AHruorenes, npouecc GOpMHUPOBaHUS U MOAAEPKAHUS CTPYKTYPhI KPOBEHOC-
HBIX COCYJIOB, UTPAET KIIFOUEBYIO POJIb B CHA0KEHUH OIyXOJIeH KUCIOPOIOM H TH-
TaTeJIbHBIMU BEILIECTBAMH B XOJ€ UX IMPOrPECCUPOBaHMA U MeTacTazupoBanus. Ha
CETOIHSIIHUN 1eHb UACHTH()UINPOBAHO MHOKECTBO CUI'HAJIBHBIX MOJIEKYJ, CTU-
MYJHUPYIOLINX OIyXOJIEBBIH aHTHOTEHE3, CPElIU KOTOPHIX (PaKTOp POCTa SHAOTEIHS
cocynoB A (VEGF-A, Taxxe u3Bectubiii kak VEGF) u ero penenrop VEGFR-2
BBICTYIIAI0T OCHOBHBIMHU aKTUBATOPAMH 3TOT0 Ipouecca. TeM He MeHee, 10 HacTos-
LIET0 BPEMEHH CTaHAAPTHBIE OX0/1bl aHTHAHTMOT€HHOM Teparuy B OCHOBHOM CO-
cpenoToYeHb! Ha nonaBieHnu curHanbaoro mytu VEGF/VEGFR-2 [50].

Pa3paboTaHbl HECKONBKO KJIACCOB aHTHAHTHOTEHHBIX MPENapaToB, BKIIOYAS
MOHOKJIOHaJIbHBIE aHTHUTeNa (Hampumep, 6eBannzymad), OeIKoBble KOHCTPYKIIHN
(Takue, kak adaubepuent 1 DHAOCTAp) U MHTMOUTOPHI TUPO3UHKHUHA3, HAIIPUMED,
cyHUTUHUO U copadernd. OnHAKO KIMHAYECKOE TPUMEHEHUE ITHX CPEJICTB Orpa-
HUYEHBI PAJIOM (aKTOPOB, BKIFOUAsi TOOOYHBIE 3P (PEKThI, TOKCHYHOCTh, Pa3BUTHE
proOpeTEeHHO JIeKapCTBEHHOH yCTOWYMBOCTH M OTCYTCTBHE HAJCKHBIX OrOMap-
kepoB [51]. B aroit csisu HU paccmarpuBaroTcsi Kak HOBOE MOKOJICHUE TE€PAIeB-
THYECKUX areHTOB, OOBEANHSIIONNX MPEUMYIIECTBA MAIBIX MOJIEKYJ — CTa0MIIb-
HOCTB U BBICOKYIO OMO/IOCTYITHOCTB — C BBICOKOH crielu(pUIHOCTEIO0 U AP PEKTHB-
HOCTBIO IOCTaBKH.

AgNPs nonasisaoT 00pa3oBaHie HOBBIX KPOBEHOCHBIX COCYIOB, HEOOXOAM-
MBIX JUISL POCTA OITyXOJIeH, TOCPEICTBOM BO3ICUCTBYSI HA aHTHOTEHHBIE (PAKTOPHI.
Ux anTHanrroreHHbie 3QQeKTh 00YCIOBIEHBI CIOCOOHOCTHIO BMEIIMBATHCS B
kmoueBsle 3tansl VEGF-onocpenoBanHoro anruorenesa. B uactHoctu, nokasaHo,
4yro AGNPS CHIDKAIOT SKCTIPECCHIO THITOKCHA-UHIypyemoro dakropa (HIF-1a)
B OIMYXOJIEBBIX KIIETKAaX, YTO TPUBOJUT K yMeHblIeHHio npoxaykimu VEGF n
0CJIa0JICHUI0 MApaKPUHHOW CTHUMYJISIIIMN SHIOTEIHAIbHBIX KiIeTok [52]. Kpome
toro, AgNPs nenocpenctsenHo Hapymawot VEGF-3aBucumyto nepegady curaaia
B DHJOTENMAIBHBIX KJIETKAaX 3a CUeT WHTUOMPOBAaHMS aKTHBALMU peLenTopa
VEGFR2 u moceayroImero moaaBieHnst BHyTPUKIETOUHBIX kKackaaoB PISK/AKT
u MAPK/ERK, kputrndeckn BasKHBIX [UIS TPOIU(epanni, MATpauy 1 TyOysiore-
He3a sagorenus [53, 54]. JononaurensHo AGNPS HHIYIUPYIOT OKCHIATHBHBINA
CTpECC M IIUTOCKEIETHYIO IECTa0MIN3aUIO B SHIOTENHATBHBIX KJIETKaX, YTO CO-
mpoBoxaaetcs cHmwkenneM aktuBHocTH FAK (focal adhesion kinase) u mapymre-
HHUEM a/Ire€3MOHHO-MUTPALIMOHHBIX MPOLECCOB, HEOOXOAUMBIX Ul aHTMOI'€HHOI'O
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oteera [55]. CoBokynHOCTB 3THX 3()(HEKTOB MPUBOIUT K BBHIPAKCHHOMY YTHETE-
HUIO HEOAHT'HOTE€HE3a U OTPaHUUEHHIO OIYXO0JIEBOTO POCTA BCIICACTBUE YMEHBLIIE-
HUS CHAOXXEHMS TKaHEH KUCIOPOIOM U IMTAaTeIbHBIMI BelecTBaMu [56, 57].

HanoyacTunpl B MIMMYHOTePanny OHKOJOTHYeCKHX 3a00J1eBaHuil

HcnonpzoBanne HY B mMMyHOTEpanuy OHKOJIOTMYECKHX 3a00JeBaHUi pac-
CMaTpHBAaETCs KaK IEPCIEKTUBHAS U HHHOBALMOHHAs I1aTdopMa, 00yCIOBICHHAS
X CHOCOOHOCTHIO MOBHIMATH 3()(PEKTUBHOCTH TOCTABKH TEPANICBTUICCKUX arcH-
TOB, 00ECIIEUNBAThH CEIEKTUBHOE HAIEIMBAHUE HA OITyXOJIEBbIC KICTKH U MOJLYJTH-
poBaTh UMMYHHBII 0TBeT. HaHOUACTHIIBI CIIOCOOHBI Peann30BbIBATh KaK MaCCUB-
HBIE, TAK M aKTUBHBIC MEXaHNU3MBI TapreTupoBanus. [laccuBHoe HauennBaHue oc-
HOBaHO Ha 3(pQeKTe MOBHIIICHHOW poHuIIaeMocTd u yaepkanus (EPR), o6ycios-
JICHHOM HaJIMYUEM TIOP B OMYyXOJIEBBIX COCYJaX pa3sMepoM MmpuOiau3uTeasrHo 100—
800 HM, 4TO CITOCOOCTBYET MPOHUKHOBCHHIO M HAKOILJICHHUIO HAHOYACTHUI B OITYXO-
NeBol TKaHU. B cBOIO ouepenb, aKTHUBHOE TapreTHUPOBAHHUE IOCTUTACTCS IyTeM
(YHKLIMOHANN3AUH TOBEPXHOCTH HAHOYACTHI] JINTAHAAMH, CIIOCOOHBIMHU CIIEIIH-
(uUecKu CBS3BIBATHCS C PELENTOPAMH, CBEPXIKCIIPECCHPYEMBIMU Ha MOBEPXHO-
CTH OTYXOJIEBBIX KJIIETOK, YTO TIOBBIIIAET CENIEKTUBHOCTh U TOYHOCTD JOCTAaBKH [12,
58]. ns peanu3anuy aKTHBHOT'O HALETMBAHUS PUMEHSIOTCS Pa3IMUHbIE OITyXO-
necrienuUyYecKue JIMTaHAbl, BKJIIOYas MOHOKJIOHAJIbHBIE aHTHTENA, MENTHIbI
(marmpumep, RGD), gonart, TpancdeppuH u antamepsl. [ToMuUMO MpsIMOTO BO3JICH-
CTBHSA Ha OIMyxoJeBble kieTkr, HY crocoOHbI B3anMOIeiicTBOBATh C MMMYHHBIMH
KJIETKaM{, MHULUHAPYS KacKaJbl MIMMYHHBIX PEaKUUH M MOIYJIHPYS OIyXOJEeBOE
MUKpOOKpYx)eHHe (tumor microenvironment, TME), uto cmoco6cTByeT ycuineHuto
MPOTUBOOITYXO0JICBOI'O MMMYHHOTO 0TBeTa [12].

MUKpPOOKpYKEHHE OITyXOJH MPEJICTABISET COOON CIOKHYIO TUHAMUYECKYIO
CHCTEMY, BKJIIOYAOLIYI0 MMMYHHBIE KJIETKH, SHAOTEINAIBHBIE KIETKH, KOMIIO-
HEHTBI BHEKJIETOYHOT'O MaTPUKCA U CUTHAJIbHBIE MOJIEKYJIBI, KOTOPBIE UTPAIOT KITFO-
YEeBYIO POJIb B POCTE OIMYXOJH, €€ MPOrpecCUpOBaHUH U (HOPMUPOBAHUU JIEKap-
CTBEHHOM PE3UCTEHTHOCTH. B 3TOM CcBs3M pa3paboTKa CUCTEM apecHON JOCTaBKU
JIEKAPCTBEHHBIX CPE/ICTB, CIIOCOOHBIX 3P PEKTUBHO B3aMMOIEHCTBOBATH C KOMIIO-
HeHTamu TME, paccMarpuBaeTcst Kak NMEepCIEKTUBHAs CTpATETrUsl MPOTUBOOITYXO-
neBoi Tepanuu. UIMMyHHBIE KIIETKH, TaKUe KaKk Makpodaru, HeWTpouibl ¥ M-
(hOIUTHI, aKTUBHO PEKPYTHUPYIOTCS B MUKPOOKPYKEHHE OITyXOJH IO JAEUCTBUEM
XEMOKHMHOB M IUTOKMHOB, CEKPETUPYEMBIX OIYXOJIEBBIMU M CTPOMAJIBHBIMH KJIET-
kamu. Cpean HUX 0co0oe 3HAYCHHE UMEIOT OIYXOJIb-aCCOLMHUPOBAHHBIE MaKpO-
(aru (TAM), KOTOpBIE XapaKTEPU3YIOTCS BRIPAKCHHON (EHOTHITHIECKON 1 (DYHK-
IIMOHAJIBHON TUIACTUYHOCTHIO U CHOCOOHBI TU(depeHnnpoBaThcs B MPOBOCHAIH-
TeNbHBIA M 1- nin mpoTUBOBOCTIATHTENbHBINA M2-(eHOTHIT B 3aBUCUMOCTH OT CHT-
HAJIOB MUKPOOKpY:keHHs. Makpodarn M1 UrpaioT BaKHYIO pOjib B pealu3aluu
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MPOTHBOOIYX0JIEBOT0 MMMYHHOT'O OTBETa, OCYIICCTBISSI MPSAMYIO LUTOTOKCHY-
HOCTB 32 CYET MPOAYKIUH aKTHBHBIX (JOPM KHCIOPOJa U OKCHJA a30Ta, a TaKkKe
OTIOCPEIOBAHHO AKTHBHUPYS €CTECTBEHHBIE KIIIIEPHI U IMUTOTOKcHYeckne T-mum-
(homHTHI Yepe3 CeKPelrio MPOBOCHIAIUTEIBHBIX ITUTOKWHOB, BKIIFOUYas WHTEpde-
pon-y u TNF-a. Kpome toro, M1-makpodaru crocoO0CTBYIOT aKTHBAIIUY a/IalITHB-
HOTO UIMMYHHOTO OTBETa MOCPEACTBOM NPE3ECHTALUN aHTUTEHOB U CEKPELUH IH-
TOKWHOB, Takux Kak IL-12 u TNF-a, ctumynupyromux nponudepanuto u qudde-
peHmpoBKy T-kierok. HampoTwB, B OMyX0JI€BOM MHKPOOKPYXEHHH, KaK IIpa-
BWJIO, JOMHHUPYIOT Makpodaru M2-geHnorurma, KOTOpble OAABISIOT MPOTHBOOITY-
XOJIEBYIO aKTUBHOCTh M 1-KJI€TOK U CIIOCOOCTBYIOT IPOTPECCUPOBAHUIO OITyXOJIU
3a CUET CEeKpeluu MMMYHHOCYIPECCHUBHBIX (akTopoB, Bkmtouas IL-10 u TGF-f.
J1s MOy AN IMMYHHOTO OTBETA U ITOIaBIICHHS POCTA OIMTyXOJH OBLTH TPEaIIo-
KEHbI Pa3TUYHbIe HIMMYHOTEPANIEBTHUECKUE areHThI, BKJII0Yasi MOHOKIIOHAIBHBIC
aHTUTeNa, MaJlble MOJICKYJIbI, IENTUABI U OCIIKH, OJTHAKO KIIMHIUYECKOE MPUMEHe-
HHUE 3TUX CPEJICTB CYIIECTBEHHO OTPaHUYECHO HU3KOH aJipeCHOCTHIO, HEAOCTATOY-
HOM TIPOHUIIAEMOCTHIO B OITyXOJIEBYIO TKaHb M MX 3aXBAaTOM (paronuTHPYIOIIMMU
KJIETKaMu. B 3TOM KOHTeKCTe HAaHOYACTHIIBI PACCMAaTPHUBAIOTCS KaK A PEKTHBHBIN
WHCTPYMEHT JJIsl IPEOI0JICHHsI YKa3aHHbBIX orpaHryeHni. B wactHocTH, OBUIO 1MO-
ka3aHo, 4To AGNPS crtocoOHBI HHAYIIMPOBATH MOISPHU3AIINIO OITyXO0Jb-aCCOIUHPO-
BaHHBIX MakpodaroB B M1-mofgo0HbIH (PEHOTHIT 32 CYET TOBBIIMICHUS IIPOTYKIIHH

ADK u a3oTa, 4TO CIOCOOCTBYET YCHICHUIO TPOTHBOOITYX0JIEBOT0 HMMYHHOTO OT-
Beta [12, 58-61].

CepeOpsiHble HAHOYACTHIBI B KOMOMHUPOBAHHOI Tepanuu

J1Jist IOBBINIEHUs TepaneBTHIecKor 3QPEKTUBHOCTH B KITMHHYECKOH OHKOJIO-
MM XUMHOTEPAIEBTHUECKUE CPEJICTBA HEPENIKO MPUMEHSIOTCS B KOMOMHUPOBaH-
HBIX cxeMax. B Takux ciyyasx nmoaduparot npenaparsl, 00nagarone CHHepreTH-
YECKUM JICHCTBUEM U BO3JCHCTBYIOIME HA Pa3IMYHbIE MOJEKYJISIPHBIC MHILICHH
OITyXOJIEBBIX KJIETOK, UYTO oOecrieunBact 0oJiee BRIpaKEHHOE 1T0/IaBJICHHE HeollIa-
CTUYECKOro pocta. HecMOTps Ha JOKa3aHHBIA INPOTUBOOIIYXOJIEBBIM MMOTEHIHAI
AgNPs B ycroBusx in Vitro u in vivo, HanboJiee IepCIIEKTUBHBIM HaIlPaBICHHEM
UX KIMHUYECKOTO NCIIOIb30BaHHS CUUTAETCS BKIIOUEHNE B KOMOMHUPOBAHHBIE Te-
pareBTUYECKUE PEKUMBI COBMECTHO C KIIACCHUECKUMH XMMHUOIIPENapaTaMy WiTH
KaK aJJbIOBaHT MPH JPYTUX MOJAIBHOCTSIX JICYEHUS] OHKOJIOTHH. B CBSI3M ¢ 3THM B
JUTEpaType MpeACTaBICHO MHOXKECTBO MCCIEIOBaHUM, aHAIN3UPYIOIINX KIETOY-
Heie 3pdexter AGNPS kak B MOHOIPUMEHEHHH, TaK U B COUYETAHUH C Pa3TMIHBIMU
MIPOTHBOOITYXOJIEBEIMH CpeicTBamMu [62].

Tepanesruueckuii noreniran AGNPS 00yciioBiieH ux crenu@UIecKuM Mexa-
HU3MOM MHIYKIMU TuOenu kietok. HecMoTpst Ha BapuabenbHOCTh (PU3NYECKUX U
xummudeckux xapakrepuctuk AgGNPS (Brimtodas pazmep, MOp(OJIOTHIO B THIT 110-
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BEPXHOCTHOTO TOKPBITUS) MX MPOTUBOOIYXOJICBOE NECUCTBUE PEaln3yeTcs Ipe-
HUMYIIECTBEHHO Uepe3 00LIHiA, JOCTaATOYHO KOHCEPBATHBHBIH IMyTh. Ilociie mpoHuK-
HOBEHMSI B KJIETKY, KaK IIPaBUJIO, ITOCPEACTBOM dHommTo3a, AGNP HakammmBaroT-
Cs1 B 9HIOCOMAX, KOTOPBIE BIOCIEACTBUY CIMBAIOTCS ¢ Tu3ocoMamu. Kucnas cpena
JU30COM YCKOpPSIET BBICBOOOXICHUE HOHOB cepedpa, KOTOPhIe 1eCTa0MIU3UPYIOT
KJIETOYHBI TOMEOCTa3 U, B 3aBHCUMOCTH OT MOJIEKYJISIPHO-OMOJIOTHYECKUX OCO-
OCHHOCTEW MaHHOW KJIIETOYHOW JIMHUH, HHULIUUPYIOT KacKaabl amomnTo3a. Takoit
IyTh LHUTOTOKCHMYHOCTH YacTO ONMCBHIBAIOT KaK «MEXaHH3M TPOSHCKOTO KOHS,
MOYEPKHBas, 4To pa3pyuutenbHoe neiictBue AgGNPS peanusyercs npeumyiie-
CTBEHHO IOCJIC MX BHYTPCHHETO 3aXBaTa KJIeTKoii [62, 63].

AgNPS neMOHCTpUPYIOT BEIpaXEHHBIH TOTEHINAT B ycuiieHnH 3 (HEeKTUBHO-
CTH Pa3JIMYHBIX IPOTUBOOITYXOJIEBBIX [TOJIX00B, BKIIIOYAs XUMHUOTEPAIIHIO, Ty4e-
BYIO TEpaIHI0, IMMYHOTEPAIHUIO, POTOTEPMUIECKYIO 1 (POTOTUHAMUIECKYIO Tepa-
nuto (O/T), a Taxxke MyIpTUMOJalIbHBIE METO/IBI JJeueHusl. biiarogaps BIcOKOMY
OTHOUICHUIO IUIOIIAAX MOBEPXHOCTH K 00BEMY M OOJBIIMM BO3MOXKHOCTSIM AJISI
¢dyaxmmonamm3anun, AGNPS BeICTymarOT mepCrneKTUBHBIMA HOCUTEISIMU JIEKap-
CTBEHHBIX COEIWHEHUH B KOMOMHHMPOBAHHBIX CTPATETHAX JOCTaBKH XHUMHOTEpa-
MEBTUYECKHUX CPEACTB. JTO mo3BosigeT uHKancyianpoBatb AGNPS B ctumyn-uys-
CTBHUTEJIbHBIE HAHOHOCUTEIN WM KOHBIOTUPOBATH C HUMH NPOTHBOPAKOBBIE Ipe-
napaThl, 00ecrieurBas OBHIILIEHHOE BHYTPUKIIETOUHOE HAKOIIJICHUE, 00X0]] TPaHC-
nmopTepoB 3P ¢IIOKCa U MOJABICHUE UX aKTUBHOCTH. Takue CHUCTEMbI 00eCIedr-
BalOT KOHTPOJHMPYEMOE U CEJIIEKTUBHOE BBICBOOOXKJICHWE JIEKApCTBA HEMOCPE/-
CTBEHHO B OITYXOJIEBOM TKaHH, CIOCOOCTBYs npeoonennto MJTY [64, 65].

AgNPS crmocoOHBI CYIIECTBEHHO yCHIUBATh 3P(EKTUBHOCTD TPAIUIIMOHHBIX
MPOTHBOOITYXOJIEBBIX TIOJXOJI0B 3a CUET YJIYUIICHUS JIOCTABKH JIEKAPCTB, IPEOJI0-
JICHHUSI MEXaHM3MOB JICKAPCTBEHHOU PE3UCTEHTHOCTH, PAJINOCEHCHOMIIN3AIINH, aK-
TUBAIMM YCTOWYMBBIX K CTAHAAPTHOW TepalMy OMyXOJeH, CTUMYJISIIUH TPOTHBO-
OITyXO0JIEBOI'0 MMMYHHOI'O OTBETa, peai3alliy CBETOYYBCTBUTEIBHOM LUTOTOK-
CHUYHOCTH U (POPMHUPOBAHHS MHOTO(QYHKIIMOHAIBHBIX IIAT(HOPM, 00HETUHSIONTIX
pa3nuyHbIe TepaneBTHYecKrue MeTo bl [66]. JlapHeiiiee COBEpIIEHCTBOBAHHE OH-
KOJIOTUYECKOW Tepanuy, HalpaBJIeHHOE Ha CHW)KEHHUE CHCTEMHOW TOKCHYHOCTH,
MOBBIILIEHHE (HAPMaKOJIOTHYECKOH aKTUBHOCTH IPENapaToB U MPEOAOJICHHE KIIH-
HUYECKOH MPOOIIEMbI YCTOWYMBBIX K TEPAITMH OMTyXOJIeH, OyIeT onupaThCs Ha KOM-
IUIeKCHBIE TipenmyitiiecTBa npumenerus AgNPS [65].

Criocobnocts AgNPS cHmkaTh ypoBeHb BHYTPHUKJIECTOYHOTO TIIyTaTHOHA H
Hapywmath padoty AT®-3aBUCHMBIX TPAHCIIOPTEPOB TaKXKe JeNacT uX dPPEKTHB-
HBIMU CEHCUOMIN3aTOPaMHU OIyXOJIEBBIX KJIETOK K TAKUM XHMHOIpenapaTaM, Kak
JIOKCOPYOHIIVH, UCTUIATHH 1 makiuTakcen [35]. Kpome toro, konsiorarus AgNPS
C KJIETOYHO-TIPOHUKAIOIIUMHY TENTHIAMH UIH CTIEHU(QUYHBIMH JIMTAHAaMH TIOBBI-
[I1aeT TapreTHOCTh JOCTaBKH U YCHIMBAeT H30MpaTeibHOE BO3JCHCTBUE HA OITyXO0-
neBbie KIeTKU. OcoObie cBoMcTBa AemaoT AgNPS IepCcIeKTHBHBEIMU areHTaMu 1S
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OHKOTEpaInuu, 0COOEHHO NPU MX MHTETPallMi B CUCTEMBI LENEBON JTOCTAaBKHU Jie-
KapcTBEHHBIX NpenapaToB. Paspabotka miatgopm Ha ocHoBe AgNPs, HanpaBieH-
HBIX Ha KOHKPETHbBIE TKAHU WJIN OITyXOJIEBBIC KJIETKH, OTKPHIBAET HOBBIE BO3MOXK-
HOCTH 7151 oBbIIeHus 3 pexTuBHOCTH Neuenust. Kpome Toro, nmpogomkarores uc-
CIIEIOBAHMS B3aUMOICUCTBHSA HAHOYACTHL C MHIWBUAYaJIbHBIMH T€HETHYCCKUMHU
MapKepaMy MalueHTOB, YTO MO3BOJISIET yIy4IlIaTh TOYHOCTh U PE3yJIbTAThl IPOTH-
BOOITyX0JIeBOM Tepamnuu [67].

Kombuanporannoe npumenerrne AGNPS BMecTe ¢ TpaguIiinoOHHBIMA TIPOTHBO-
OITyXOJICBBIMH XHUMHUOTEPAIeBTUIECKUMHE TIperiapaTaMy 00ecTieYnBaeT CHHEPTeTH-
YeCcKOe BO3JICHCTBUE HA OIMYXOJIEBBIE KIETKH, YTO MPEACTaBIsieT COO0H BaXKHYIO
CTPATErMyeCKyI0 MOTPEOHOCTh B XUMHOTEPAINIUHU C yYETOM TaKuX (HPaKTOpPOB, Kak
TOKCUYHOCTb, 3P PEKTUBHOCTH, TEPAIEBTUIECCKIIA WHACKC, (hapMaKOKHHETHKA, JI0-
3UpOBKa M TapreTHas JOCTaBKa IpernaparoB. /[OMONHUTENbHO, UCHOJIb30BaHHE
MOJIX0/1a «3€JICHOT0» CHHTE3a HaHOYACTHUI] 00ecTieunBaeT JOTONIHUTEILHOE Tpe-
HMMYILIECTBO 33 CUET MHTETPALIMH OMOJIOTHYECKH aKTUBHBIX COCIUHEHUH U3 JIeKap-
CTBEHHBIX PACTEHHUH C M3BECTHBIMU IPOTHUBOOIYXOJIEBBIMU CBOHCTBAMH, YTO pac-
HPSET BO3MOXKHOCTH TEPAITUH OHKOJIOTUYECKUX 3a00IeBaHHIA.

Pe3ynbraThl UcCiie0BaHUH, TOCBSIICHHBIX KOMOMHUPOBAHHOW TEPAIIUH C HC-
nonp3oBanueM AGNPS 11 xumMHuoTepaneBTHUECKUX MpenapaToB, HOATBEPKAAIOT Lie-
71eco00pa3HOCTh OAHOBPEMEHHOTO NMPUMEHEHUS] 3THX areHTOB JUIS MOBBILICHUS
MPOTHBOOITYX0JIeBOH 3P PEKTUBHOCTH ¥ CHUKEHUS TOOOYHBIX P PEKTOB JICUSHHS.
Cuneprernueckoe B3anmozeiicteue AGNPS ¢ pa3nu4HbIME XUMHOIpEnapaTaMu
MO3BOJISIET JOCTUraTh COMIOCTABUMOTI'0 TepaneBTH4eckoro 3¢ dexra npu 6osee HU3-
KHX /103aX MIPOTHBOPAKOBBIX CPEICTB, YTO OJHOBPEMEHHO YMEHBILIAET TOKCHYE-
CKOE BO3/ICHCTBHE HA HOPMAJIbHBIC KIIETKH U 3I0POBbIC TKaHu [62].

AgNPS mocreneHHo 3aHUMAIOT KJIFOUEBBIC MTO3UIIMY B HAHOMEIUIINHE, CTaHO-
BSCH MaTEpHaJIOM HOBOTO MOKOJIEHUs. VX moTeHInan Kak Ba)KHOTO HaHOMaTepH-
ana 111 OMOMEIUIMHCKUX M MPOMBIIUICHHBIX MPUMEHEHUH IUPOKO MpHU3HAH U
AKTUBHO HCCIIETyeTCs.

OrpannyeHus NpUMeHeHUs] HAHOYACTHL cepedpa

AgNPs paccmaTpuBaroTCsi Kak MHOroo0emmaromme miar(opMsl AJsl OHKOJIO-
MYECKOW JMArHOCTUKU U Tepamuu OJaroiaps MUPOKOMY CIEKTPY MOTEHIIHATb-
HBIX (hapMaKkoIOorHdecKuX 3(PpHEeKToB — OT MPSAMO MUTOTOKCUIHOCTH JI0 BO3MOXK-
HOCTEH JJIs TApreTHPOBAHHOMW JOCTABKH JiekapcTB. TeM He MeHee, HX KITMHUYeCcKast
peanu3anys OCTaeTCsl OTPAHUYCHHOM, B MEPBYIO OYepeb M3-3a HEJIO0CTaTOYHOI
HM3YYEHHOCTH (DapMaKOKHHETHUKH, OHOTpaHC(HOPMAIIMH M JTOJTOCPOUYHBIX MPOdH-
neit 6e3omacHocTr. [lonnmanne moBenernst AGNPS B opranu3me, BKITIOYAs ITyTH
pacnpeesieHus, HAKOIUICHHS U BBIBE/ICHHUS, SIBIISICTCS KITFOUYEBBIM IIarOM Ha MyTH
K CO3JIaHUFO 0E30ITaCHbIX HAHOMEAMIIMHCKUX cucteM [15].
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Tokcnunocts AGNPS npeacraBisieT coboii KIt0YeBOE OrpaHUIeHUE, KOTOPOE
HE00XOIMMO TIIATEFHO OLIEHUBATH IS pa3paboTKu 0e30macHbIX U () (EKTUBHBIX
TepaneBTHYeCcKuX mIaThopM Ha uX ocHOBE. CyliecTBEeHHBIM (PapMaKOIOTHIECKIM
(hakTOpOM, OTIPEAETAIONNM CUCTEMHYIO TOKCUIHOCTh AGNPS, sBisieTcst ux 6mo-
pacmpe/eneHre 1 HaKOIJICHHE B TKAHX MOciie BBeAeHUs. MccnenoBaHus MoKasbl-
BalOT, YTO paclpeelieHne HAHOYACTHUI] B OPraHU3Me CHUIIBHO 3aBUCHT OT UX pa3-
Mepa, GOpMbI M MOBEPXHOCTHOIO 3apsifia, YTO OTKPBIBAET BO3MOKHOCTh TOYHOM
ONTUMM3ALUHI OpPraHoCHenn(pUIEeCKOro HalEeIUBaHU IIyTEM H3MEHEHUS ITHX Xa-
paktepuctuk [68].

buopacnpenenenue u Hakorienne AGNPS cyiiecTBeHHO 3aBUCAT OT MyTeH
nocrymuienust HU B opranusm. Hanpumep, npu nepmansaom Bosaeticteiun AgNPS
MPEUMYIIECTBCHHO YAEPKHBAIOTCA B CIOSAX SHHICPMHUCA M PEAKO IOCTUTAIOT
JepMBbl, 32 MCKIIOUEHHEM CIy4aeB HapYyIICHHs LEJIOCTHOCTH KOKHOTO Oapbepa.
[Ipu HHTaNSIMOHHOM IIYTH OCHOBHOE JACTIOHMPOBAHKE HAOIIOAAETCS B JIETKUX, OT-
KyZa B OTHCNBHBIX CIydasx BO3MOKHA MOCIEAYIOIIas TPAHCIOKALHs B MIEYEHb U
roJIoBHOH Mo3r. IlepopanbHoe MOCTYIIIEHUE XapaKTEPU3YEeTCsl HU3KOMU CUCTEMHOU
OMOIOCTYMHOCTBIO, TIPY 3TOM HAHOYACTUIHI B OCHOBHOM OOHApyKHBAIOTCS B IIe-
YEeHU M JKETyI0YHO-KUIIIEYHOM TpakTe. Hanbomee mupokoe cucteMHoe pacipee-
JICHHE OTMEYAEeTCs 10CIIe BHYTPUOPIOIIMHHOIO U BHYTPUBEHHOI'O BBEJICHNUS, KOTAA
M€YeHb, CEJIE3CHKAa M IOYKU CTAHOBATCS KIIOUYEBBIMH OpPTraHAMH HAKOIJICHUS
BCJIEJICTBHE aKTUBHOTO 3aXBaTa HAHOYACTHII KJIIETKAMH MOHOHYKJIIeapHOHU (aroiu-
TapHOU cucteMbl. TakuMm obpa3zom, myTh BBeAeHHs AgNPs sgBiseTca KiIOYeBbIM
(akTOpOM, ONpEAEISIOMUM HX (APMAKOKHHETHKY M MOTCHIUAIbHYIO TOKCHY-
HOCTB, IIPU 3TOM [I€YE€Hb, JIETKHE, CEJIE3€HKA U MIOYKH BBICTYIAI0T OCHOBHBIMHU Op-
raHaM¥ UX JIEOHUPOBAHUS B oprann3me. Hauboupiiee HakorieHne HaOIr01aeTcs
B IIEUCHH, YTO CBS3aHO C MPOXOKICHUEM BBOJIMMBIX MIPENapaToB Yepe3 BOPOTHYIO
BEHY U UX Mle4eHOYHOH QuibTpanmeil. Cene3eHKa TakKe IeMOHCTPUPYET BHICOKYIO
CHOCOOHOCTH K 3aXBaTy HAHOYACTHI cepedpa, 4To 00yCIOBICHO (arounTapHOR
aKTHBHOCTBHIO KiIeToK POC u mocienyromeii kormnenTparueii HY B opranax »Toi
cucreMbl. B iedeHn ocHOBHBIMU TIOTTIOTUTENSIME AZNPS SIBISIFOTCSL pe3HIeHTHBIE
makpocdaru — knetku Kyndepa [68, 69].

HecmoTps Ha BeIpasKeHHBIH TPOTHBOOITYyX051eBbIi moTenan AgNPS, ux mpu-
MeHEeHHE B OMOMEIMITMHE OTPAaHIMUYEHO PUCKOM Pa3BUTHSI TOKCHUYECKHX 3(D(heKToB,
MIPEXJIe BCETo 3a CUET HHAYKIIUN OKHCIIUTENLHOTO CTPECcca 1 IOBPEXKICHHS 3710pO-
BBIX TKaHed. B 3TOM KOHTEKCTe OcoOBlii MHTEpeC NPEACTaBIAIOT OWOTCHHBIE
AgNPs, koTOpbIe XapaKTepu3yloTcs 6ojiee HU3KOH TOKCHYHOCTBIO IO CPaBHEHHIO
C XUMHUYECKH M (PU3NYECKH CHHTE3MPOBAaHHBIMHU (opMaMu cepeOpa u, Kak Ipa-
BUJIO, BBI3BIBAIOT JIMIIb YMEPEHHbIE TOKCHUECKHE B HEKTHI IIPU COXPAHEHUH LIH-
POKOro crekTpa OMOMEIWIMHCKUAX NpUMeHeHHd. [Ipum 3ToM ycTaHOBIEHO, 4TO
ouorennsie AgNPs coXpaHsIOT CIIOCOOHOCTh CEIEKTUBHO BO3ACHCTBOBATH Ha OMY-
XOJIEBbIE KJICTKH, HHAYLHPYS] BHYTPUKJIETOUHBIH OKCUAATUBHBIN CTpecc 3a CHET
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noBbIeHus ypoBHs ADK, akTuBaiuu 3KCIpeccuu OMyXo0JIeBOro cympeccopa pS3
W MHUOUHPOBAHMS Kacla3z03aBUCUMOTO amonrto3a. TakuM oOpa3oM, OMOTeHHBIC
AgNPs MoryT paccMaTpuBaThcs Kak Ooree Oe30macHast M IepCIeKTUBHAS allbTep-
HaTHBa TPAJAWIMOHHBEIM (opMaM cepeOpsSHBIX HaHOMAaTepHAaJIOB, CIIOCOOHAs dYa-
CTUYHO HHBEJIUPOBATh TOKCHKOJOTHYCCKHUE OTPAHHYCHHS, CICPKUBAIONIUE HX
KJIMHUYeckoe npumenenue [70, 71].

3akiIoueHne

Hanouactuiibl cepedpa mpeCcTaBisioT COO0M OJJHO U3 HaHOOJIee MePCIICKTHB-
HBIX HaNpaBJICHMH HAHOOHKOJOTHU OJiaroiapsi MIMPOKOMY CHEKTpYy Ouoormye-
ckux 3¢ (HeKToB U BO3MOKHOCTH TOYHON MOAM(HUKAINA MX HUZNKO-XUMUIECKIX
xapaktepuctuk. O000IIeHHbIE B 0030pe aHHBIE CBHUIETENBCTBYIOT O TOM, UTO
AgNPS 0ka3bIBarOT BEIpaKEHHOE TPOTHBOOITYXO0JIEBOE ICHCTBUE, pealln3yeMoe ue-
pe3 MHOTO(aKTOpPHBIE MEXaHU3MBbI, BKITFOUasi HHIYKIIUIO OKUCIUTEIBHOTO CTpecca,
noBpexaeHue JJHK, 3amyck kacnaz-onocpeoBaHHOIO arnonTo3a, OCTAHOBKY KJle-
TOYHOT'O LIMKJIA, HAPYIIEHNE MUTOXOHIPHANbHOW (DYHKIMU U TIOAABJICHUE HEOaH-
ruoreHesa 3a cuet uHruouposanus VEGF-3aBucuMbIx curHanbHeix myTteid. Oco-
0oe BHMMaHHE MpuBIeKatoT OuocuHtesnpoBanubie AGNPS, obianaromme moBbI-
LIEHHOH OMOCOBMECTUMOCTBIO U MIOTEHIIMAJIOM K YCHJICHHIO TPOTHBOOITYXOJIEBBIX
3¢ (eKToB 3a cUeT MPUPOAHBIX (PUTOKOMITOHEHTOB.

D¢ hekTHBHOCTh MPOTHBOOIMYXOJIEBOH Tepamuy YacTO OTPaHUYHMBAETCS pas-
ButreM MJIY, 00ycnoBIeHHOW KOMIJIEKCOM B3aUMOCBSI3aHHBIX MEXaHH3MOB. [ e-
HETHYeCKasi HeCTaOMILHOCTD OIYXOJIEBBIX KJIETOK TaKXKe MI'PAET KIIIOUYEBYIO POJIb
B ()OPMHUPOBAHUH JIEKAPCTBEHHOH yCTOMYMBOCTH, CHMXKasl Ipouecchl Tuddepen-
IUPOBKH M CO3PEBAHMS KIIETOK, a HAPYIIEHHE MEXaHU3MOB KOHTAKTHOTO UHTUOH-
poBaHUs crocoOCTBYET TpaHCHOpMAIH J0OPOKaYeCTBEHHBIX HOBOOOPa30BaHHMA
B OoJiee arpeccuBHBIE 37I0KadecTBEHHbIE (hopMbl. KOMOMHMPOBAaHHOE MCTIOIB30Ba-
Hue AgNPS ¢ xumMHoTepaneBTHYECKUMH NIpenapaTaMu OTKPHIBAET HOBBIE BO3MOXK-
HOCTH JIJIsl TIPEOJIOJICHUSI JICKAPCTBEHHOW PE3MCTEHTHOCTH, MOBBIIICHUSI BHYTPH-
KJIETOYHOT'O HAKOTUICHUS TEParieBTHYECKUX CPEJICTB M CHHXKEHUSI CHCTEMHOM TOK-
cuuHocTH. AGNPS Takke 1eMOHCTPUPYIOT 3HAYUTENbHBIA MOTEHIUAT B MYJIbTH-
MOJIBHBIX CTPATErHsiX, BKIOYask POTOAMHAMUYECKYIO, POTOTEPMHUECKYIO Tepa-
MU0 1 UIMMYHOMO/TYJIUPYIOIIHE TIOAX0bI. B TO ke BpeMs BaXKHBIMH OCTAIOTCSI BO-
Mpochl 0€30IACHOCTH U TMpejicKkazyeMocTd Ouomnoruuecknx agdexro AgNPs. x
(apMakokrHeTHKa, Onoaerpajganys, HaKOIUICHWE B OpraHax, BIMSHHE pa3Mepa,
(opMBl, 3apsia U MOBEPXHOCTH Ha TOKCUYHOCTh TPEOYIOT AajbHEUIIEr0 BCECTO-
pOHHero u3ydeHus. /i yclemHoro BHEAPEHUS B KIIMHUYECKYIO IIPAKTUKY HEO0O-
XOAMMBI CTaHJAPTU3UPOBAHHBIC METOJbI OLIEHKH TOKCHYHOCTH, pa3paboTka Oe3-
OTIACHBIX JIO3MPOBOYHBIX PEKUMOB M CO3AaHue Oojiee KOHTPOJIMPYEMBIX ILat-
¢opm nocraBku. IloHMMaHHE STHX MEXaHU3MOB SBIISIETCS KIIOYEBBIM YCIOBHEM
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U1 pa3pabOTKH HOBBIX TEPANEeBTUUECKUX CTpATEeTuii, HANPABJICHHBIX Ha MPEOI0-
JICHHE PE3UCTEHTHOCTH U MOBBIIIeHUE 3()(HEKTUBHOCTH JIeUSHHS 3T0KaueCTBEHHBIX
HOBOOOpa30BaHUM.

Hecmortps Ha BeIcOKHi moTeHIHan, npuMmeHneane AGNPS B kadecTBe HOCHTE-
JIeH U1 JOCTaBKH MPOTHBOOITYXOJIEBBIX MPENapaToB UCCIIEJOBAHO OTHOCUTEILHO
OrpaHUuYEHHO. B cBS3M ¢ 3TUM HEOOXOIUMBI JOMOIHUTENBHBIE CHCTEMATHIECKUE
HCCIIEI0BaHNs, HAIIPABJICHHbIE HA CHIYKEHNE TOKCUYHOCTH U YIIydlIeHne OHOCOB-
mectumocTi AGNPS, 9T00BI pacIIMpHUTh BO3MOKHOCTH UX PUMEHEHHS B TEPATICB-
TUYECKUX HaHOIUIaT(hopMax.

Ha ocnoBanuu u3noxxennoro AGNPS mpencTaBisifoT co00i mepcreKTHBHBIH
WHCTPYMEHT JUIsl COBPEMEHHOM MPOTHBOOMYXO0JIEBOU Tepanuu. VX nanmpHeiiee
WCCIIEIOBAHNE W ONITUMU3AINS CITOCOOHBI 00ecnednTs pa3paboTKy HOBOTO MOKO-
JICHUsI BBICOKOCENICKTUBHBIX, 3(P(PEKTUBHBIX M 0E30MaCHBIX TEParneBTUUECKUX
m1aT(opm, OTKphIBasi HOBbIC BO3MOXKHOCTH JIJISl TIPEIIU3NOHHON HAHOMETUITHEI.
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BIOCOMPATIBLE SILVER NANOPARTICLES AS PROMISING
ANTICANCER AGENTS

J. Tumoyan
Russian-Armenian University
Institute of Biomedicine and Pharmacy
Department of Medical Biochemistry and Biotechnology
ORCID:0009-0000-1630-703X

ABSTRACT

Oncological diseases remain one of the leading global health challenges,
with continuously increasing incidence and mortality rates, thereby driv-
ing the search for novel, effective, and safe therapeutic agents. Against
the backdrop of the rapid development of nanotechnologies, particular in-
terest has been directed toward nanoparticles with unique physicochemi-
cal properties that enable targeted effects on tumor cells and modulation
of intracellular processes. Among these, silver nanoparticles (AgNPs) are
considered promising anticancer agents due to their pronounced cyto-
toxic, pro-apoptotic, and antiproliferative properties.

In recent years, significant attention has been devoted to elucidating the
molecular mechanisms underlying their biological activity, including the
generation of reactive oxygen and nitrogen species (ROS and RNS), mi-
tochondrial dysfunction, caspase activation, modulation of key signaling
pathways, biopolymer denaturation, and inhibition of tumor neoangiogen-
esis, including suppression of HIF-10/VEGF-dependent pathways. Bio-
genic (“green”) synthesis of silver nanoparticles not only improves the
biocompatibility of AgNPs but also enables the incorporation of biologi-
cally active phytocomponents, thereby enhancing their antiproliferative
and pro-apoptotic potential. Moreover, AgNPs demonstrate pronounced
synergistic effects with chemotherapeutic agents, contributing to the over-
coming of multidrug resistance and improving treatment efficacy.

This review also addresses the limitations associated with potential tox-
icity, tissue accumulation, and the sensitivity of nanoparticle properties to
size, shape, and coating type. Current strategies aimed at improving the
safety and targeting of AgNPs are discussed, including biogenic synthesis
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and surface functionalization. Despite significant progress, the clinical ap-
plication of AgNPs remains limited due to an incomplete understanding
of their pharmacokinetics, biotransformation, and toxicity.

Keywords: oncology, nanotechnology, silver nanoparticles, anticancer
activity, molecular mechanisms.
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THYecKas KubepHeTHKa u HHpopManronHas 6e3onacHocTh» EpeBanckoro rocynap-
CTBEHHOI'O YHUBEpPCUTETA

MogcucsiH O.M. — acnupaHT BTOPOTro rojia 00yueHHs 10 CTeHaIbHOCTH «MaTteMa-
THYECKOE U IIPOTpaMMHOE 00eCTIedCHIE BEIYUCIUTENEHBIX MAITUH, KOMIUIEKCOB 1
KOMITBIOTEPHEIX ceTei» Poccuiicko-ApMIHCKOTO YHUBEPCHUTETA

Oranecsn O.A. — acUpaHT TPETHETO roJla 00YUEeHHUs TI0 crienuaIbHOCTH «MaTtema-
THYECKOE U MIPOTpaMMHOe 00eCTIedeHIE BEIYMCIUTEIFHBIX MAIITIH, KOMIUIEKCOB U
KOMIIBIOTEPHBIX ceTeil» Poccuiicko-ApMsSHCKOTO YHUBEpCUTETA

Orannecsin B.A. — k.¢.-M.H., IpenogaBates KaQeapsl TeIeKOMMyHHKanuit Poccuii-
CKO-ApMSHCKOTO YHUBEPCUTETA

Orannecsin C.2K. — MarucTpant BTOpOro Kypca 1o HallpaBJIEHUIO IOAT0TOBKU «HH-
(hOKOMMYHHKAITMOHHBIC TEXHOJIOTUU U CHCTEMEI CBSI3U» POCCHIICKO-APMSHCKOTO
YHUBEpPCUTETA

Inaamsin M.B. — MarucTpanT BTOPOTo Kypca o HamnpasieHHIO TOATOTOBKH «MHbo-
KOMMYHUKALlMOHHbIE TEXHOJIOTUH U cucTeMbl cBs3n» (Ol «becnpoBoiHbIe KOMMY-
HUKAaIMU U ceHCOpbD Poccuiicko-ApMSIHCKOTO YHUBEPCUTETA

Morocsin B.T. — aciupanT nepBoro roga o0yueHus 1o crnenuanbHocTd «MaTtemartu-
YEeCKOEe U MPOrpaMMHOE OOECTIEYeHHE BEIYMCIUTENbHBIX MALIHH, KOMILIEKCOB U KOM-
MBIOTEPHBIX ceTeiy Poccuiicko-ApMSHCKOTO YHUBEPCUTETA

Caaxsan B.P. — aciupant TpeTbero rojga ooydeHus 1o crneuuanbHocTd «MaTemartu-
YEeCKOe U MPOrpaMMHOE 0OECTIEeYEHHE BEIYMCIIUTENbHBIX MAIIMH, KOMILIEKCOB U KOM-
MBIOTEPHBIX ceTeiy Poccuiicko-ApMSHCKOTO YHUBEPCHUTETA



Capaapsn A.C. — aciipaHT BTOPOTO To1a 00y4eHwsI Mo CIieaibHOCTH «Marema-
TUYECKOE MOJEIMPOBaHHUE, YUCIEHHbIE METOIbl U KOMIUIEKCHI porpamm» Poccuii-
CKO-APMSHCKOT'O YHUBEPCUTETA

Cusojenko J.P. — k.T.H., 3aBeayromuid kadeapo TerekoMMyHHUKamwii Poccuiicko-
ApPMSIHCKOTO YHHBEPCHUTETA

CMmo0atsan M.M. — aciupaHT IIepBOro roja oOy4eHus 1o crennaibHocTu «MaTtema-
TUYECKOE U MPOTpaMMHOe 00eCTIedeHIe BEIYICIUTEIFHBIX MAIITHH, KOMIUIEKCOB 1
KOMIIBIOTEPHBIX ceTeil» Poccuiicko-ApMSIHCKOTO YHUBEPCUTETA

Cypmenensn K.C. — aciupaHT repBoro roga o0ydeHusl 1o CrielualbHOCTH «Mate-
MaTHYECKOE U MPOrpaMMHOE 00ecIieueHre BRIYNCIUTEIFHBIX MAIINH, KOMILUIEKCOB 1
KOMIIBIOTEPHBIX ceTeil» Poccuiicko-ApMSIHCKOTO YHUBEPCUTETA

Tymansin O. — CTyIeHT YeTBEpTOTo Kypca OakanaBpuara 1o crieruairbHocTi «O0pa-
00TKa TaHHBIX B (PM3HKE U HCKYyCCTBEHHBIN HHTEIUIEKTY» EPeBaHCKOTO TOCyIapCTBEH-
HOTO YHHBEpPCUTETA

Tymosn JIxk.I'. — aciupaHT 4eTBEPTOro rojia 00yJIeHHS 110 CeNuaATbHOCTH «bHoXH-
MU, TIperoaBaTeNb Kapeapbl MEIUIIMHCKON ONOoXMuH 1 OnorexHonorun Poccunii-
CKO-APMSHCKOT'O YHUBEPCUTETA

Xauatpsu I'.A. — MarucTpanT BTOPOTo rojia 00yUeHHs 110 HAIIPaBICHUIO ITOIT0-
toBKHU «[Ipuknagnas matemaruka u uHpopmatuka (OI1 «MckyccTBeHHBIN UHTEIUIEKT
U pobOTOTEXHUKAY») Poccniicko-ApMSIHCKOTO YHUBEPCUTETA

Hupynsu B.JI. — npenogaBatens kKadeapbl TUCKPETHOW MAaTEMATHKU M TEOPETHYC-
ckoit uaopmaTrk EpeBaHCKOT0 rocy1apcTBEHHOTO YHHBEPCUTETA
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