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KARASIK O.N., PRIHOZHY A.A.

BLOCKED ALGORITHM OF FINDING ALL-PAIRS SHORTEST PATHS IN GRAPHS
DIVIDED INTO WEAKLY CONNECTED CLUSTERS

Belarusian National Technical University
Minsk, Republic of Belarus

The problem of finding all shortest paths between vertices in a graph (APSP) has real-life applications
in planning, communication, economics and many other areas. APSP problem can be solved using various algo-
rithms, starting from Floyd-Warshall’s algorithm and ending with advanced, much faster blocked algorithms like
Heterogeneous Blocked All-Pairs Shortest Path Algorithm designed to fully utilize underlying hardware resources
and utilize inter-data relationships. In the paper, we propose a novel Blocked all-pairs Shortest Paths algorithm
for Clustered Graphs (BSPCG) (in sequential and parallel forms) which utilizes the graph clustering information
to significantly reduce the number of calculations by performing shortest paths search only though bridge verti-
ces between clusters. We performed a set of comparing experiments for BSPCG and standard Blocked All-Pairs
Shortest Path (BFW) algorithm on four randomly generated graphs of 4800 and 9600 vertices with different cluster
configurations to determine the efficiency of calculation of paths passing through bridge vertices. All experiments
were executed on a computer with two Intel Xeon E5-2620v4 processors (8 cores, 16 hardware threads and shared
20 MB L3 cache). In all the experiments the novel BSPCG algorithm outperformed the standard BFW algo-
rithm. In single-threaded scenarios, BSPCG outperformed BFW up to 4.6 times on graphs of 4800 vertices and
up to 2.7 times on graphs of 9600 vertices. In the multi-threaded scenarios, BSPCG also outperformed BFW up to
4.0 times on graphs of 4800 vertices and up to 2.7 times on graphs of 9600 vertices. The proposed algorithm can
be used in scenarios where clustering information stays intact or slightly modified based on the changes in graph

and can be reused for future calculation of all-pairs shortest paths in the graph.
Keywords: shortest paths algorithm, blocked algorithm, graph clustering, single-thread application,

multi-threaded application, speedup

Introduction

The problem of finding shortest paths between
vertices in a graph has multiple real-life applications.
It is used to solve mazes, optimize traffic networks, to
improve task planning, etc [1-3]. The problem can be
formulated as to find shortest paths originated from
one source (Single Source Shortest Path — SSSP) and
to find shortest paths between all-pairs of vertices (All
Pairs Shortest Path — APSP). Dijkstra’s algorithm [4]
is a classic solution to SSSP and Floyd-Warshall’s
algorithm [5] is a classic solution to APSP.

In context of the APSP problem, the Floyd-
Warshall’s algorithm demonstrate maximum efficiency
when it is applied to dense or complete graphs and much
less efficiency when it is applied to sparse graphs. The
same rule applies to algorithm’s modifications, which
are primarily focused on improving memory usage and
effective parallelization [6-9].

In our recent research [10—12] we started to focus
on applicability of a Blocked Floyd-Warshall algorithm
(BFW) to sparse graphs and on utilization of additional
information about the graph to reduce the calculation
time and resource consumption. In this paper, we focus
on extension of the recently proposed Blocked Shortest
Paths algorithm [11] with Unequally Sized blocks
(BSPUS) using information about graph clustering to

significantly reduce the number of calculations on sparse
graphs with weakly connected clusters.

APSP algorithms

Let a directed graph G consists of a set V' of
vertices (numbered 1...N) and a set £ of edges with real
edge-weights. A cost adjacency matrix D of size NxN
represents G. It is initialized with weights of the edges
in such a way, that element D[, /] is the weight of the
edge between vertices i and J.

Floyd-Warshall s (FW) algorithm [5] iterates over
the cost adjacency matrix D and checks existence of a
path from vertex i to vertex j through existence of paths
from i to k and from k& to j (Figure 1). The algorithm
always iterates over all the vertices and doesn’t account
for the density or structure of the graph.

Blocked Floyd-Warshall's (BFW) algorithm [8]
operates on a matrix of blocks B which is created by
dividing a matrix D into M equally sized blocks of size L
in such a way that M*L=N (Figure 2).

The outer loop of BFW has M iterations. Each
of them performs (Figure 3):

1. Calculation of “diagonal” block.

2. Calculation of “cross” blocks.

3. Calculation of “peripheral” blocks.

CUCTEMHBIA AHAJIN3 U TPAUKJIATHASI THOOPMATHUKA
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function FW() { Phase 1 Phase 2 Phase 3
forke {1...N}{
forie {1...N}{ -
forje {1...N}{ Iteration #1
D[i,j] = min(D[i,j], D[i,k] + D[kyj])
}
}
} B
¥
Iteration #2
Figure 1. Pseudocode of original Floyd-Warshall (FW)
algorithm
. Blocks being calculated
Bi1|B12[B13|Bus |:| Blocks used as dependencies in calculations
B2.1{B22|B2.3|B24
© Figure 3. Visualization of two frist iterations of Blocked
Bs.1|Bs.2|Bs3|Bss Floyd-Warshall (BFW) algorithm
B4‘1 B4‘2 B4‘3 B4,4
Matrix D Matrix B fm;:trl?nn : 1{?;4/ 0 {M} {
Figure 2. Visualization of matrix D being split into matrix ?;:i(z[?l"t?_]_’A‘?[[}ms;:g’iB;ETp;”{z]);
of blocks B proc(Bli,m), Bli,m], B[m,m]);
proc(B[m,i], B[m,m], B[m,i]);
All calculations are performed by a single }
procedure which accepts three input blocks at a time. fori e {1.. M} andixm {
The procedure calculates the paths between all vertices forJ Zr{olc(B[gi s;n[fl;'; g[iz,j])-
represented by block Bl passing through the vertices B '
represented by B2 and B3 (Figure 4). In scope of one }
iteration, calculations have the following effect: }
e In case of diagonal block, the procedure accepts !
the single diagonal block as B1, B2 and B3. This results in function proc(B1, B2, B3) {
calculation of all shortest paths between pairs of vertices forke {1...L} {
associated with the diagonal block. forie{l.. L} {
e In case of cross blocks, the procedure accepts foglﬁ. ’}.{]1="‘;1;L]3( 1;1[1‘ 1, B2Lik] + B3[k,])
the diagonal block as B3 (vertical) or B2 (horizontal) and }
the cross block as B1 and B2 or B1 and B3 respectively. }
This results in a calculation of all shortest paths between }
all vertices of horizontal and vertical blocks of cross }
through vertices of the diagonal block.
e In case of peripheral blocks, the procedure Figure 4. Pseudocode of Blocked Floyd-Warshall (BFW)
accepts one peripheral and two cross blocks (vertical and algorithm
horizontal) as B1, B2 and B3 respectively. This results in
calculation of all shortest paths between pairs of vertices
of peripheral block through vertices of diagonal block. Uil Uix [Uis
It should be noted that in each iteration BFW oS
calculates the shortest paths between all vertices through I#> Ua, U;z AU
vertices of the diagonal block. / /)
Blocked all-pairs Shortest Paths algorithm with Usd Us. |Uss
Unequally Sized blocks (BSPUS) was proposed in [11];
it generalizes the idea of BFW for graphs divided into Matrix D Matrix D

unequally sized subgraphs. It extends the capabilities of
existing blocked APSP algorithms and allows to solve
the APSP problem on graphs that are partitioned into
weakly connected dense clusters. The algorithm operates
on a matrix U of blocks, which is created by dividing
matrix D into M unequal blocks of sizes S = {S, ... ¢}
in such a way that S +...+S = 1. (Figure 5).

Figure 5. Illustration of matrix D being split into matrix U
of blocks with unequal sizes

The block calculation procedure Figure 6 in
BSPUS differs from those in BFW by considering the
parameters such as height (the number of rows) and
width (the number of columns) of blocks.

2,2024
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function proc(Ul, U2, U3) {
for k € {1 ... height(U3)} {
for i € {1 ... height(U1)} {
forj=e {1 ... width(U1)} {
Ulliy] = min(Ul[iy], U2[i,k] + U3[ky])

Figure 6. Pseudocodes of block calculation procedure
in BSPUS

Analysis of algorithms. All presented algorithms
have the same computational complexity — O(N?)
and space complexity — O(N?). However, they have
different performance and energy consumption
characteristics [13—16]. BFW is more advanced than
FW regarding both parameters because of the improved
memory access pattern and spatial data locality. BFW
also provides multiple opportunities for performance
optimizations by using different calculation procedures
for different blocks [7] and effective parallelization using
blocks interdependencies [17].

In addition to benefits of BFW, the BSPUS
provides an opportunity to adapt algorithms execution to
the graph structure by splitting it into blocks based on the
graph clusters [12]. In one of our previous works [10] we
defined requirements for methods of graph clustering and
demonstrated that existing, well-known graph clustering
methods can fulfil these requirement given a sparse
graph.

In this paper, we extend the application of graph
clustering results to improve the methods of solving
the all-pairs shortest path problem. We extend the
BSPUS algorithm to a Blocked all-pairs Shortest Paths
algorithm for Clustered Graphs (BSPCG), which uses
the graph clustering information to reduce the number of
calculations significantly regarding sparse graphs.

Blocked all-pairs Shortest Paths algorithm
for Clustered Graphs

Figure 7 shows a small example graph G of 16
vertices interconnected by 28 edges. Visually it is easy to
spot (Figure 8) three highly interconnected clusters C|,
C, and C, where:

Figure 7. Example graph G of 16 vertices and 28 edges

e C, includes vertices 1, 5, 10, 11 and 13.

e C, includes vertices 3,4, 8,9 and 15.

e (. includes vertices 2, 6, 7, 12 and 16.

These clusters are interconnected by 4 bridge
vertices — 3, 4 (from C,), 10 (from C)) and 16 (from C)),
and 5 directed edges— 10 —» 3,4 — 10,10 > 4,4 — 16
and 16 — 4.

Looking at Figure 8 it can be observed that if we
calculate all shortest paths from vertex 4 to all vertices of

Figure 8. Example graph G split into three clusters C, (red),
C, (orange) and C, (green) interconnected through 4 bridge
vertices — 3, 4, 10 and 16 (in bold)

cluster C|, then all these paths would lay straight through
vertex 10 (which is a bridge vertex of C,). Absolutely
the same is true, if we would like to calculate all shortest
paths from any vertices of C, or C, to vertices of C,.
It remains true, if we calculate all shortest paths from
vertices 1, 5, 11 or 13 into vertices of C, or C,. In context
of the FW, BFW and BSPUS algorithms it means that
when we calculate such paths we don’t need to iterate
over all vertices of the graph, instead, we only need to

CHUCTEMHBIA AHAJIN3 U IPAKJIAJTHASI THOOPMATHKA
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iterate through cluster’s bridge vertices — in our case,
vertex 10.

However, before calculating a path to or from the
cluster through its bridge vertices we must first calculate
all shortest paths within the cluster.

The BSPCG algorithm utilizes the opportunity
to use unequally sized blocks (provided by BSPUS) and
iterative mechanics of the BFW, specifically the part
where in every iteration the diagonal block is calculated
first, which results into calculations of all shortest paths
between its vertices.

The algorithm we propose is as follows:

1. Represent a graph as cost-adjacency matrix
(Figure 9a).

112(3|4|5|6|7|8[9]10(11]12|13]14|15|16
110 1
2 0 1 1
3 011 11 1
4 0 1 1 1
501 0 1 1
6 01 1 1
7 1 0 1
8 1 0
9 1 110
10 111 0]1
111 0
12 1 0
13 1 1 0
14 1 1 1 0
15 1 0
16 1 1 0

a

2. Rearrange its rows and columns to group
clusters around matrix diagonal. Split the matrix into
unequally sized blocks where clusters are diagonal
blocks (Figure 90).

3. Calculate vectors / of block relative indices of
all bridge vertices for every diagonal block (Figure 10).

4. Calculate all-pairs shortest paths using BSPCG
algorithm (Figure 11).

5. Rearrange rows and columns to return them to
their original positions.

In step #2, the algorithm incorporates graph
clusters into the matrix and makes it compatible with the
iterative mechanics of the BFW and BSPUS algorithms
(Figure 3).

,_.
— o= =

—
%)
—

— o |[—=]|~

b

Figure 9. Representation of example graph G with cost-adjacency matrix:
a) is original representations and b) is a cost-adjacency matrix where rows and colums are rearranged to group clusters across
matrix diagonal, splitted into 9 unequally sized blocks (one diagonal block for each cluster)

In step #3, the algorithm transforms information
about bridge vertices into the format compatible with the
algorithm structure where k is not the vertex number in a
graph but a block relative index of it.

v 1]5(10[1113| 3|4 |8|9|15 2|67 |12]14[16
0 1]o 11]1]0 1)1
0 11 01 0111
01 1 0 1 01
1 0 1 10 1 0
1)1 0 ol11 10
1 0
I U l
| [ fal [ Jo[e[ T T T []Js
I I L Iy

Figure 10. [llustration of mapping diagonal block verticies (v)
of graph G to their block relative indices (7) in index vector /

In step #5, the algorithm reverses the changes
made in step #2 and returns the structure of the matrix to
its initial state.

function BSPCG() {
forme {1... M} {
proc(B[m,m], B[m,m], B[m,m]);
forie {l.. M}andi#m{
proc_bridges(B[i,m], B[i,m], B[m,m], I(m));
proc_bridges(B[m,i], B[m,m], B[m,i], I(m));
}
forie {1..M}andi#m {
forje {1...M}andj#m{
proc_bridges (B[ijl, Bli,m], B[m.] , I(m));
}
t
}
}

Figure 11. Pseudocode of BSPCG algorithm with two
calculation procedures — proc to calculate diagonal blocks and
proc_bridges to calculate cross and peripheral blocks

2, 2024
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In terms of algorithmic complexity, BSPCG has
the same space and worst-case time complexity as FW,
BFW and BSPUS. However, it should be noticed that
the number of computations in BSPCG depends on the
number of bridge vertices between clusters and on the
overall graph size. Therefore, in practical cases, the usage
of BSPCG on sparse graphs can result in a significant
speedup in computations.

Experiments

Environment. We implemented sequential and
parallel versions of the BFW and BSPCG algorithms
using C++ language. The parallel version was
implemented using OpenMP v4.5. The source code was
compiled by GNU GCC compiler v13.2.0 with auto-
vectorization enabled.

Experiments were run on a computer with two
Intel Xeon E5-2620v4 processors (8 cores, 16 hardware
threads, L1 cache 32 KB, L2 cache 256 KB) with shared
inclusive 20 MB L3 cache.

Graphs. We generated four random connected
sparse graphs with predefined cluster configurations
(Table 1).

The sizes of clusters in each of the experimental
graphs have been varied in a certain range, and the share

of bridge vertices in the overall number of vertices was
not high.

Table 1. Specification of experimental graphs that are
randomly generated for a predefined number of clusters

Graph 1 2 3 4
Vertices 4800 4800 9600 9600
Edges 288245 | 153858 | 644198 | 326779
Clusters 20 41 40 80
Bridge vertices 567 620 3452 3550
Bridge edges 621 687 2374 2505

We intentionally generated pairs of graphs split
into different number of clusters but with close number
of bridge vertices to evaluate the influence of our above
formulated assumption on the BSPCG complexity.

Configuration. In all experiments we set block
size of BFW algorithm to 120x120. This size was found
to give the best results on the selected experimental
system [13]. In BSPCG the sizes of the blocks were
derived from the sizes of the clusters.

Results. We performed a set of experiments, each
repeated at least five times. The standard deviation of
the running time has not exceeded the 0.8 % mark. All
results for single- and multi-threaded implementations
are presented in Table 2.

Table 2. Experimental results of single and multi-threaded implementations of the BFW and BSPCG algorithms on
4 experimental graphs of 4800 and 9600 vertices. Time in presented in seconds (s)

Graph 4800 9600 4800 9600
Clusters 20 40 40 80 20 40 40 80
Type Single Thread Multi-Threaded
BFW 38.1 38.4 305.4 305.1 3.2 32 25.1 25.1
BSPCG 8.2 8.7 110.5 115.6 0.8 1.0 9.1 10.4
In the single-thread implementation, BSPCG clustering information. The potential impact of

outperforms BFW by 4.4 to 4.6 times on the graphs of 4800
vertices and by 2.6 to 2.7 times on the graphs of 9600 vertices.
In the multi-threaded implementation, BSPCG outperforms
BFW by 3.2 to 4 times on the graphs of 4800 vertices and by
2.4 to 2.7 times on the graphs of 9600 vertices.

We can observe from the Table 2 that the execution
time of BFIW doesn’t depend on the number or clusters,
nor the number of bridge vertices, nor the overall number
of edges and, in general, isn’t affected by graph structure
but only by the size of the graph. Regarding BSPCG, it
is easy to see that the execution time depends on both the
graph size and the bridge vertex count.

Analysis. One of the potential disadvantages
of BSPCG is the time required to retrieve graph

this depends on the algorithm used to calculate
graph clustering information and can be nullified
if such information exists prior to the execution.

The major advantage of the algorithm is its
ability to reuse the same clustering information
to recalculate shortest paths in the same graph but
with different edge weights (a scenario for an
optimi-zation problem). Besides reusing the same
clustering information, it is also applicable in
scenarios when incremental changes are made to the
graph (eviction or addition of the edge) which can
be reflected on the previously collected clustering
information which then can be used to recalculate
shortest paths.

CHUCTEMHBINA AHAJIN3 U TIPUKJIAJTHASI TH®OPMATHKA
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Conclusion using four randomly generated sparse graphs of

different sizes and different cluster configurations

In this paper we have presented a novel Blocked where the BSPCG algorithm outperformed the BFW

all-pairs Shortest Paths algorithm for Clustered Graphs algorithm on all experimental graphs by 2.4 to 4.6 times

(BSPCG) which can efficiently utilize information in both scenarios. The BSPCG algorithm opens a

of graph clustering and significantly speedup possibility for two potential use cases where clustering

the computation of all-pairs shortest paths in large information is not recalculated each time before the

sparse graphs. We implemented the BFW and calculation of shortest paths but instead is either

BSPCG algorithms in single- and multi-threaded maintained or slightly modified based on changes
scenarios. We performed a set of experiments in the graph.
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KAPACHK O.H., [TPUXO)KUH A.A.

BJIOYHBIN AJITOPUTM NOUCKA KPATYAUIINX IIYTEX MEXKIY BCEMU
ITAPAMMU BEPIHINH B I'PA®AX CO CJIABO-CBA3AHHBIMU KJTACTEPAMUA

Benopycckuii nayuonanvuwlii mexnuueckuii yHugepcumem
2. Munck, Pecnybnuxa Benapyco

3aoaua noucka kpamuartiwux nymei medxncoy ecemu napamu eepuwut 6 epage (APSP) umeem npumensemcs
8 NIAHUPOBAHUY, KOMMYHUKAYUAX, IKOHOMUKE U MHO2UX Opyeux cghepax. Ha cecoonawinuii denv cywecmeyem pso
aneopummos pewrenus APSP 3a0ay, nauunas c aneopumma @novioa-Yopwenna (Floyd-Warshall) u 3axanuusas 6onee
nPOOSUHYMBIMU U OBICMPBIMU OTOYHBIMU ANOPUMMAMU (Hanpumep, HeOOHOPOOHBIM OIOUHBIM AN2OPUMMOM NOUCKA
kpamuauwux nymeil - Heterogeneous Blocked All-Pairs Shortest Paths), npeonasnauenHblMu 015 MAKCUMANbHO
9pPexmurHo20 UCNONLI0BANUA BLIYUCTUMENLHBIX CPEOCE U 3AGUCUMOCTIEN MeHcOY OAHHBIMU, YUACMEYIOWUMU
6 eviuucienuax. B cmamve npeonacaemcsn noswvui onounvii aneopumm BSPCG noucka kpamuatiwux nymei 8
KAACMepU308anHblX 2papax ¢ 00HONOMOYHOM U MHO2ONOMOYHOM 6APUAHIMAX, KOMOPBIIL UCHOAb3YEm UHDOPMAYUIO O
Kaacmepuzayuu 018 COKpaujerus 00vema 8bluicieHull NoOCpedCmaom NOUCKA Kpamuauux nymetl, npoxooauux epes
2paHuyHble GeEPUIUHBL KIACMEPOs. B cmambe nposedena cepust 8bl4UCIUMENbHbIX IKCNEPUMEHMOE HA0 CHAHOAPMHbIM
onounvim anzopummom BFW u nosvim aneopummom BSPCG ¢ yenvio dokazamenscmea d¢hgpexmusHocmu noucka
Kpamuauuiux nymei 6 clyyae UCHONb306AHUS 2PAHUYHLIX 6EePULUH KAACMEPOS. DKCNepuMeHmbl 6blNOJHANUCH
¢ ucnonvzosanuem epagos paszmepom 4800 u 9600 eepuiun ¢ paziuuHbIMU KIACMEPHLIMU KOHQUSYPAYUIMU.
Dxcnepumenmol npogedensl Ha kKomnvlomepe ¢ 08yms npoyeccopamu Intel Xeon E5-2620v4 (kaosicowiii npoyeccop
sxarouaem 8 usuueckux adep u 16 annapamueix nomokos, a makce k3w L3 obvemom 20 ME). Bo ecex
nposedennbix dxcnepumenmax noguiil areopumm BSPCG npeszowen cmanoapmuwiii aneopumm BFW 6 neckonvko
pas. B oononomounvix cyenapusx BSPCG npodemoncmpuposan yckopenue no cpasienuto ¢ BFW 0o 4.6 pas na
epagax ¢ 4800 sepwunamu u 0o 2.7 paz na epagax ¢ 9600 sepuwunamu. B mroconomounvix cyenapusx BSPCG
makaice npoOeMoOHCmpuposan yckoperue 00 4 pas na epagax ¢ 4800 sepwunamu u do 2,7 pas na epaghax ¢ 9600
sepwunamu. IIpeonodicennviil 8 cmamoe aneoOpumm Modxicem Oblmb UCHONB306AH 6 CYEHAPUSX, 20e UHpopmayus o
KAAcCmepu3ayuy 0Cmaemcs HeUsMeHHOU Uiy U3MEHAemCs He3HAYUMENbHO U MOdcem Obimb NOBMOPHO UCHONb3068AHA
OJ151 MHOJICECMBEHHBIX HAXONCOCHULL 6CeX Kpamuatiumux nymeti 8 epage.

Knioueguvie cnoga: nouck xpamuativiux nymei Ha epage, O10uHbl aneopumm, Kiacmepusayus epaga,
00HONOMOYHOE NPUTLOJCEHUE, MHO2ONOMOYHOE NPUNONHCEHIUE, NPOU3EO0OUMENLHOCT
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METO/J CTPYKTYPHO-BJIOYHOI'O CUHTE3A CUCTEM JUCTAHIHIMOHHOI'O
3OHAUPOBAHMUSA

Hayuonanvnoe Aspoxocmuueckoe Aeenmemeo
2. Baky, Asepbaiioscanckas Pecnybnuxa

B cmamve npednacaemcs nooxoo k pewenuro 3adauu cummesa cucmem OUCMAHYUOHHO2O 30HOUPOBAHUS.
Bovickazvieaemcest muenue o0 mMoM, YMO cucmemvl OUCHAHYUOHHO20 30HOUPOBAHUS, COCMAGISIOUUe 0COObIU
NOOKILACC USMEPUMETILHBIX CUCTEM OONNCHBL ObIMb ONMUMUIUPOBAHBL CONACHO NPUHYUNAM U NOLONCEHUSIM Meopull
AHAU3A UBMEPUMEIbHBIX CUCmeM. Dma meopus, SGISIOWAsICS 8emebio 00ujell meopuu CUcmem, NpUMeHUMd
K 3a0auam auani3a u CUHmMe3da CUcmem OUCMAHYUOHHO20 30HOuposanus. Paspabomana 0b6obwennas memoouxa
AHAIU3Q U ONMUMUZAYUU CUCEM OUCMAHYUOHHO20 30HOUposanus. B xauecmee npumepa cgopmynuposana u
peulena 3a0aya aHaIu3a OnNMUMU3AYUY U CURMe3d CUCTeMbL OUCTAHYUOHHO20 30HOUPOBAHUSL MOPCKOU NOGEPXHOCTILL.

Kniouesvie cnosa: oucmanyuonnoe 30HOUPOGAHUE, CUHME3, UMEPUMENbHbIE CUCHEMbL, ONMUMUZAYLUSL,

MOpCKas n06EPXHOCMb

BBenenue

XOpoIIo W3BECTHO, YTO OJHWM H3 OCHOBHBIX
MPUHIONIIOB CHCTEMHOTO aHAIN3a SBISETCS ONTHMH-
3a0Usl W CHHTE3 HAWIYYIIEr0 BapuaHTa IOCTPOCHHUS
CHCTEeMBI Ha 0a3ze pa3paboTaHHOI oOmIel MomenH pac-
cMmatpuBaeMoro oobsekra [1]. MonenmupoBanue QyHKITH-
OHUPOBAHUS KAaKOW-IIMOO CHCTEMBI B IIEPBYIO OUEpE/b
MPEAToIaraeT ONpeie/ieHe OCHOBHBIX OOIINX TTOKa3a-
TeJel, KOTOPBIE XapaKTepU3yroT BCE HIEMEHTHI MHOXeE-
cTBa MOAOOHBIX cucTeM. Eciu peds uueT o CHCTEMHOM
aHAJM3€ M3MEPUTEIBHBIX CHCTEM, TO MOXXHO TOBOPHUTH
0 MHO)KECTBE TOJJOOHBIX H3MEPHUTEIBHBIX CUCTEM 00pa-
3YIOIMX HEKOTOPBIM Mojakiacce cucteM. BerBb Teopun
CHCTEM, H3Yy4Yarollas 3aKOHOMEPHOCTH IPUIOKEHHS
9TOH TEOpUH KO BCEM IOJKIAccaM M3MEPHUTEIbHbBIX CH-
CTeM B HAYYHOH JuTeparype 00O3Ha4YeHa KakK «AHAIN3
m3meputenbHeix cucteMm (AUMC)» [2-5]. CormacHo [2],
AUC sBngercss SKCHEPUMECHTANBHBIM M MaTeMaTHde-
CKHM METOJIOM OIIPE/ICIICHHS CTETICHN BIUSHNS H3MEHE-
HUH B MpeZieTax N3MEPUTENBHOTO MPOIIecca Ha OOILIyI0
M3MEHYNBOCTh Bcero mporecca. AVIC Takxke ompene-
JSIET CIIOCOOHOCTh M3MEPUTENBHONW CHCTEMBI T'€HEpPH-
pOBaTh TOYHBIC JAAHHBIE M a/J€KBATHOCTh JOCTUTACMOM
TOYHOCTH JUISI TOCTIDKEHHS TocTaBiieHHon menn. AVC
obecrieunBaeT HW3MEPEHHE TIATH MApaMeTpoOB: CMe-
IIaeMOCTh PE3YJIbTaTOB, CTaOMIBHOCTH, BOCIPOU3BO-
JTUMOCTh, JIMHEWHOCTh W HaAeKHOCTh. B pabote [3]
OTMEYAETCs] YTO KA4ecTBO TIIOMYYCHHBIX H3MEpH-
TEJIBHBIX JIAHHBIX ONPENENSeTCsS CTENEHbI0 CTaOMIIb-
HOCTH YCJIOBHH B TIpe/iesiaX KOTOPBIX OCYIIECTBISIOT-
csi m3mepeHns. Ecnm okpyxkaromas cpefa M HU3MEpH-
TeNbHAs CHCTEMa HAaXOJSITCS BO B3aWMOACHCTBUH,
TO PE3yNbTAT MPOBEICHHBIX U3MEPEHUI HEBBICOK.

CornacHo [4], AUC sBisieTcsi CpeACTBOM HCIIOIh-
3yeMbIM JUISl HICHTU(HUKANN W KOJIMYECTBEHHOH OIICH-
KN Pa3IUYHBIX KOMIIOHEHTOB CYMMAapHBIX W3MEHEHHH

B IIpeJenax paccMaTpuBaeMOM M3MEpPUTEIbHON CH-
crembl. CornacHo [4], nenbto uccienoBanuii mo AUC
ABJISICTCSA BCECTOPOHHAA BalnWJalld Kade€CTBa HJaHHBIX,
BBIIABAEMBIX H3MEPUTENBHON CHCTEMOH (C ydeToMm
BIMSIHUSL TakuX (PakTOpOB KaK HM3MEPUTEIbHOW IpH-
0op, mpoleypa n3MEepeHnil, OKpyIKarolias cpeaa u cam
omepaTop) M OIEHKa BO3MOXKHOCTEH, paboTocmocob-
HOCTH M HEOIPEJCICHHOCTH TeHEepUpyeMol H3MepH-
TeJIbHOM cHuCTeMOW To BuaaM u3Mepenuii. CoriacHo
[5], obmas u3mMeHuMBOCTH G, (variability) mosy4eHHbIX
U3MEPUTCIIbHBIX JAaHHBIX ABJSACTCA CYMMOU HU3MCHYU-
BOCTH CaMOT'0 U3MEPAEMOTO MPOIECCa G, U M3MEHYUBO-
CTBIO XapaKTCPHUCTUK CaMON U3MCPUTCIHBHOU CUCTEMBI
c,,T. €.

o, =G, +0,. (1)
IIpu 3Tom:
o, =0, +0,, 2)

rje G, — MOrPEelIHOCTh M3-32 HM3KOH IOBTOPAEMOCTH;
G, — TIOTPEIHOCTh M3-3a HU3KOU BOCTIPOM3BOIMMOCTH.
Takum oOpazom, ecnu ydectb, yro AUC Obu1
OXapaKTepH30BaH B Ka4yeCcTBE BAXKHOIO TpeOOBa-
Hus B craHaapre kadectBa QS9000, a Takxe B
ISO TS16949:2009, a Takxe To, uto B AWC Hecra-
OWJILHOCTh CaMOTO M3y4aeMOro 0ObhEKTa WM Ipoliecca
YETKO OTJEJEHbl OT HEONpPENENEHHOCTEW, BBI3BAHHBIX
CaMOMl M3MEpPUTENIBHOM CHUCTEMOHM, TO METONOJIOTHIO
ANC MOXHO cuuTarh BIIOJIHE TPUTOAHOW HJISi TIpHU-
MCHCHHA K CHUCTEMaM JUCTAHIUMOHHOI'O 30HAWPOBA-
HUSL €CJTH OOOOIICHHBIM OOBEKTOM H3MEPCHHS CUMTATh
CYMMY CaMOro OObEKTa W BIHMSHHAC BHEHIHHX (PAKTO-
POB, BO3ICHCTBYIOIIUX HAa 3TOT OOBEKT, MPHUBOIAIINX
KaK CHCTCMAaTH4YCCKUM, TaK H CHy‘IaﬁHbIM norpeur-
HOCTSIM u3MepeHuid. Tak, Hampumep, B pabore [6]
OTMCUACTCsA, 4YTO CHCTECMblI JUCTAHIIMOHHOI'O 30H-
AUPOBAHUA COCTOAT M3 TPEX OCHOBHBLIX IMMOACUCTEM!:

2,2024
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(1) moxcucTema m3ydaemoii crieHsl (00bekTa); (2) moa-
cucTema, 00pa3oBaHHAs CAMUM CEHCOPOM, OCYILECTBIISI-
0IuM u3Mepenus; (3) moacucrema, OCYyIIECTBISIONIAs
00paboTKy NaHHBIX.

B pabGore [6] mpencraBieHa TaKCOHOMHSI BO3-
JIEHCTBYIONINX (PPEKTOB B TpapUUECKOM BUJIC MPHUME-
HUTEJIBHO K CHCTEMaM JAWCTAHIMOHHOTO 30HIUPOBAHUS

(puc. 1).

HeTounuk s HsMEHYHEOCTH
NONyHEHHOH HHG OpMalHH
CHCTEME THCTARITHOHHEOGT O

OHIHPOBAHHA
ObpaboTra

CreHa HIH 0bBEEKT CeHcop P

MONYYEHHEEX JaHHEX
1) [ O w
a & 5 = 5 3 i
Ea|| Bl Ba|l Ball 2| E& . 3w
g o = [T Lo [ EReY o E = o, M

o Lo LY ) b = boe oo

E [ g "EH [ mob =ob 5 = = o &5
(=3 5 ;I: - E’ 5 ﬁ & =Y H =] % m
[ E o == o5 by -2 0 = o L=
2 = 5 = 4 i
= = G = 5

£y

PI/ICyHOK 1. Takconommus q)aKTOpOB, BJIMAKOIIUX HA U3SMCHYNBOCTH I/IH(bOpMaHI/IOHHOFO COACPIKaHNS MTOJYHYCHHBIX
U3MEPUTEIIBHBIX JaHHBIX

Kak ormewaercs B pabote [6], must yaydIIeHUs
00IIIero MOHMMAaHHUS BCEro 30HAMPYEMOro Ipolecca
nim 00beKTa, cHcTeMa 30HIMPOBAHUS JOJDKHA OBITh
pas3jgencHa Ha OTACIbHBIC HACHTU(DHIIUPYEMBIC YaCTH
W Jajee, yUYUThIBasi BO3MOXKHBIN CHHEPIH3M OT KOMOH-
HaIui MoJieiel MOXKeT OBITh TTOCTpOeHa 001as MOIETh
CHUCTEMBL.

C y4eroM BBIIICH3I0KEHHOTO B HACTOSIICH pa-
0oTe clleJaHo MOMBITKA MOCTPOCHUS OOIIEH CTPYKTYyp-
HO-0JIOYHOM MOJENN CHCTEMBI UCTAHIIMOHHOTO 30H/I1-
pOBaHUsL.

MarepuaJjibl 1 METOAbI

Bgeziem Ha paccmoTpeHne (hyHKIMOHA KauecTBa
CHUCTEMBI JIUCTAHIMOHHOTO 30HJUPOBAHUS, [ HESIBHO
3aBUCSIIHMI OT U3MEPSIEMOro mapamerpa y u (axropa X,
BJIMSIOLIETO Ha ¥ B BUJIE

F = Oxm F(x,y(x)) dx. 3)

ITpu srom (3) saBusercst 0a30BOM MaremarHye-

MOXET OBITh XapaKTepPH30BAaHO O3THUM BBIPAKCHUEM.
Ilenpto MPOBOAMMOrO CHHTE3a ONTHUMAIbHOM CUCTEMBI
SIBIISIETCSL OTPEICTICHHe ONTUMANIBbHON (DyHKIIUU y(x)()pt
HpH KOTOPOH F| TOCTUT OBl SKCTPEMAJILHOTO 3HAYCHHSL.
Jns pemieHus naHHOM 3a/a4M HECKOJIBKO CY3MM KJIacc
HETPEePBIBHBIX U JIBAXbI ITUPQEpeHIHPYEMbIX (YHK-
IMA 10 HEKOTOPOro IOIKIacca, TaKuX ke (YHKIHH,
YAOBJIETBOPSIONINX YCIOBHIO:

F, = IOX y(x) dx=C; C=const. “4)

Takum oOpa3oM, TTOHUCK y(x)opt OyzmemM ocyIiecT-
BJISITH B TOJKJIAcce (YHKIIUH, YIOBICTBOPSIONIUX Orpa-
HU4YuTenpHOMY ycioBuio (4). C yuetom (3) u (4) cocra-
BUM 3aja4y Jlarpanxa, 1o cxeme:

Fy=F +LF,. 5)
C yuetom (3), (4), (5) nomyum:
Fy= [ F(xp(x) dx+x[j;m“‘ »(x) dx_c], ©)

Pemrenne 3amaum (6) corracHo Meromy Oite-
pa-Jlarpan»xa nomkHa yaOBIETBOPSATH YCIOBHIO [7]:

d{F(x,y(x)) + ky(x)}

CKOH MOZIEBbI0O HEKOTOPOTO MOJKJIACCA CUCTEM JTUCTaH- =0. (7)
IIMOHHOTO 30HAMPOBAHUS, KauyecTBO PabOTHI KOTOPHIX dy(x)
CHUCTEMHBIA AHAJIN3 U TIPAKJIAJTHASI THOOPMATHKA 2,2024
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Taxum 00pa3oM, 3Hasi KOHKPETHBII BU (QYHKLIHO-
Hana F(x,y(x)) MOXXHO OIIPEAETUTH ONTHMATbHYIO (QyHK-
LHIO ¥(X),, ¥ TEM CAMBIM CHHTE3MPOBATH ONTHMAIILHBIN
BapHaHT CUCTEMBbI JJUCTAHI[HOHHOTO 30HIUPOBAHHSI.

PaccMoTpuM KOHKPETHBIH BapHaHT CHHTE3a OIl-
THUMAJIHOW CHUTEMbI 30HIMPOBAHUS HA MPUMEpPE OINTHU-
YEeCKUX PaJMAlHOHHBIX H3MEPEHHH NPUMEHHUTEIBHO
K MOPCKOH IOBEPXHOCTH.

CortacHo pabote [8], oTpaskeHHBIH OMTHYECKHHA
CHTHAJI R C IOBEPXHOCTU MOPSI B KOHKPETHOM paccMa-
TPUBAEMOM CJIydyae OpeeNseTcs Kak:

R=A-B-p(w), (®)

rae A u B — paguanyioHHbIe IOTOKH, XapaKTepH3yOIINe
KOHKPETHBIE YCIIOBHS HPOBOAMMOIO H3MEPUTEIEHOTO
SKCIIEPUMEHTA; W — CKOPOCTh BeTpa; p(w) — koddduu-
SHT OTPaYKEHHUS IOBEPXHOCTU MOPSL.

CoracHo [9] mMeeT MecTo Cliemyrolee perpec-
CHOHHOE COOTHOIIICHHUE MEXKIY W U p(W):

p(w) = 0,0256+0,00039w-+0,000034w". )

Yrto KacaeTcs 3aBUCHMOCTH MEXJIy BBICOTON
MOPCKHUX BOJH /1 1 w, To cornacHo [ 10] cymecTByer cie-
JYIOLIasi pErpeCCUOHHAs 3aBUCUMOCTb:

h=0,08w" —0,17w+0,48; R*=0,82. (10)

BMmecre ¢ Tem, U3BECTHBI U IpyTrHe BUABI (PyHK-
[IMOHAJILHOM B3aMMOCBsI3H [9], B 4aCTHOCTH, JTMHEHHAS
B3aHMOCBS3b MEXKIY /# M w. C y4eTOM BBIIIECKa3aHHOTO
3aaqy ONTHUMU3AINN U TTOCIEAYIONIETO CHHTEe3a chop-
MYJIHpyeM cienayronmmM odpasom. Ciemyer onpeneanTh
TakoW BUJ B3aUMOCBS3H w = w(h), IpH KOTOPOM R MOT
651 mocturk skcTpemyma. C ygerom (7)-(10) momsriaTe-
rpajbHYI0 (DYHKIUIO [eNeBOro (pyHKIMOHANA Tpe/IcTa-
BUM B ceTiepadeTbHOM BH/IE:

hnmx
F =[] 4-B(0,025+0,00039w(h)+0,000034w" (h)) | hdh. (11)
JIIst BBIYMCICHHS W = (h)op , HaJOKMM Ha 3Ty

(DyHKIMIO Cclietytoliee HHTErpalbHOe OTpaHIYCHNUE:

Iohm w(h) dh=C,; C, =const. (12)

C yuerom (11) u (12) cocTtaBuM ClieAyIOMmuUii 1ie-
neBoH pyHKIMOHan F;:
E) =
=™ [ 4-B(0,025+0,00039w(h) +0,000034w” ()] hdh-+ (13)

+x[j0h”‘“ w(h) dhfcl}.

Pemenune onrtmvuszanuonHou 3amaun (13) co-
[JIaCHO MeTojay Diepa u Jlarpamka J0JDKHA yIOBJIET-
BOPHTH YCIIOBHIO:

d {~[0,00039w (/) +0,000034w” (h) | h-+2w(h)}

=0.(14
() 0.(14)

U3 (14) nonyuaem:
[[-0,00039+0,000034w(h) ] h+1]=0. (15)

N3 (15) naxomum:
w(h) _ _0,00039h+7»'
0,0000344

C yuetom (12) u (16) nomyumnm:

Ihm _0,00039%+2] c.
h 0,0000344

U3 (17) umeem:

(hmax - hmin ) al + azkln(zmiJ - C] >

‘min

(16)
(7

(18)

me aq=-20009. 1
' 0,0000347 " 0,000034°

W3 (18) naxomum:
(Cl - (hmax - hmin ) al )

h
In| Smax
az n[ hmin J
VYyaurteisas (17) B (16) 3anuirem:

0,00039/% + (G = (s =) @)

h
a,In (h"‘“]
W(h) — min —
0,000034A
C + (hmax - hmin ) |a1 |

hln (h"‘“‘j
hmin

Ouesnzno, uto 1pu pemennu (20) ) nocturaet
MaKCUMyMa, T. K. BTOpas MPOM3BOJHAS MOAWHTEIPaIb-
Horo BeIpakeHus B (13) 1o uckoMoit GpyHKIUM SIBISICTCS
OTpHLIATEIbHON BETUUNHOM.

= (19)

(20)

=a, -

O6cy:xneHue

Takum 00pa3oM paccMOTpeHHask CHCTeMa JJUCTaH-
LIMOHHOTO 30HIUPOBAHUS MOPCKOW IOBEPXHOCTH MOXKET
OBITH TIpENCTaBIICHAa B BUAE OJIOK-CXEMBI, BKITFOUAOIICH
BHEIIHMII H3Jlydaresb, OObEKT HMCCIIENOBaHMS (MOpCKast
TTOBEPXHOCTBH), BO3ICHCTBYIOIINHA (haKkTOp (BBICOTA BOJH);
BO3IIEHCTBYIOMIH (haKkTOp (CKOPOCTH BeTpe) (PUCYHOK 2).

In k3

PucyHok 2. BiouHoe npe/icTaBiIeHne ONTUMH3HPO-
BaHHOW CHCTEMBbI AUCTAHIIMOHHOTO 30HAUPOBAHMS MOPCKOM
HOBEPXHOCTH. [IpuHATHIC 0003HAYCHMS:
I, — BHelIHee H3TyYeHue; p — Ko3QQHUIMEHT OTpaXkeHHs;
h — BbICOTa BOJIH; W — CKOPOCTh BETpa;
RS — cucrema 3onaupoBanus

TakuM 00pa3oM, CHUCTEMHBIM TOAXOJ K aHaH-
3y CHUCTEMbI JUCTAHLIMOHHOTO 30HIMPOBAHUS MOPCKOU

2,2024
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CUCTEMHBIN AHAJIN3

MOBEPXHOCTU U JAJIbHEUIINI CHHTE3 ONTUMAIBHON MO-
nmenu, obecrmeunBaeT (GOPMUPOBAHHE MaKCHMAIBHOM
BEJIMYMHBI OTPAKEHHOT'O CHUTHAJNIA ITyTEeM OMpEeICTICHHS
ONTUMAJILHBIX B3aHNMOCBSI3€H B CUCTEME.

o0miell TEOpUH CHCTEM, MOTYT OBITh TPUMEHEHBI
K CcHCTeMaM [HCTAaHOIHOHHOTO  30HAMPOBAHMUS.
Pazpaborana o600IIeHHAasT METOAMKA aHATH3a U OI-
THUMH3AIHANA CUCTEM TUCTAHIMOHHOTO 30HIUPOBAHHUS.
B xagecTBe mpumepa cpopMyNIHpOBaHAa W pEIICHA

3akmouenne 3a/laya aHalu3a ONTHUMM3AllMM M CHHTE3a CHCTEMBI
[Toka3aHo, YTO OBJIEMEHTHI TEOPUH aHajdW3a AMCTAHIHOHHOTO 30HJMPOBAHUS MOPCKOH MOBEPXHO-
U3MEPUTENBHBIX ~ CHCTEM, SBIAIOLICHCS BETBBIO  CTH.
JIMTEPATYPA
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JETEKIIUA JE®EKTOB IIEYATHBIX IIJIAT HA OCHOBE APXUTEKTYPbBI
YOLOVS8

'06veounennvlit uncmumym npoonem ungopmamuxu HAH Benapycu,
?Benopycckuil 20cy0apcmeeHHblil YHugepcumenn
2. Munck, Pecnyonuxa benapyce

Paccmompenul knouesvle ghaxmopvl u meHOeHyuu 6 nPOeKMUPOSAHUY 1 NPOU3EOOCHEe NeYamHblX nian,
onpeoensuue CoBPeMeHHoe COCMOsHIe 8 00IACU A8MOMAMUYECKO20 KOHMPOa neyamubvlx naam. /s noucka
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Ha obwjenpunamuvix mempuxax. Ha mecmoeom nabope damnvix cpeowss mounocms coznacno mempuxe mAP50

pasna 0,98.

Knroueswvie cnosa: degpexm, neuammvlie niamol, OemeKyus, Kiaccu@urkayus, HetlporHHble cemu

BBenenune

CymiecTByeT HECKOJBKO KIFOUEBHIX (DAKTOpOB,
CTUMYHPYIOIINX MHPOBOH PBIHOK MEYAaTHBIX IIJIaT B Ha-
CTOsIIee BpeMs M B TEUEHHE Cieayronmx 5 et [1-2]:

— pa3BepThIBaHHE OeCHpOBOAHBIX ceTeir 5G,
HCTOYHHKOB BO30OHOBIISIEMON SHEPTUH, TAKMX KaK COJI-
HEUYHbIE (DOTOINEKTPUIECKUE CHCTEMbI U BETPSIHBIX TYp-
OWH, 1aTa-IIEHTPOB C BBICOKOTPOM3BOJUTEILHBIMU CEp-
BEpaMH U KOMMYTATOPaMH ISl OOJIaYHbBIX BBIYUCIICHUI;

— pa3paboTka TPUOOPOB, MAIIMH W yCTPOHCTB
WuTepHeTa BemeH, 21eKTpoMOOIITeH;

— BHEJPEHHE YCOBEPIICHCTBOBAHHBIX CHCTEM I10-
morm Bogutenmo (ADAS, Advanced Driver Assistance
Systems);

— IPOU3BOJICTBO COBPEMEHHON TEXHWKH W CH-
CTEM CBSI3U JUIA HY)X]] BOCHHBIX BEIOMCTB, a3POKOCMH-
YEeCKOW MPOMBIIIIIEHHOCTH, MEIUIIMHBI.

B Hacrosimiee BpeMsi IPUMEHSIIOTCS Pa3IMIHbIC
TEXHOJOTUYECKHE TPOIECCHl M3TOTOBICHUS MEYaTHBIX
TUTAT, KaXKIbII U3 KOTOPBIX COCTOUT N3 HECKOJIBKHUX 3Ta-
noB. KOHTpob kKadecTBa MpH MPOU3BOJICTBE MEYATHBIX
IUTAT SABJSIETCS OOS3aTENbHBIM, T. K. PETYIMPYET TEX-
HOJIOTMYECKUH IPOIECC MPOU3BOJCTBA M OIPEEIICT
HAJEKHOCTh PabOTHI PaTUOANEKTPOHHOTO 000pyHOBa-
HUsI, ce0ECTONMOCTD €ro BBIIYCKa W COMPOBOKACHHUSL.
Ha ocHOBaHNM TaHHBIX KOHTPOJISI TEXHOJIOT ITPUHIMAET
pelIeHne O COOTBETCTBMHM KadyecTBa IUIATHI HEOOXOAaH-
MBIM TpeOOBaHUAM, HEOOXOTUMOCTH BHECEHHH TIpa-
BOK B (OoTOmAOJIOH WM B TEXHOJOTHYECKUH IIPOIIECC.
IMonck nedekToB MOXKET OCYIIECTBISATHCS HEOJHOKPAT-
HO B TEXHOJIOTMYECKOM IIHKJIE, TIOCJIE HEKOTOPBIX 3Ta-
TI0B Hal/IeHHBIE IEPEKTHI MOKHO NCTIPABUTh. J{eeKThI
TICYATHBIX IIAT MOXKHO PA3ZIeTNTh HA AS(EKTH MeTal-
mu3anuy, Ae(EeKTHl HM30JIMOHHOTO MaTrephana, je-
(beKTBI TIPOBOMAIICTO PUCYHKA, AC(PEKTH (UHHUITHBIX
MTOKPBITUH.

CoBpeMeHHOEe TIPOM3BOJCTBO TI€YATHBIX IUIAT
UCIIONB3YeT KOHTAaKTHBIC, ONTHYECKHE, PEHTTCHOB-
ckre MeToapl KOHTpons [3—4]. CucreMbl, OCHOBaHHEIC
Ha KOHTAKTHBIX METO/aX, KacaroTCs HIylaMH KOHTaKT-
HBIX IUIONIAJIOK U MPOBEPSIOT COOTBETCTBHE AIIEKTPH-
YECKHX CBsI3¢i MexIy HuUMH. B pesynbrate oOHapy-
JKMBAIOTCSI TaKHe BakHbIE JiepeKThl Kak oOpbIB (open)
U KOpoTKoe 3aMbikanue (short). C MOMOIIBIO KOHTAaKT-
HOTO METOJIa MIPUHIIUNHAIHHO HE MOTYT OBITH HalJICHBI
Takne Ae(eKThl KaKk OCTPOBKH MeAW (spurious copper),
BBICTYIIBI (SpUr) M BBIPBIBBI (Mouse bite) Ha JOpOXKKax,
pokoJiel (pinhole), OTKIOHEHUS MUHUMAJIBHON IIHPH-
HBI ITpoBOIHHUKA (conductor too thin) 1 paccTOSTHUS MeX-
ny npoBogHukamu (conductor too close). YBenndenue
CJIO)KHOCTH TICYATHOH TUIATHI IPUBOAUT K 3HAYUTEIHHO-
My YCIIOXXHEHHIO KOHTPOJIA. PEHTT€HOBCKOE H3ITyueHHE
MOYET ONPEJIENSATh MMyCTOTHI MO/ MTPOBOASIINM MaTEPH-
QJIOM U HENpOIlau, UMEET OrPaHUYCHUS B MPUMEHEHHU
U3-3a BPEJAHOCTH JUIS 3/10pOBbs YelloBeKa. Mcnonb3oBa-
HHUE ONTHYECKUX METOJIOB KOHTPOJIS MO3BOJISIET HAXO-
JUTH JeQEKTHI 110 MMPU3HAKaM BHEITHETO BHUJIA, SBISCTCS
0€30I1acHBIM U JIEIIEBEIM.

B HacTosimee BpeMs 3a pyOeKOM BBITYCKAIOT-
Csl aBTOMATH3MPOBAHHBIE CUCTEMBI KOHTPOJISI KauecTBa
[I1. BenymumMu mpOU3BOIUTENSIMUA CETOJHS SIBISIOT-
cst komnanun — Cognex Corporation, Gardien Services
Inc., Manncorp Inc., Nordson YESTECH Inc., Omron
Electronics LLC, Vision Engineering Inc, ViTrox Corp
Bhd u Ibiden.

AKTyanbpHOCTh 3aJla4M MOUCKa JIeeKTOB IedaT-
HBIX TUIAT OOYCIIOBJEHA CIEAYIOUIMMHU TEHJICHIUSIMA
B IIPOCKTHPOBAHNUHU M TIPON3BOJICTBE TEYATHBIX TIat [1]:

— ACTOJBh30BAaHUEM COCAWHEHHN BBICOKOH IIIOT-
HOCTH;

— COYeTaHHWE T'MOKUX CXEeM M IKECTKHX CEeKIHH
Ha OJHOM MeuyaTHOM IIaTe;

CUCTEMHBIN AHAJIN3 U TIPUKJIAJTHASI THOOPMATHKA
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— pacTAruBaroIIMecs CXeMbl, OCHOBaHHbIE Ha HO-
BBIX MPOBOJSIIIMX MaTepuaiax U METOJaX U3rOTOBJICHHUS,;

— BBICOKOTEPMOCTOMKHE KepaMUuecKue Iedar-
HBIE IUIAThI, KOTOPBIC MOTYT Pa0OTAaTh B YCIOBHSX arpec-
CHUBHOU Cpe/ibl B 000POHHBIX, a9POKOCMUYECKHUX H aBTO-
MOOUJILHBIX CUCTEMAX;

— [e4aTHble IJIaThl C U30JMPOBAHHOW MeTasllu-
YECKOM TMOIITOKKOH st A((EKTHBHOTO OTBOAA TeIlIa
OT MOIIHEIX KOMIIOHEHTOB;

— BCTPOEHHbIE [TACCUBHBIE 3JIEMEHTHI BHYTPU I1e-
YaTHOW IJIAThI,

— aIIUTUBHAsl CTpyHHas WM a’po30JbHas Iie-
4aTb MPOBOJAHUKOB;

— MHTErpalys UCKYCCTBEHHOIO MHTEJUIEKTa U Ma-
IIMHHOTO OOYYeHUs JIIsl OOHApY)KeHUs 1e(DEeKTOB U BHE-
npenue npuHuunoB Munycrpum 4.0 ans aHanuza jaaH-
HBIX, CIIPOC Ha BHICOKOCKOPOCTHON U TOUHBIM KOHTPOJIb.

AHAJIN3 NOIAX0A0B K AeTeKIIMH 00LEKTOB

B mociename roasl HaOMIOMAETCS 3HAUYNTETBHBII
pPOCT HMHTEpeca K 3a7adaM BH/ICOAHATHTHKH B IIETOM.
B pamkax BUICOAQHATUTHKH MOXKHO BBIJICITUTH CIEIY-
IOMINE pEIHIaeMble 3a/adqdl KOMITBIOTEPHOTO 3pPCHHS:
JoKanm3anys O0OBEKTOB HA BUACO W M300PKEHUAX H
pacrio3HaBaHHE OOBEKTOB Ha BHIIEO W M300paKCHHSIX.
[Tox pacrio3HaBaHWEM NMPUHATH MOHHUMATh KJIAcCH(pHUKa-
Ul OOBEKTOB, @ B CIydae JOKIU3AINU MOMHMO pac-
MIO3HABAHUS ONPEIENAETCS MECTOIOI0KEHHE 00BEKTOB
Ha BU/IEO M N300pakeHNsX. JJaHHbIE 3a/1a4M BCTPEYaAIOT-
cs TIpH paboTe C Pa3TUIHBIMU KJIACCAMU M300pakeHHi,
B TOM YHCJIE C METUIMHCKIMH N300paKEHUAMH, CHUM-
KaMM 3€MHOH IOBEpPXHOCTHU. B ciydae nokanuzanuu
00BEKTOB OMPENEINAIOTCS KOOPAMHATH PAMKH, OTPaHH-
YHBAIOMIEH OOBEKT.

ITpn pemenun 3ama4 KOMIBIOTEPHOTO 3pPEHHS
KJIACCHUECKUMH METOJaMH PEIN3yeTcss TpPU dTara:
mpeaBapuTenbHas 00paboTka M300pakeHUI/BUICO, H3-
BJIEUCHHE NPU3HAKOB M TPHHATHE pemeHnit. OmHako
B MOCJICHNAE TO/BI JIUANPYIONINE TTO3UIUK CTAJIN 3aHH-
MaTh HEHPOCETEBbIE METO/IbI, OCHOBAHHbIE Ha TITyOOKOM
00y4IeHNH, KOTOPBIE OTIMYAIOTCS TEM, YTO YaCTh CIOEB
HEHpPOHHOW ceTn (CBEPTOUHBIC CIIOM) M3BJIECKACT IPH-
3HaKH, OIMCHIBAIONINE H300pa)KeHHE, a BTOpasl J4acTb
HEHPOHHOW ceTH (TTOJTHOCBA3HBIE CIIOM) IPUHUMAET pe-
IICHHE O TIPHHAIUIC)KHOCTh 0OBEKTOB Ha M300pa’KeHUH
TOMY WJIM WHOMY Kiaccy. Takxke B BBIXOJHBIX CIIOSX
pemraercs 3ajada ONPENCNCHUs KOOPAWHAT OOBEKTOB
Ha M300pakeHUH.

3a HECKOJBKO MECATHIICTHH YUEHBIMH OBLITO
MIPEIIOKEHO OOJBIIIOE MOAXOJO0B U METOJOB JETEKINH
00BeKTOB. PanHMe nccne0BaHNs ONMCHIBAIOT KIACCHYE-
CKHE METOJIBI JIETEKIH 00BEKTOB, BKIIIOUAIOIINE METOJ
MTOPOTOBOM 00pabOTKH, MeToJ| (GMIBTPAIIUN MPU3HAKOB
W METO KacKaJHBIX KiacchudukaropoB. OnHako Ha co-
BPEMEHHOM JTarle Pa3BUTHA TEXHOJOTHI KOMIIBIOTEp-
HOTO 3peHus BcE OoJee MIMPOKO UCIOIB3YIOTCS HEHPOH-
HBIE CETH B IEJIOM U TITyOoKoe 00ydeHHEe B YaCTHOCTH.

K uuciy 0CHOBHBIX METOIOB JAETEKIIMH OOBEKTOB OTHO-
csATCsl TaKk HasbiBaeMble aByxcramuitHbie (R-CNN [5],
Fast R-CNN [6], Faster R-CNN [7]) u ogHOCTaIUiTHEIC
nerekropsl (SSD, YOLO [8-10]).

JIByxcTaguiiHple JETEKTOPhl PELIAT 3agady
JeTeKLIMU B JiBa dTamna. B Hauane BBINOIHAETCS MOUCK
MIEPCIIEKTUBHBIX PETHOHOB M300payKeHNs1, KOTOPhIE MOTY
cozepkatb 00beKThl MHTEpeca. Ha BTOopoM sTame oro-
OpaHHBIC PETrHMOHBI KIACCH(DUIMPYETCSl U OIpeeIsieTcs
MX TOYHBIE KOOPJMHATHI Ha M300pakeHnnu. KoopanHara-
MH 00BEKTOB (PAKTHUECKH SIBISIFOTCS] KOOPIMHATHI Orpa-
HUYHBAIOLINX PAMOK.

JlaHHOE CeMeNCTBO aIrOpUTMOB MMEET OIpeje-
JICHHBIE OTPAHUUYCHHUS C TOUKU 3PEHHSI BpPEMEHH PadOThl,
HO UMEET XOPOILYyI0 TOYHOCTh. B cityuae, korja BaxHa
CKOPOCTB pabOTHI IETEKTOPA, LIEJIECO00Pa3HO UCTIOB30-
BaTh OJHOCTAJUIHBIC NETEKTOPbI, OTIMYAIOLIUECS TEM,
YTO OHU MO3BOJSIOT OJHOBPEMEHHO ONpPEAEIITh KOOp-
JMHATHI OTPaHUYMBAIOLINX PAMOK M KJIacCH(UIMPOBAThH
00beKTHl Ha H300paxeHun. OJHOCTAANIHbIE IETEKTOPHI
paboratoT ObIcTpee ABYXCTAAMHHBIX, U B CHJIY ITOTO
IIpEeUMyIlecTBa ObUT BBIOpAH YKa3aHHBIH ITOJIXOJ JUIS
pelIeHus MPUKIIaHOM 3aauu JeTeKIMN 1 Kiaccuduka-
UM Ae(heKTOB IEeYaTHBIX I1JIaT.

Apxutextypa YOLOVS [11] saBnsercs oqHol U3
MIOCJIEIHNX B CEPUM JETEKTOp OOBEKTOB B pEabHOM
BpemeHn YOLO u oTinnuaeTrcs BBICOKUMH XapaKTepH-
CTHKAaMH B IJIaHE TOYHOCTHU U CKOPOCTH.

Ha0op n300pakeHuii 111 IKCNEPUMEHTOB

Jis mpoBeneHHs JKCIIEPUMEHTOB OBUT BBIOpaH
myOmmuHbIi Habop m3o6paxkenuit DeepPCB [12], conep-
Karmuit n300pakeHns Ae(heKTOB MeIaTHBIM IIaT 6 Kirac-
coB. Habop manubix cogepxut 1 500 map n3obpaskeHuH,
KaX/1ast U3 KOTOPBIX COCTOMT M3 3TAJIOHHOTO M300paske-
HUs 6€3 1e(eKTOB U BEIPOBHEHHOTO TECTHPYEMOTO H30-
OpakeHHUs C aHHOTAIMSIMH, BKITFOYAIOIIMMHA TO3HUIINU 6
HamboJlee pacrpoCTpaHEHHBIX THUIOB Je(EeKTOB IedaT-
HBIX TIJIaT: OOpPBIB, KOPOTKOE 3aMBIKAHHE, BBICTYII, BbI-
PBIB, IIPOKOJ U OCTPOBOK.

Bce mzobpakenns B 5ToM Habope AAHHBIX TIO-
my4deHsl ¢ moMotbio [13C-maTpuibl ¢ THHEHHBIM CKa-
HUPOBaHMEM W pa3pemieHreM OKono 48 mmKcenei
Ha | muumMerp. McxonHblil pa3Mep 3TanoHa U TeCTU-
pyeMoro w300pakeHUsI COCTaBIsieT oOkoio 16kx16k
mKcenel. 3aTeM M300paKeHUsT pa3/IeIeHbl Ha MHOKe-
CTBO moan300paskeHUH pasmepom 640x640 nukceneit u
BBIPaBHEHBI C TOMOIIBIO TEXHUKH COBMEIIECHNS H300pa-
xernit. CocTaBUTENsIMH Habopa peann3oBaHa OWHApH-
3alUu ¢ BBIOpaHHBIM moporoM. [Ipumep m3o0pakeHHs
1 COOTBETCTBYIOIIETO €My ITAaJOHA PUBEICH HA PUCYH-
ke 1.

Jnst mpoBenieHnsT SKCIEPIMEHTOB HAaMH HCTIONb-
30BaH YKa3aHHBIH HA0Op IAHHBIX YK€ C TIPIMEHEHHBIMH
K HeMy TeXHUKaMH ayrMeHTaIu [ 13], KoTopeie BKITIoua-
0T CIIEAYIOIIHE OIepalnu:

— BEPTUKAJIbHBIN U TOPU30HTAIIBHBINA TOBOPOT;

2, 2024
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— noBopoT Ha 90° mo yacoBOH CTpeJKe, MPOTUB
4acOBOM CTPENTKU U BBEPX HOTAMH;

— oOpe3ka M300pakeHus] ¢ MUHUMAIBHBIM Mac-
mrrabuposanuem 0 % 1 MaKCHMaJIbHBIM MacIITabupoBa-
uuem 20 %;

— IOBOPOT MEXTy -15° u +15°;

— caBur: £15° no ropuzonTanu; +15° no BepTH-
KaJIu.

[Tocie ayrmenrarun HaOop paszaeseH Ha 00yJaro-
I1yI0, BAJIMJIAIIMOHHYIO M TECTOBYIO BBIOOPKH, KOTOpBIE

meusabite

i l I l

1T it

BKutodatoT B ceds 3 150, 150 u 300 m3o00pakeHuit co-
OTBETCTBEHHO. J[JIs1 Ka)<oro mu3o0paxkeHus: ecTh (aili
pasmeTku B ¢opmate .txt, KOTOPBI COAEPKUT HH(POP-
Manuio o aedekrax Ha M300pakeHMH (HOMEp Kiacca
U HOPMUPOBAHHBIE KOOPAHMHATHI OrPAHHYHMBAIOLIETO
npsMoyroibHUKa). CiemxyeT 0003HAYHMTh, YTO Ha Of-
HOM HM300pa)KEHHUH MOXKET MPHCYTCTBOBATH HECKOJIBKO
IepeKToB, B TOM YHCJIE pPa3HBIX KiraccoB. JledekTs
B Habope pacnpeneneHbl CIeIYIONUM 00pa3oM (pUCy-

N\
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TR

Pucynoxk 1. IIpumep n300paxeHHs: H COOTBETCTBYIOIIETO eMy dTanoHa n3 Habopa nanHelx DeepPCB
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Pucynok 2. Pactipenenenue nedexroB B HaOope AaHHBIX

OneHka TOYHOCTH JAeTeKINH

JUig OLIeHKHM TOYHOCTH MOJIENTH HCIIOIB30BAHbI
OOIIETIPUHATEIE METPUKH, OCHOBAHHBIE HA 3HAYCHUSIX
BEPHO KJIACCH(UIIMPOBAHHBIX MOJOXKUTEIBHBIX 00BEK-
tax (TP); BepHO KiaccHPUIMPOBAHHBIX OTPHUIIATEIb-
HbIX 00bekTax (TN); oTpuIaTEeNbHBIX MpUMepax, Kiac-
CU(UIIMPOBAHHBIX KaK MOJIOkKHUTENbHbIE 00beKThl (FP);
MOJIOKUTEJIBHBIE MIPUMEPBI, KJIacCH(UIIMPOBAHHBIE KaK
orpunarensibie 00bekThl (FN). Ha ocHoBe yka3aHHBIX
3HAYCHUU CTPOUTCS MaTpuila OmMOOK. Marpwuiia oIu-
00K Juts citydyast OMHApHOM KilacCU(HUKALUK NpUBE/ICHA
Ha pucyHKke 3. B Tabnune 1 npeacTaBieHbl METPUKH IS
OILIEHKH TOYHOCTHU JAETEKINH OOBEKTOB.

JKCNepTHasa oueHkKa

Kateropus i
MonoxurensHas

OTpuuaTensHas
MonoxurensHan TP FP

OueHka cncTeMbl
OTpuuarensHas FN TN

Pucynok 3. Marpuna omu6ok
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2 TP +TN
Jloss npaBHIIBHBIX OTBETOB (Accuracy) couracy = o T TN
Tounocts (Precision) TouHOCTE = ———
TP + FP
INonnota (Recall) 1 __ I
OJIHOTA = TP + FN

O1eHKa NepeKpBITHS NPEICKa3aHHOW OrpaHUYMBAIOIIEH paMKH C HCTUHHON

Ilepeceuenne nan oobeauneHneM (IoU) N N
OrpaHHYMBAIOLICH PAMKOI

Cpennsist TouHOCTH (AP) IInomanps nox xpusoii Precision-Recall
Cpennss cpenHsis To4HOCTh (MAP) Cpennee 3HaueHue AP
mAP50 CpenHss TOUHOCTh, paccunTanHas npu nopore loU, pasaom 0,50
mAP50-95 CpenHsist TOUHOCTb, paccunTanHas npu nopore loU, ot 0,50 o 0,95
ITocTaHOBKA 3KCTIEPUMEHTA Tabauua 2. Hekotopble napamMeTpsl 00ydeHus
YOLOvS8n [14]
Mogenr YOLOVS pasmepom nano, mpeno0y-
yeHHas Ha Habope manHex COCO, Opima 1000ydeHa VI/I Tapamerp 3Hauenme
MPOTECTUPOBAaHA HA OMHMCAHHOM Habope M300pakeHUH. .
O6yuenue BemonHeHO B cpese Google Colab ¢ ncmois- Epochs >0
3oBannemM GPU Tesla T4. Hexoropsie napameTpsi 00y- Batch size 16
YeHMs IIPUBEJIEHBI B Ta0IMLE 2. Image size 640%640
I'padukn oOy4deHUs] TPENCTAaBICHBl HA PUCYH- .
pad Y P pucy Optimizer AdamW
ke 4. Kpusas Tounocts-IlonHOTa, mMonydeHHast B Mpo-
Hecce 00y4eHH s, IPeICTABIEHA HA PUCYHKE 5. Box 7.5
train/box_loss train/cls_loss train/dfl_loss metrics/precision(B) metrics/recall(B)
2.47 —e— results 1.5
2.2 2.5 - ===+ smooth 0.94
1.4
>0 2.0
U9 0.8'
154 1.3
1.6 1514 1.2 0.74
1.44 1.0 4 1.1
1.2 4 0.6
0 20 40 0 20 40 0 20 40 0 20 40 0 20 40
val/box_loss val/cls_loss val/dfl_loss 10 metrics/mAP50(B) metrics/mAP50-95(B)
2,50 175 :
525 ] 1.4
- 150 0.9
2.00 1 131
1.25 0.8
1.75 1.2
1.00 1
1.50 114 0.7
1.25 1 0-731
1.0 0.6+
1.00 4 0501
0 20 40 0 20 40 0 20 40 0 20 40 0 20 40

Pucynoxk 4. I'paduxn oOydenns HeiiporHoit cetn Yolov8n
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Precision-Recall Curve

1.0
—— copper 0.994
mousebite 0.975
—— open 0.980
—— pin-hole 0.992
087 —— short 0.949
—— spur 0.988
= all classes 0.980 MAP@0.5
0.6
(=
2
0
o
£
0.4 1
0.2 1
0.0 T T T
0.0 0.2 0.4 0.6

Recall

Pucynok 5. Kpusas Tounocts-IlonHoTa Ha sTane oOydenus

PesynbraTel TecTHpoBaHWS OOYYEHHOH Mopenn
Ha TECTOBOM Ha0Ope JTaHHBIX MPEICTABICHBI B TaOIH-
e 3. Marpuna omuOOK AJIsi TECTOBOrO Habopa IMpea-
CTaBjeHa Ha pUCYHKe 8. Pe3ynpTaThl 3KCIIEPUMEHTOB
MOKa3bIBAIOT BBICOKYIO TOYHOCTH AETEKIHHU Ie()EeKTOB
nedaTHhIX wiat (Metpuka mAPS5S0 paBHa 0,98 Ha Tecto-

BOM Habope maHHbIX). [lons J0KHO-TIOJIOKUTENBHBIX
OIIMOOK BBIIIE, YEM OIS JIO)KHO-OTPHUIIATEIILHBIX OIIH-
60K. D10 siBiIsIETCSA OOJIEE MPEANOYTHTEILHOM CUTYaIH-
e, T. K. KpuTH4YHee, Kor/ia nedeKTs! Oy IyT MpOIyIICHBI,
HEXXEJM, KOTAa Tuiarta OyJaeT MOABEpPrHyTa IOBTOPHOMY
KOHTPOJTIO.

'&- Ll

Pucynoxk 6. Pazmerka nedekToB Ha H300payKeHUSIX U3 BaJINIALIMOHHOIO Habopa
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opper 0.9
0]
open 0.
5 -
|

Pucynox 7. Haiinennsle nedexTsl (Ki1ace ¥ CTENEeHb YBEPEHHOCTH) Ha N300paKEHHSX, IPEACTABICHHBIX Ha PUCYHKE 6

Predicted
pin-hole
\

mousebite copper

open
'

short

spur
)

background

copper

Confusion Matrix

300

68

250

64

200

- 150

33

- 100

22

=50

mousebite open pin-hole short spur background
True

Pucynok 8. Matpuiia ommOoK AJ1sl TECTOBOTO Habopa JaHHBIX
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Kirace Yperno Ynero MeTpuKH OrpaHUYMBAIOIIETO IPSIMOYTOJIbHUKA
usobpaxenuit | nedexros Precision Recall mAP50 mAP50-95
Bcee nedexrsr 300 1844 0.958 0.957 0.98 0.729
Copper 300 282 0.983 0.986 0.992 0.858
Mousebite 300 371 0.933 0.945 0.977 0.698
Open 300 338 0.906 0.956 0.972 0.654
Pin-hole 300 309 1 0.964 0.995 0.831
Short 300 249 0.953 0.928 0.957 0.628
Spur 300 295 0.975 0.963 0.989 0.705
3akJjrouenue U pellleHa NpUKIIaIHas 3a1a4a. BeiOpan myOmuuHbIi Ha-

ABTOpaMH pacCMOTpPEHBI KIIOYEBBIE (PaKTOPHI U
TCHACHUWU B IMPOCKTUPOBAHUU U IMPOU3BOJCTBEC II€4aT-
HBIX IUTAT, YCIIOBHSI BO3HHKHOBEHHUSI W HEKOTOpBIC Jie-
(hexThI mevaTHBIX MUIaT. B paboTe paccMoTpeHa 3amada
JIeTeKMH 1e(PEKTOB Ha M300paKEHUSX TeYaTHBIX TUIaT

00p M300pakeHNH, coaepKammx Ae(eKTh 6 KITaccoB.
Ha ocHoBe apxutektypsl Yolov8 mpoBeneHo oOyue-
HHE MOZENHU Ha YKa3aHHbBIX M300paKCHUX, BBITOIHEHA
OLICHKa TOYHOCTH Ha TECTOBOM Habope. MeTpuKka Juis
olLleHKU To4HocTU AeTekiun mAP50 pasna 0,98 Ha Te-
CTOBOM Habope TaHHBIX.
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INYUTIN A.V.!, LUKASHEVICH M.M."*?

PCB DEFECT DETECTION BASED ON YOLOv8 ARCHITECTURE

'The United Institute of Informatics Problems of the National Academy of Sciences of Belarus,
’Belarusian State University
Minsk, Republic of Belarus

The paper discusses the key factors and trends in the design and production of printed circuit boards (PCB),
which determine the state of the art of the automatic PCB inspection. To search for and classify defects, it is proposed
to use the method of detecting defects in images based on the YOLO family of object detection models. The model was
trained on a public set of images of PCB with 6 classes of defects, and the accuracy was assessed using generally
accepted metrics. On the test dataset, the average accuracy according to the mAP50 metric is 0.98.

Keywords: defect, printed circuit boards, detection, classification, neural networks
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nHetuTyT npobiiem uapopmaruku HAH Benapycn. Hayunsie uatepecs! — nudposast o6padorka
n300paXCHUH, pacrmo3HaBaHHE OOpa30B B CHCTEMax KOMIIBIOTEPHOTO 3peHusi, 00paboTka
N300paKEHUH JMCTAHIMOHHOTO 30HIMPOBAHUs, 00pabOTKa TEIeMETPUYECKHX JTaHHBIX
B CHCTEMax YIIPaBJICHNS! KOCMHYECKIMH aIIIapaTaMHu.
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Jlykamesuy Mapuna MuxailjloBHA, KaHIUIAT TEXHUYECKUX HAyK, JAOIEHT, JOLCHT Kadeapsl
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Marina Lukashevich, Associate Professor, Associate Professor of the Department of Informa-
tion Management Systems at the Belarusian State University. Her research interests include ma-
chine learning, deep learning, computer vision, data analysis.

CUCTEMHBIA AHAJIN3 U TPUKJIAJTHASI UHOOPMATHUKA 2,2024



MANAGMENT OF TECHNICAL OBJECTS 25

VK 629.7
DOI: 10.21122/2309-4923-2024-2-25-29

BYMAH A.1O.

METO/IbI HOCTPOEHMS TPAEKTOPUI IBUKEHUS BECITUJIOTHBIX
JETATEJIbHBIX ATIITAPATOB ITPU OBJIETE 3AJIAHHBIX OBJIACTEN
ITPOCTPAHCTBA

benopyccruii nayuonanvuwiii mexuuyecKuii yHugepcumem
2. Munck, Pecnyonuxa benapyce

B cmamve nposooumces ananuz paziuuHbix Memooos nocmpoeHus mpaeKmopuil O8UNCeHUs OeCnuionHbIX
nemamenvhuix annapamos (bJIA) npu obreme 3adannvix obracmetl npocmpancmsa. Ilpueooames anarumudeckue
pe3yibmamuvl NPOSEOeHHbIX UCCAC008AHUL 6 BUOe KAYECTNEEHHBIX UIIOCIPAYULl PACCMAMPUBAEMBIX MemO00s,
a makdce NPeONOHCEHHOU MemOOUKU POpMUPOSAnUs OnmumanvHoti mpaexmopuu nponema bJIA e6donb
epanuy  3a0annou  00nACMU  NPOCMPAHCHEA, YUUMbIEAOuell  COOMBENCmEyIouue Npoyeccyl  UsMeHeHUs
YApasusowezo YCKopenus u ckopocmu  0gudicenusi BJIA u noseonawouwen chopmuposams mpebosanus K
cucmeme ynpaenenusi BJIA nma smane npedsapumenvhoco npoekmuposarus. IIpoeooumcsi awmanus memooos
Gopmuposanus mpaexmoputi BJIA na ocrnoge Komopozo coenan 661600 0 pabOMoOCNoOCoOHOCIU NPeOSIOHCEHHOU
Memoouxu Onst hopmuposanusi onmumanviou mpaekmopuu bBJIA npu obaeme 3a0annotl odoracmu nPOCMpancmed
U yenecooopasHocme ee OalbHelue20 UCHOIb308ANUSA 8 KAUecmaee 0CHO8bL OISl NePBOHAUAILHO20 IINANA CUHmMe3d
cucmemwl ynpaenenus bJIA.

Kniouegwie cnosa: nocmpoenue mpaexmopuu, 3a0anHas 001acmv, 6eCNULOMHbIIL 1eMamelbHblil annapam,
ONMUMATLHAS, MPAEKINOPUSL, MATNEMAMUYECKOE MOOETUPOBAHUE

BBenenne OTHOLICHUH OKCIUTyaTallMOHHBIX MapiipyToB BJIA
C COOTBETCTBYIOUIMMM OTrPaHMYCHHUAMH, a TaKxKe
3aja4yaMu, BbINOJHseMbIMA BJIA, paspaboranHHbIX C
y4eToM JIeHCTBYIOIIMX B TOCYJapCTBE HOPMATHBHO
MpaBOBBIX  JOKyMeHTOB  [2].  CooTBeTcTByIOLIHE
TpeOOBaHUs IOJUICKAT BBINOJHEHUIO Pa3pabOTYNKOM
BJIA 1 10omKHBI yYUTHIBATH THII JIETATEILHOTO anmnapara,
CJIOKHOCTh YCT@HOBJIGHHOTO Ha 0OpTy 000pyI0BaHMS,
XapaKTepUCTUKH CPEACTB oOOecledeHus 3axoja Ha
MOCaJKy, 000PYAOBaHUs B3JIETHO-TIOCAJOYHOMN TOJIOCHI,
a TaKke — KBanudukaiuio onepatopos bJIA [2].
Meroasl M moaxoabl K - (pOpMHPOBAHHIO
TPACKTOPUU  PaA3JIUYAOTCS B 3aBUCHUMOCTH  OT

Opnoit w3 3amad mpH  pa3paboTKe CHCTEM
yopaBieHuss  (CY)  OeCHMIIOTHBIX — JIETATSIBHBIX
armapatoB (BJIA) Ha epBOHAYaTFHOM JTame SBISCTCS
CO3[JaHME alNrOPUTMOB (HOPMHPOBAHNE TPACKTOPHU
nosiera BJIA, koTopas [o/KHA MPOXOJUTH Yepe3
3aJaHHBIE TOYKM TNPOCTpaHCTBA. BBHAy TOro dTO
BJIA umeer orpaHuueHHBI paauyc ACHCTBUS, BpeMs,
3aTpauMBacMO€ Ha  BBIIOJHEHWE  ITOCTaBJICHHOU
3aaud, JOJDKHO OBITh CBENEHO K MHHUMYMY [1].
PaznooOpasHble 3agaud, pemaeMble COBPEMEHHBIMH
BJIA, oOecrieunBaroTcsi BBINOJIHEHHEM TIOJIETa IO

3aJaHHOH TPAeKTOPHH C COOIIOJICHUEM PEXNMa II0JIeTa
BO BpeMeHU M mpoxoxxaeHueMm BJIA uepe3 3amaHHble
TOUKH IpOocTpaHCTBa, npu 3ToM BJIA nomkeH uMeTh
BO3MOXKHOCTh HPHOIMKATHCS K MECTY BBINOJIHEHHS
3ala4yd C ONpEeJeNeHHbIX HamnpaBieHuil. OpHol U3
BCIIOMOTATEIbHBIX 3a/1a4 IIPU CJICJOBAHUHY 110 3aJJaHHON
TPAaeKTOPUHU SABISIETCS HEIOMYCTHMOCTh  ITOTIATaHUS
BJIA B 3amaHHBIe 007acTH MPOCTPAHCTBA, KOTOPEIC
MOTYT TPEACTAaBIATE COOOW 30HBI, 3alpeIlCHHBIC
JUId  TIOJIETOB WiM  mperstcTBus.  CrienoBaTenbHO,
OTpaHWYCHUS, HAJOKEHHbIE HA TPAECKTOPHIO II0JIECTA
BJIA, Bcerma OyoyT OCHOBHBIMH (aKTOpaMu B
moboM anroputme GopmupoBaHus Tpaekropuu BJIA.
ANTOPUTMBI U METOIUKH (OPMUPOBAHUS TPACKTOPHH
JIOJDKHBI OBITH peanmu3yeMbl Ha 6opTy BJIA u paborath
B pPEXUME peaJbHOrO BpeMeHu, no3Boisis BJIA mpu
HEOOXOANMOCTH TEpeIUIaHNPOBaTh CBOIO TPAEKTOPHIO
6e3 CyIecTBEeHHOH 3aepKKHU 110 BPEMEHH.
CymecTBYIOT OINpe/eNieHHbIe TOCYIapCTBEHHBIE
CTaHAApTBl M  pEKOMEHJIyeMmas  IpaKThKa, B

obnactu npumenenus bJIA. B Hacrosiiee Bpems B
HCCIIeI0BATENBCKON JIUTEpaType JOCTYITHO MHOXKECTBO
T10/IX0/I0B K PEIICHHUIO 3a/1a4 )OPMUPOBAHHS TPACKTOPHIA
BJIA mpu obnere 3amaHHBIX 00JacTeil MPOCTPaHCTBA
)41 Ka)KZlblﬁ noaxoa HuUMeEeeT CBOM JOCTOMHCTBA U
Henoctatku. COBpeMEHHbIE aITOPUTMbI POPMHUPOBAHHS
onTUManbHON Tpaekrtopuu mnoneta BJIA mpu obiere
3aJaHHbIX 00JacTeld IMPOCTPAHCTBA MPEACTABISIOT
HHTEpeC B KayecTBE IIpeaMeTa MCCIEeOBAHUSA JUIS
crienuanucTos, paspadatsiBatoiux CY BJIA B cBs3u
¢ poctoM cthep nmpumeHenuss BJIA u koauMuecTBOM U
CJIO’KHOCTBIO 3371a4, KOTOPBIE OHU CIIOCOOHBI PEIIaTh.

MeTtoanbl popmupoBanus Tpaekropuii BJIA
npu odJieTe 3aJJaHHbIX 00JI1acTel MPOCTPAHCTBA

BonbIIMHCTBO ~ COBPEMEHHBIX  METOAOB U
MOJAX0J0B K (OPMHUPOBAHUIO TPACKTOPHUH MOXKHO
NpEeJCTaBUTh B BHJE YNPOLICHHOM CXEMBI, TJe
BXOJIHBIMH JIaHHBIMHU JUII (DOPMHPOBAHMSI TPACKTOPHH
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SBISIFOTCSL ITyTEBBIE TOYKH, a TaKkKe IOJOKEHHE H
pasMep 3aJaHHBIX oOjactei mpocrpaHcTBa. [lpu
co3naHuM TpaekTopuu onepatopom bJIA 3aparorcs
MyTEeBBIE TOYKH, KOTOPBIE 3aTE€M COCAMHSIOTCS JTHHUS-
MH, KOTOpble, B CBOIO O4Yepelb, COCIMHSIOTCI C
HayaJlbHOM M KOHEYHOH To4YKaMH M (OPMHUPYIOT
OJHYy WJIM HECKOJBKO TPAeKTOPHHA Uil  JITaHHOU
KapThl M3BECTHBIX MECTOIOJI0KEHHUH, YUYHTHIBAIOIINX
pacrionio)xeHue 00O3HA4YEHHBIX O0OJacTedl, KOTOpbIe
MOTYT OBITh MECTaMM JUIsl ITOCEIICHMS WM MECTaMH,
KOTOpBIX clieayeT u30eraTh (MpEersiTCTBUM, 3alpeTHBIX
30H W yrpo3). OJHaKko 3TO HE €JAWHCTBEHHBIH CIIOCO0
co3zaHus Tpaekropuu [2, 3].

Cpenu  pasiuuHBIX METO/0B  (hopMHpOBaHMS
TPAaeKTOPUH, IO3BOJSIIOIIMX  oOJleTaTh  3ajJaHHbIC
00JIaCTH NPOCTPAHCTBA CJIEIYET BBIACIUTH HECKOJIBKO
HanOosiee WM3BECTHBIX M PACIPOCTPAHEHHBIX METOJIOB
(hopMHpOBaHUS TPACKTOPUH, OCHOBAHHBIX Ha pa3In-
HBIX KpuTepusx [3].

Memoo OJuaepammvl Boponoco — 310 Meron
(hopMHpOBaHUS TPACKTOPHUH. IPEACTABISIONNA coOON
(¢opmupoBaHue CBA3aHHOTO rpada, MPOXOISIIEro
yepe3 BEPIIMHBI IOJMIOHOB («3a00pOB») BOKPYT
3agaHHBIX oOnactell mpocrpaHcTBa. Kaxmoe pebpo
MIOJIUTOHOB OTIPEJIENISICTCsl ITyTeM IOCTPOSHHs Habopa
JVHUHM, COCOUHSIOMINX LEHTPHl 3aJaHHBIX O0JacTel
MpOCTpaHCcTBa. MHOXECTBO MHOTOYTOJIBHBIX ITOJIMTOHOB
(«3a00poB») CTpPOHMTCS IyTEeM pHCOBaHHMS Habopa
JVHUHM, TEpHeHAMKYISPHBIX JIMHUSM, COCIMHSIOIINM
LEHTpPBl 3aJlaHHBIX O0JIaCTeH NPOCTpaHCTBA, a Jajee
OHHU KOPPEKTHUPYIOTCS TaK, YTOObI KOJIMYECTBO BEPILIMH
O6buto MuHMMaNbHBIM. [Ipumep nuarpammer Boponoro
nokasaH Ha pucyHke 1 [3, c. 15].
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Pucynok 1. Metoxa nuarpamsl Boponoro
[TonyueHnuble IMOJIUTOHAJIBHBIE «3a00pBD»

MO’KHO paccMaTpHBaTh Kak CBI3HBIN rpad. s moncka
MapIIpyTa, COEAMHSIONIETO HAYaIbHYI0O M KOHEYHYIO
BepIIMHBI Tpada CcIeqyeT HCIOJIb30BaTh W3BECTHBIC
anropuT™Mbel Toncka B rpade. marpamma Bopomnoro
UCTIONB3YeTCAd Al  CO3JaHMsl TPAGKTOPHM  II0JIETa
BJIA myrem pno00aBneHHWs CKPYTJCHHWH B BEpIIMHAX.
OnHAaKO 3TOT METOJ CBSA3aH CO CIO0KHOCTBIO PEIICHMS
OOBIKHOBEHHBIX U GEPEHINATBHBIX YPaBHEHUH W

C OrpaHMYCHHUSIMHU KPHBH3HBL. B HEKOTOpPBHIX Cllydasx
paccMaTtpuBaeTCst Crocod, Tae TpaeKTopus BopoHoro
WHTEPIOIUPYETCS CepHeld KyOWYEeCKHX CILIAiHOB,
MIPUCBanBasi KaXKOMy MECTOIOJIOKCHHIO TMPEIISATCTBHS
cTOUMOCTH [3, c. 15].

Memoo knemounoil 0eKOMnoO3uyun — 3TO METOJT
(hopMHUpOBaHUs TPACKTOPUH, OCHOBAHHBIN HAa TOM, YTO
3aJaHHas OO0JIACTh JCNUTCS Ha HEIepeCceKaroNecs
SIYCHKH. 3areM TCHEePHUPYIOTCS BO3MOJKHBIE
TPACKTOPUHU, KOTOPBIC MPOXOISIT Yepe3 COCCIHUC
CBOOOIHBIC STYCHKH, HE 3aHATHIC MPCISTCTBUSIMH.
[IpenaTcTBust U3OTUPYIOTCS ITyTEM HAXOXKICHUS CBS3H
MEXIy CBOOOTHBIMH sueiikamu. Takum oOpaszom,
co3laeTcs TUCKpETHas BEpCHs 3alaHHON o0JiacTH ¢
BO3MOKHOCTBIO HCIIOJIb30BaTh HM3BECTHBIC AITOPHTMBI
MTOKMCKA ISl COCAUHCHHS COCEIHUX CBOOOIHBIX SYCCK.
MeToa KICTOYHOH [IEKOMITO3UIIMH HUCIIONB3YEeTCS IS
co3nanus Tpaekropuu monera BJIA myrem moGaBneHHs
CKPYTJICHHH B BEpIIMHAX. B HEKOTOPBIX CIIydasx
paccMatpuBaeTcst  crmocod, rae  copMHpOBaHHAs
TPACKTOpUsI HWHTEPIIOIAPYETCS Cepuell KyOM4ecKux
CIUIAf{HOB, TMPHCBaWBas KaXXIOMYy MECTOIOJIOKCHUIO
MIPETIATCTBHUS CTOUMOCTb.

Ha pucynke 2 mnoka3aHa cxema Ipolecca
(dbopMHUpOBaHUS TPACKTOPHHA METOJIOM  KJICTOYHOM
JICKOMITO3HIIHH. 3amTpuXOBaHHEIC SIYCHKU
HCKJTFOYAIOTCS, TIOCKOJIBKY OHH 3aHSTHI MPETSTCTBUSIMU
(cepsie obmactn) [3, ¢ 17].

L=l ¢

Pucynok 2. MeToj KJIETOYHOH JIeKOMIO3UIIUN

Memoo /labunca — 310 MeTox (HOPMHUPOBAHUS
TPAaeKTOPHUHU, TPH KOTOPOM KpaTdaiiuash BO3MOKHAs
TpaekTopusi (opMHpyeTCsl IyTeM 3aMEHBl YacTed
OTpPE3KOB, MpPWIEraloluX K YIJIy JOMaHOH, Iyroi
OKPYKHOCTH, KOTOpas COOTBETCTBYET MaKCHMaJbHON
KPHBHU3HE MEXKAY ABYMs TOUKAaMH C OIPE/EICHHON
OpHEHTAaIlel Ha IUIOCKOCTH M SIBJIAETCA JHOO IyTeM
CLC (curve-line-curve), 6o mytem CCC (curve-curve-
curve), 100 UX MOAMHOXKeCTBOM, rae C mpeacTaBisieT
coboii OKkpyrmyo Ayry, a L mpeacraBiser mpsAMyIo,
kacatenpHyto K C. OnmcanHBI MeTo]] (hOPMUPOBAHUS
TPAaeKTOPUH TO3BOISIET C(HOPMHUPOBATH TPAEKTOPHIO
CLC, o0pa3oBaHHYIO IIyT€M COCIWHEHHS JBYX MAyT
OKPYHOCTH KacaTeIbHOW K HUM JIMHUEH, U TPAEKTOPHUIO
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CCC o0OpazoBaHHYIO TpeMsl IOCIICIOBATCIHHBIMH
JIyraMH OKpY>KHOCTH, KacaTeJbHBIMH JAPYr K JpYTY.
IToagmuoxkecTBamu 3TuX TpaekTopuil ssistores CL, LC
n CC tpaekropuu. Ha pucynke 3 nokazaHbl TpaeKTOPUHU
CLCu CCC [3,c. 31].

C C C

Pucynok 3. CLC u CCC Bun tpackropuii labunca

Tpaextopus [labuHca nMeeT MPOCTYIO TEOMETPHUIO
U, CJIENOBATEJIBHO, €€ MOXHO JIEKO peaau30BaTh
Ha Oopty bBJIA. OpHako UW3MEHEHHS KPUBU3HBI
TPAGKTOPUU HOCAT TIPEPHIBUCTHIA XapakTep, KOTraa
TPACKTOpUSl MEHSETCAd C AYrM Ha IPSIMOJUHEHHBIN
CerMEHT M HAo0OpOT. DTOT pa3pblB MOXKET OKazaThCs
TPYAHBIM Ui 1IeJIe NPaKTUYECKOW peau3alui,
nockonbky BJIA momxeH OynmeT cieaoBaTh MO TaKoOi
TPAaeKTOPUU U OH HE CMOYKET MIHOBCHHO H3MEHUTH
CBOC TOBEJICHHWE TIPH MEPECCUCHUHM T'PAaHHIBI CErMEH-
Ta [3, c. 31].

Memoo xkromouonoi mpaexmopuu — 3TO METOJ
(hOopMHPOBAHUST TPACKTOPUH, 3aKIOYAIOIIUICS B TOM,
4T0 1pu (OPMUPOBAHUHM TPACKTOPUH €€ KpPUBH3HA
Ha 33/JIaHHBIX OTPE3KaX M3MEHSETCA JIMHEWHO 10 BCel
JUIMHE 3aJlaHHOTO oTpe3ka (kmorouasl) [3,c.47].
[Tpodmib KpUBHU3HBI TAKOH TPAGKTOPHU B CpPaBHEHHU
¢ Tpaekropueii JlabuHca nokaszaH Ha pucyHKe 4.

[«
r
.
.
¢ - - - KJIIOTOIIHAS TPAeKTOPUI
— JjalHHCa TpaeKTopus

Pucynoxk 4. IIpoduie xpuBn3Hb [labuHCa M KIIOTOUIHOM
TPAaeKTOPHU

B ornnume ot tpaektopuu Jlabunca, rae kpu-
BU3HA Ha OTJEJIbHBIX y4acTKaX TPACeKTOPUH ITOCTOSHHA,
B KJIOTOMJHOM TpPAeKTOPHUH KPHUBU3HA W3MEHSETCS
JUHEHHO TO UIMHE JIYI'W OT HyJsl Ha TpaHULax Jo
MakcUMyMa B cepelauHe ayru. JIuHeiiHoe n3MeHeHHe
KPMBH3HBl B 3aBHCUMOCTH OT JUIMHBI KJIOTOHJIBI
obecrieunBaeT IJIaBHBINA IEPEX0/ K OTPE3Ky C HyJIeBOU
KpPUBHU3HOW M 00OparHO. MeroJ] co3JaHusi COCTaBHOU
KJIOTOMJIHOH TpPAaeKTOPUM aAHAJOIMYEH TPAeKTOPHU
Jabwunca [3, c. 31].

B pabGore [4] mpemmoxkeH meron (QopMupoBa-
HUSI TPACKTOPUH OECITMIIOTHOTO JIETATEIBHOTO armapaTa
mpu oOiere 3ampeTHON 30HBI — KaK METOJ CHHTE3a
ONITUMAJIFHOTO YCKOPEHHS IIEHTpa Macc OeCIMIOTHO-
TO JIETAaTEJILHOTO arnmapara mpu o0JIETe UM 3ampeTHBIX
30H, YYWTHIBAIOIINHA OTPaHWYCHUs, HAJO)KCHHBIC Ha
TPAEKTOPHUIO TIOJIETA U TMHAMHUYECKHE XapaKTCPHCTHKH
BJIA, nmnozBomsitolMi  MHUHMMM3ALMIO  3aTpaT Ha
ynpasinenue BJIA [4, 5, 9]. B xadectBe 3ampeTHOU
obnactu B pabore [4] paccMaTpuBaeTcst 3arpeTHas 30Ha
Ne 181 MuHCKOro HalMOHAIBHOTO a’pornopra «MHUHCK
2» [10].

B pabGote [5] Ha OCHOBE HW3BECTHBIX PE3yJbTa-
TOB aHAJIUTHYECKOTO PEIICHHUS MONOOHBIX 3amad [11]
MOJTY4YEHO BBIPAKCHHE Ui OOKOBOTO  YCKOPEHHS
B TOPW3OHTAIBHOM IUIOCKOCTH, O0OECIIEUNBAIONIETO
noner BJIA  mo  onTuUManmbHOW — TPaeKTOpUHU.
[pemnoxxenusiit B pabore [5] MeTOn OCHOBaH
Ha MHHUMH3aIMK (QYHKIMOHATAa KadecTBa (3a1ada
Bornb1ia), TepMHHAIBHBIE YJIEHBI KOTOPOTO BKIIOYAIOT
MUHHUMYM Tnpomaxa bBJIA  npu mponere uepes
3aJaHHYI0 k-0 TOYKY TIPOCTPAaHCTBA M MHUHHMYM
OTKIIOHEHHUsI BekTopa ckopoctu BJIA ot 3amaHHOrO
3HAQUeHWs B MOMEHT TIpOJieTa dYepe3 OTy TOUKY.
3agaHne HampaBiICHUS BEKTOPAa CKOPOCTH B MOMEHT
mpoxoxaerus bBJIA depes 3amaHHYI0 k-F0 TOUKY
3aJ[aeTcs KaK HarpaBjIeHHE Ha CIEAYIONIYIO 3aJaHHYIO
k+1 Touxky mpoctpancTBa. MHTEerpanbpHOE craraemoe
MHUHAMH3HPYEMOTo  (yHKIMOHana  (KBaJpaTHIHbBIA
¢yakmmonan JleroBa—Kanmana) mpencraBnsieTr coOoif
MHUHHMU3ALMI0  yOpasisitolero  yckopeuus — BJIA
KOTOpOE XapaKTepu3yeT 3aTpaThl Ha yINpaBJICHHUE.
Jnst Bcex cilaraeMbIX MHHHMH3HPYIOIIETO (YHKIHO-
Halla Ha3HA4YaloTCsl HOPMHUPOBOYHBIC KOA((UIMEHTSHI,
3HAQUEHHWS KOTOPBIX  ONPEICISIIOTCS  MaKCHMalbHO
JIOIYCTUMBIMH  3HAQUEHHSAMH TIEPEMEHHBIX BXOSIINX
B (D)YHKIIOHAJ KauecTBa.

B pabore [4] myreM MaTeMaTHYECKOTO
MOJICTIMPOBAHMSL ITIPOBEICHO HCCIeIOBaHNE (OPMHU-
pOBaHMS TPAEGKTOPUM TIojJeTa OECHHMIOTHOrO JieTa-
TEJFHOTO amnmapara Opu o0neTe 3ampeTHON 30HBI.
Ha pucynke 5 npencrasiena tpaekropus nonera BJIA ¢
TOYKaMH Yepe3 KOTOpbIe AOKEH nposiereTh bJIA.
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Pucynoxk 5. Tpaekropust BJIA npu obnere 3anpeTHON 30HBI
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KoopauHaTtel TOYek 3a4alOTCs C  Y4ETOM
0e30IacHOrO  pacCTOSHUS 70 3apPETHOH  30HBI
(MuHCKOT0 HalMOHAIIBLHOTO a’poropTa «MHUHCK 2»).

3akjoueHue

[TpoBeneHHbIl aHANN3 METOJIOB (HOPMHUPOBaA-
HUSI TPACKTOPUH TIPH 00JIeTe 33JaHHBIX 00JacTei mpo-
CTpaHCTBA IOKAa3aJl, YTO NPUBEJCHHBIC TPAAUIOHHbIE

10 33/IaHHOM TPAECKTOPHM TNpH 00JeTe 3aJaHHBIX 00-
JacTed MPOCTPAHCTBA U HAJOXKEHHBbIE IPU dTOM Orpa-
HudeHus. Ha oOcCHOBe MNpHUBENEHHOIO HCCIEA0BaHUS
c/ienaH BBIBOJI O HEOOXOIMMOCTH ydeTa JMHAMHUYECKHE
xapakrepuctuku BJIA npu dopmupoBaHuM TpaexTo-
pum obuieta 3ajaHHOM oOiacTu mpocTpaHcTBa. Js pe-
LIEHUs] TIOCTABJICHHBIX 337ad I1eJ1ecoo0pa3Ho IpHMe-
HSTH METOJbl U aJITOPUTMBI (POPMHUPOBAHUS TPACKTO-
pyM OECHMIIOTHBIX JICTATENIBHBIX ariapaToB IpH o0eTe

METOABl HE YYMTHIBAIOT JuHaMuky mnonera bJIA  sanpernsix 3o0m [4].
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BUMAIA.Y.

METHODS FOR FORMATION TRAJECTORIES OF MOTION OF UNMANNED
AIRCRAFT VEHICLES WHEN FLYING AROUND SPECIFIED AREAS OF SPACE

Belarusian National Technical University
Minsk, Republic of Belarus

The article analyzes various methods for constructing motion trajectories of unmanned aerial vehicles (UAVs)
when flying over specified areas of space. The analytical results of the studies are presented in the form of qualitative
illustrations of the methods under consideration, as well as the proposed methodology for forming an optimal UAV
flight trajectory along the boundaries of a given area of space, taking into account the corresponding processes of
changing the control acceleration and speed of the UAV and allowing the formation of requirements for the UAV
control system at the preliminary development stage. An analysis of methods for forming UAV trajectories is carried
out, on the basis of which a conclusion is made about the operability of the proposed methodology for forming the
optimal UAV trajectory when flying over a given area of space and the feasibility of its further use as the basis for the
initial stage of synthesis of the UAV control system.

Keywords: trajectory formation, specified area, unmanned aerial vehicle, optimal trajectory, mathematical
modeling
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OIITUKO-2JIEKTPOHHASA KOPPEJIAIIMOHHO-OKCTPEMAJIBHA A
HABUTAIIMOHHASA CUCTEMA MAJIOI'O BECITMJIOTHOTI'O JIETATEJIBHOT'O
AIIITAPATA

Yupeowcoenue obpazosanus «Boennasa akademusa Pecnybauxu benapyco,
2. Munck, Pecnyboauxa Benapyco

Paspabomana  onmuxo-snekmpoHHas — KOPPeNAYUOHHO-IKCIMPEMATbHAA — HABUSAYUOHHAS — CUCTHEMA
becnunomnozo nemamenvro2o annapama. llpednaeaemas HagUeAYUOHHAA CUCEMA OMIUYACTNCA NPUMeEHeHUeM
Mano2abapumnelx U OOCMYNHLIX NO YeHe YUuppoeol Kamepvl U GbIMUCIUMEINs, YMO KPUMUUHO O MACCO80
NPUMEHACMBIX  MAIbIX  OECNUIOMHBIX  JIeMAMENbHbIX  ANnapamos 60eHHo20 HasHayenus. Paspabomannoe
aneopummuueckoe obecneuenue cucmemvl OMAUIAemcs NPUMEHEHUeM aneOPUMMO8 PEKOHCMPYKYUU MPeXMepHOLlL
yugdposou mooenu MecmHOCIU NO ONMUYECKUM YUDPOBbiM u300pasxceHusm om OO0pmMosou yu@dposou Kamepsi
0ecnunIomHo2o 1emamenvHo20 Annapama, d maxxice NpUMeHeHuem ai20pummos KOppersiyuoHHoU 00pabomxi
MeKYWUx U IMALIOHHBIX YUPDPOBLIX MoOenell MeCmHOCHU, Ymo obecneuugaenm 603MONCHOCHL MOYHOI
aA8MOHOMHOU 6030VUIHOU HasUeayuu no 6u006ol ungopmayuu. ObocHosansvl mpebosanus K napamempam noiemd
Manozo OecnuiomHo2o JIemamenbHo20 annapama ¢ OnMuKO-91eKmpOHHOU KOPPETAYUOHHO-IKCIMPEMANbHOL
Hasueayuornol  cucmemoil. OBOOCHOBAHO 3HAUEHUE NepPuood KOppeKyuu 6opmogol  6ecnaam@popmeHHoll
UHEPYUATLHOU  HABUSAYUOHHOU CUCHEMbl NO OAHHLIM Npeodnazaemoll ONMUKO-31eKMPOHHOU KOPPEeAYUOHHO-
IKCMPEMANLHOU  HABULAYUOHHOU  cucmembl.  [Ipedcmasnenvl  pe3yiomamuvl — UCCIEO08AHULL  MOYHOCHIU
paspabomantoll ONMUKO-31eKMPOHHOU  KOPPETAYUOHHO-IKCTNPEMATLHOU  HABUSAYUOHHOU CUCTNEMbl 8 3a8UCU-
MOCIU OM NAPAMEMPO8 CbeMKU U KA4ecmed dIMAIOHHbIX MOOeel.

Kniouegwie cnosa: cucmema mexHuuecko2o 3peHust, ONMUKO-3IeKMPOHHAS KOPPEIAYUOHHO-IKCIPEMATbHAS
HABUSAYUOHHASL CUCTNEMA, MPEXMEPHAsL MOOeb MECITHOCU, (POMOSpamMmempus.

BBenenue «Tomahawk», TERPROM (Terrain Profile Matching)

KP «Storm Shadow») npenmonaraioT Hajiuuue Ha 6OpTy

Anurensroe u - TOYHOC ONPEACTCHNE  yocyrens mOporux W TaGapUTHBIA CHCTEM aAKTHBHOM
HaBHTALMOHHBIX ~[1APAMETPOB  BOSAYWIHBIX  GOEBBIX  orryyeckoii nokamuw  (TWAap) WM PaHOTOKAIIHH
pobotos  (BBP), Kk  KOTOpBIM  MOXHO ~OTHECTH (GoproBast pagMOJIOKALMOHHAS CTAHIIS) [T IOTYUeHHs
Oecriunorupie  neratenbhpie  anmapatel  (BJIA) M ysoGpakennii mogcTrnaromeit mectroctn. Kpome Toro,

kpoutateie pakersl (KP), 1mo HenaBHero BpeMmeHH
ObUIO HEBO3MOXHBIM 0€3 HCIIOJIb30BaHHsI CHUTHAJIOB
CIYTHUKOBBIX paanoHaBurannoHHeix cucrem (CPHC).
OpHako B HacTodllee BpeMs, KaK MOKa3bIBAET aHAIIN3
COBPEMECHHBIX  BOCHHBIX  KOH(UIMKTOB,  CpEJICTBa
PaarodIIEKTPOHHOM OOPHOBI MO3BOJISIIOT TOAABIATH H
noAMeHsTh Takue curHaiusl [1]. [loaTomy axTyanbHOM
CTaHOBUTCS 3ajada pa3pabOTKH CHUCTEM aBTOHOMHOMU

60pTOBI:-Ie CHUCTEMBI aKTHUBHON JIOKAIIM CHHMXKAKT
ckpeITHOCT KP, uTO yBenmumBaeT BO3MOXKHOCTH
MIPOTHBHMKA TI0 MPOTUBOCHCTBUIO. CyIIECTBYIOT TaKXkKe
KOHC Ha ocHOBe cHCTEM MMAacCHBHON ONTHYECKOMH
mokanmu (DSMAC (Digital Scene Matching Area
Correlator) KP «Tomahawk»), IBN (Image Based
Navigation) KP «Taurusy, KOHC BJIA ZALA 421-
16E5G). Opmnako 37ech cleayeT OTMETHUTh, YTO

Bo3ymHoi HaBuranuu (ABH), He TpeOyrommx s
oOecrieueHHs] JABMKEHHMS M0 33JaHHOMY MapuipyTy
curHanoB CPHC. Uro kacaeTcst IITaTHBIX aBTOHOMHBIX
OecruiaTOpMEHHBIX HWHEPIMAIBHBIX HABUTAlMOHHBIX
cucrem (BMHC) Ha MHKpO3JIEKTPOMEXaHHYECKUX
Monynmsix  (MOMC) [2]  (0a30BBIX  DJICMCHTOB
HaBurauuoHHbIX KomiuiekcoB (HK) mameix BJIA), TO
oHH 0e€3 IMepHOIUYeCKOil Koppekimu [3] ¢ TedeHUueM
BPEMEHH JJOCTaTOYHO OBICTPO HAKAIUIMBAIOT OLIMOKY
CUMCIeHUus KoopauHarT [4]. B Takux ycnoBuUsX
anerepHatuBoii CPHC wMoryT craTb aBTOHOMHBIE
KOPPEISLIHOHHO-9KCTPEMAIIbHBIC HaBHUTallMOHHbIC
cucremel (KOHC) [5]. Omrako, W3BECTHBIC OOpa3IIbI
KOHC (TERCOM (Terrain Contour Matching) KP

00paboTKa LBETHBIX TNIOCKUX HU(PPOBBIX N300paKEHUI
(IIN) ¢ wncnonp30BaHMEM TEXHOJIOTMH MAIIMHHOTO
3peHHsT W PACMO3HABAHHME HA3EMHBIX OOBEKTOB C
HCIOJH30BaHUEM TEXHOJIOTHI1 HCKYCCTBEHHOTO
HHTeIUIeKTa TpebyeT Hannuus Ha 60opTy BEP noctarouno
JIOPOTOTO  BBICOKOIIPOM3BOAUTENBFHOIO  MpoIleccopa,
YTO HE BCETJa ABIAETCA Ienecoo0pa3HbIM. Tak, Manble
BJIA-xamMuKkam3e HE MOTYT HECTH TDKETyI0 OOeBYIO
4acTh U HE B COCTOSHHM YHHUYTOXAaTh CTPATErMYECKH
BaXKHBIC, JIOpOTHE OOBEKTHI TPOTHUBHHUKA, Jaxe
JecTBys B coctaBe rpymmbl. ClieoBaTeNbHO, BCTaeT
BOIIPOC O COOTBETCTBHMHU IIEHBI MAaCCOBO NPHMEHAEMBIX

CUCTEMHBIN AHAJIU3 U ITIPUKJIATHAS HHOOPMATUKA

u 0e3Bo3BpaTHO pacxoayembix bBJIA, croumoctu,
MmopakaéMOW UMM,  OTHOCHUTECJIILHO  HEIOPOTOi
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TAaKTUYECKOW TMeNu. DKOHOMHYECKas —Iesecoodpas-
HOCTh BO3HUKAeT MPHU KPATHOM COOTHOILIEHHWU 3Haue-
HUA JTUX TapaMeTpoB B TII0JIb3y OOBEKTa aTaKH.
W3zBecTHO, uTO HOBBIE MOaM(puKannu cucteM DSMAC
UCTIONB3YIOT B KAUECTBE ITAIOHHBIX HE W300paKeHMs
MECTHOCTH, a IHU(QPOBBIE  MOJAENH  MECTHOCTH
(IMM). [leno B TOM, YTO B HACTOSIICEC BpeMs HICT
MacmrTabHas onu(ppoBKa TEPPUTOPUH Uil  Ielel
cozmanusi reonHdopmanmoH-ueix cucrem (I'MC). Dta
netanbHas WHQOpManus MOXKET OBITh HCIIOJIb30BaHA
B KayecTBE CYIIECTBEHHOTO HH(OPMAIIOHHOTO pecy-
pca ms obecrieuenust ABH. [osiBisieTcst BO3MOXHOCTB
3HauurensHoro  ympomenus HK  mamsix  BJIA
B CBSI3M C TE€M, YTO OHHU OYIyT SIBJIATHCS BCETO JIMIIb
MOTPEOUTEISIMU  3apaHee MOATOTOBICHHOH JeTaIbHON
nH(opmannm, BEIpaboTaHHO! ropa3to 0oJee CII0KHBIMA
o0ecIeunBarOIMMHU TEXHUYECKHUMU CHUCTEMaMH.
B koHTekcte pemaemoi 3amaum pasz-padbotkn KOHC
s Manbix BJIA, mpemmaraetcs oOpaTUTh BHUMAaHHE
Ha TpexMepHele I[IMM. MHcnonp3oBaHue TpeThEro
U3MEPEHUs] MO3BOJUT YBEIMUYUTh TOYHOCTH IO3UIU-
OHMpPOBAaHUS 3a CYET YyBeNIW4eHHs oObema obOpa-
0aThIBaeMBIX JIAaHHBIX, YaCTHYHOTO PEUICHUs MpodiIeM
TEHeH M CciIy4yailHOM AMHAMMKM JOuamna3oHa SPKOCTeH
M1 B Bungeonortoke [6]. CoBpeMeHHBIE TEXHOJOTUU
MO3BOJSIOT HPOM3BOJUTE TPEXMEPHYK) PEKOHCTPYK-
LU0 Y4YacCTKOB MECTHOCTH MO MOCIEA0BaTEIbHOCTH
ee rockux LU dororpam-merpudeckum metronom [7].
[Tprdem He o0s3aTeNbHO 0OECTIEUNBATH CBEPXBBICOKYIO
TOYHOCTh  cocTaBieHHss  TpexmepHod [MM u
pE3yIbTATOB €€ PEKOHCTPYKIMU. Tak, B COBPEMEHHBIX
HAayYYHBIX MyOJHMKaIUsIX ITOKa3aHo, YTO JUIS ATUX Ielel

JIOCTaTOYCH BTOPOil ypoBeHb neramm3anuu LoD2 (Level
of Detail) [8].

ITocTanoBka 3agaun

Tpebyetcss pa3paboTaTh ONTHKO-3JIEKTPOHHYIO
(0O3) KODHC wanoro BJIA BOoeHHOro Ha3HAYCHHS
Ha OCHOBE cHcTeMBl TexHmdeckoro 3peHus (CT3),
WCHOJNB3YIOUIYI0 B KAadyeCTBE 3TAJOHOB TpPEXMEPHBIC
IIMM. [lng OOCTHOKSHHS  IIOCTABJICHHOM — I[CIIH
HE00XONMO TIOCJIEZIOBATENIFHO PEIINTh CIETYIONIHe
3aJaun: ONPEACIHTh COCTaB M  XapaKTePUCTHKH
snementoB HK  wmamoro  BJIA;  paspabotath
MaTeMaTHYECKUIl ammapaT ¥ IMPOrpaMMHO-aITOPUT-
MHYECKOE 00ECIIeYeHHEe TPEXMEPHOW PEKOHCTPYKIMH
OMM wu3 [IU; obocHOBaTH TpeOOBaHUS K TTapaMeTpaM
moinera wmajgoro BJIA ¢ OD KDOHC; ob6ocHOBaThH
3HaueHHe mepuoma koppekmun Ooprooit BUHC mo
maaaeiM OO KOHC BJIA; pa3paboraTs mporpaMMHO-
QITOPUTMHUYECKOE  OOecreueHne  IMOJArOTOBKH U
KOPPEISUOHHONH 00pabOTKM STAJOHHBIX M TEKYIIHX
IMM; mnpoBecTd aHaiu3 pe3yiabTaTOB HCCIEI0BA-
HUs TouHOCTH paspabortannoit O3 KOHC B 3aBu-
CHMOCTH OT MapaMeTpPOB ChEMKH M KadecTBa JTaJIOH-
HBIX MOJENEMN.

HavaibHble yca10Bus

B xauectBe mamoro bBJIA paccMmarpuBaeTcs
kBagpokonrep tuna DIJI Mavic 3 ¢ rupocrabu-
JIM3UPOBAHHONW OopToBoil nmdposoit kamepoit (BLIK)
Hasselblad 20 Mn. Xapakrepuctuku BIK npuBenens
B Tabmmue 1.

Tabnuya 1
Xapaxrepuctuku BLIK
HaumMeHnoBaHnue napameTpa/XapakTepucTHKN O6o3nauenne | 3HayeHue napamerpa | EanHuIbI u3MepeHus
Cropona matputs! LK (mapamiensHas monery) X, 18 MM
S;(T)gg;)a Matpuis! BIK (mepnenaukysspHas », 13,5 MM
LIIJ\I/[;)LLI&,HB matpuibl BIK (ctoponsr 18 MM u 13,5 s, 243 M
Pa3mep nukcens marpunsl BITK p 1,5 MKM
®okycHoe paccrosaue BIIK 14 MM
Ilepuon cienoBanus KagpoB T 35 MKC

B rabmmme 2, mis  cpaBHEHHWs, TNPHUBEIEHBI
xapakrepuctukn u3BecTHbix BUHC, paborarommx Ha
Pa3IUYHBIX (U3HMYECKUX NPUHIIUTIAX.

Ananmu3 Tabamibsl 2 TIOKasbIBaeT, 4TO JUIS
mainoro BJIA, ¢ yuerom 1ieHBI 1 Macchl 000pyI0BaHMUS,

nogxoaut Toiabko BMHC ma MDMC, ob6magaromas
HHU3KOW TOYHOCTHIO.

B tabmuie 3 s cpaBHCHHS TPUBEICHBI Xapak-
TEPUCTUKU HU3BECTHBIX H3MEpUTENIe BBICOTHI IMOJETa,
paboTarONMX Ha PA3IMYHBIX (PU3UICCKUX MTPUHITUITAX.
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Tabnuya 2
XapaKkTepUCTUKU U3BECTHBIX pazHopoaHbix BUHC
BUHC ITpunTun paboTs ena, nonnapos Macca, kr [Torpeunocth
o N
ADIS16488 BUHC na MOMC Oxoro 1500 0,05 3 % ot mpoitactirioro
IIyTH 3a 5 MUH
BUHC 500HC | DYAHC na ponokomo- Oxorno 15000 4 1,4 KM 3 yac nonera
OTITHYECKHUX THPOCKOTIaxX
BUHC-21 BUHC na rasepibix Oxoro 100000 15 0.9 kM 3a uac nonera
THPOCKOTIaxX
Tabnuya 3
XapakTepuCTHKH U3BECTHBIX PA3HOPOIHBIX U3MEPUTEIICH BBICOTHI M10JIETa
BeicoTome
P IpuHIIMT padoTHI Lena, nonnapos | Macca, kr HHaHaSOUH ITorpemnocts, M
M3MEpeHuil, M
GY-BMP280 Bbapomerpuueckuit
+
MOMC rarnx 4 0,002 0 9000 1
RGK D600 Onruyeckuil AajibHOMEP 180 0,2 3 600 +1
A-065A i
MaoraGaputisiii Oxormo 2000 0.9 0,5 2000 1,5
PaIroBBICOTOMED

Amnanu3s Tabiuipl 3 MOKA3bIBAET, YTO JJIsS MaJio-

ro BJIA, ¢ y4eToM IICHBI, MacChl M OOECIIEYMBACMOM
TOYHOCTH,  NPEANOYTUTEIHHBIM

SIBIISIETCS
MeTpuaeckuit MOMC-naT4uk.

bapo-

Pemenue 3agaun

Jna OCYILECTBIICHUS
npuBs3kd BJIA K y4acTKy MECTHOCTH C W3BECTHBIMH
KOOPJMHATAaMHU 110 BUI0BOH HH(GOPMAIMN IPOU3BOIUTCS
COIOCTaBJICHUE 00pabOTaHHBIX PE3yJbTATOB TEKYIIeH
ChEMKH TMOJCTHJIAIONIEH 3€MHOH IOBEPXHOCTH C
sramonHo IIMM [9]. TpexmepHas pPeKOHCTPYKIMA
tekymeid I[IMM BBINOJHSETCS C  HCHOJB30BaHUEM
ANIrOPUTMOB MAIIUHHOTO 3peHus [10] myTtem cpaBHEHUS
KOOPJMHAT MOJOOHBIX TOYEK Ha JBYX CMELIEHHBIX
N (crepeomape), cIeTaHHBIX BO BpeMs IIOJIETa C
oTpeJIeNIeHHON 3a7epiKkoi. CheMKa OCyIIeCTBISETCS
TUPOCTAOMITH3NPOBAHHON OGopToBoit 1 poBon
kameport (BLIK), HampaBiennoit B Hamup [11]. B
MpoLecce PEKOHCTPYKIMU TPEXMEPHOH TeoMeTpun
CLIEHBI [10 CTEPEONApE, ¢ UCIOIb30BAaHUEM AITOPUTMOB
MAIIMHHOTO  3PEHUS  MPOU3BOAUTCS  BBIUHCIICHHE

KapThl TITyOWHBI (KI'C) - 1M, sapxocts
MUKCeJIell KOTOPOTO, COOTBETCTBYET PACCTOSHHUIO OT
MTOBEPXHOCTEI 0OBEKTOB CIIEHHI 10 TOYKH 0030pa [10].

Jpyrumu cinoBamu, Ha KI'C npoexnuun Oojee BBICOKHX
00BEKTOB  CIIEHBI

CIIEHBI

nMeroT Oosiee HHU3KYIO SIPKOCTb.
Jlanee ocyuiecTBisieTcsl npeodpa3oBaHue Pe3ysibTaToB

pacueTa B BOCCTAaHOBJCHHyIO (Tekymyio) [[MM

C HCIOJb30BaHHEM (OTOrpaMMETPUYECKHX  METO-
moB [12]. Tak, Ha pucyHke 1 mpuBemeHa cxema
MU3MEpEHUI BhICOT 00bekTOB ciieHbl (BOC) ¢ momoripo

aBTOMATHYECKOU

BILIK.

Pucynoxk 1. Cxema m3mepenust BOC o crepeomnape

Ha pucynke 1: a, b — HWKHSSI 1 BEpXHSS TOUKA
O0BEKTa CLEHBI COOTBETCTBEHHO; X, X,, X, X,
KOOPJMHATHI TPOCKIMH TO4eK «, b (OTCUMTHIBAGMBbIC
ot neBoro kpas [[M) Ha mepBoM M BTOpPOM Kaape
COOTBETCTBeHHO; L = V1 — myTh, mpoiineHHsiii BJIA
32 BpeMsl T MeXJAy MOMEHTaMu cbeMku 1Byx LU,
COCTaBJIIOLIMX cTepeonapy; V — HCTHHHas CKOPOCTh
BJIA; z— BOC. B cOOTBETCTBHH €O CXEMOI U3MEPEHNUN,

st pacyera [IMM mno crepeonape (mpeoOpa3oBaHus

CUCTEMHBIN AHAJIU3 U ITIPUKJIATHAS HHOOPMATUKA
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KI'C 8 IMM) momydeHB! BBIpOKCHHUS IS TIPSMOTO H
o0OpaTHOro pacyera:

2
z= _S ;
EH +VTf
rne £ =(x,,—x, )~ (x, — X,,) — OTHOCHTEJIBLHOE CMEIIle-
HHUE TOYCK a U b B cTepeomnape.
C yd4eroM TOro, YTO HW3MEPEHHUs] MPOBOIATCS

¢ ucrnosib3oBaHneM udposoil marpuisl bLIK, crexyer
YUUTBIBATh TUCKPETHOCTh PE3yIbTaTOB U3MEPECHHUIA:

Ag=E—div(E/p)p. 2

Torma morpemnocts u3Mepenuss BOC Az,
00YCIJIOBIICHHYIO JTUCKPETHOCTHIO M3MEPUTENS, MOKHO
paccuuTaTh TaK:

AgH?
S AH AV

zLf )

SH—z)

2
PH™ 3)
pH+Vf

z Azmax =

Ha pucyHke 2 mnpejacTaBieHa 3aBHCUMOCTB
norperrHocTr u3meperust BOC ot H u f.

7

deltaz, m

0.5

f, Mm

PucyHok 2. 3aBUCUMOCTb MOTPELITHOCTH U3MEPEHUS
BOCorHuf

W3 pucyHka 2 BUIHO, YTO TJIABHBIM (DAKTOPOM,
BIMSIOIINM ~ Ha TOYHOCTh  (POTOrPaMMETPHUYECKUX

u3MepeHud, sapisiercs H. BeICTpblil pocT morpeurHoc-
1 npu yBenudeHuun [ Boime 100 M eme pa3 moj-
TBEPKJAET BBIBOJBI, CJCIaHHbIC aBTOPaMH paHee
B [13]. Takum o00Opa3oM, MOXHO C YBEPEHHOCTBIO
KOHCTaTUPOBATh, YTO B KauyecTBE paboOdell BBHICOTHI
monera BJIA cnmemyer BwiOmpare H=100wm. Ilpu
Oompmeir H  HEOOXOOIMMO  yBENIHYCHHE f, UTO
motpedyer obecrieueHus: 0ojiee KECTKUX TPeOOBAHUH K
crabumuzanuu BIK.

W3 Tabmuupl 3 BHOHO, 4YTO COBpPEMEHHBIN
TEXHOJOTUYECKUH YPOBEHb OOECIEUMBAET H3MEPEHUE
H B paccmatpmBaemom muamazone (0—100wm) c
norpemHocTeio He Oonmee +1 M. CoOOTBETCTBEHHO,
B KayecTBE KPHUTEpPUS MO TOYHOCTH H3MEPEHHS
BOC c¢ wucnonp3oBaHHeM NpeAsiaraéMoil  CHCTEMBI
uenecooOpasHo BbIOpath: A_ =1 M. Jlna obecnieuenus
Takoil TOYHOCTH, C ydeToM (3), a TaKke C Y4eToM
m3BecTHBIX  xapaktepuctuk BIK (Tabmmma 1) u
ycraHoBiieHHOro 3HadeHus H (100 m), menecoobpaszHO
BbIOpaTh V' =109 kM/4.

Hdns obecnieyeHust TOYHOCTH  COBMEIICHHS
texyueit IMM (TM) u stanonnoi [IIMM (OM) ¢ oaHoi
CTOPOHBI JKENIaTeJIbHO YBEIMYMBATh IUIOIAas OM
JUIsl o0ecrieueHrsl NonaJaHusi B Kaap MaKCUMaJbHOTO
YHCla KOHTPACTHBIX YHHUKAIBHBIX YYacCTKOB CLCHBI.
C npyroit ctopoHsl, u3BecTHO [14], 4TO A7MA MUHH-
MU3AIMU  BBIYHCIUTEIBHBIX PECYPCOB TIPH  TIOMCKE
riobanbHOro  skctpemyma (I'D)  KoppensuoHHOM
¢ynxuuu (KD), xenarensho odecneunts S, /S, = 1/10,
e S, =X, X, — IUIOWAb KBaJIPaTHOIO y4acTKa
uudposoit  marpuibl kKamepbl (IIM), B KOTOpBIii
MOJHOCTBIO  YKJIQJIBIBACTCS  NPOEKIMS  KPYyIJIOro
Ha3eMHOro HapuramuoHsHoro opuentupa (HHO)
pamuycom R [15], x,, , v, — TEOMETPUIECKHUE PA3MEPDI
9TOro ywactka, S, = x, Xy, — miomans [IM. Takum
o0pasom, 3Has x,,y, JETKO ONPENEIUTh X, , V.. .
3Hast H ¥ f MOXKHO BBIYMCIUTH Pa3Mephbl y4acTKa 3eMJIH
¢ HHO x,,, y,,, @ TakKe pasMephl MPAMOYTOJILHOTO
ydacTKa 3eMJIM, 3axXBaThBAEMOTO Kamepod x_, y,
(pucyHox 3).

a

Pucynok 3. Yuactok 3emin, 3axBaTbiBaeMblii 60pTOBOI kKamepoii BJIA: a — undposas marpura 60pToBON KaMepsbl;
6 — y4acTOK 3eMJIH, 3aXBa4CHHBII KaMepoi
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Opuoit m3 3amau npu peanusauuun KOHC,
SBIISICTCS OIICHKa OokoBoro oTkiIoHeHHs [16] BJIA
(AY) or nuauu 3amanHoro mytH (JI3II) 3a Bpems ¢ mis
MIPOrHO3UPOBAHUS KOOPAMHAT MPOEKIUH OYEPEHOTO
HHO na ouepennom cuumke. Takas oueHka mo3BOJISET
CHU3UTHh BBIYHCIUTEIBHBIC PECypCHI, TpeOyeMmble IUIs

noucka ['D KO, a Takxke onpenenutb MakCUMalbHOE
3HaYeHue Tepuoja CheMkH MectHoctH (7 ). s
olpeielIeHusT XapakTepa 3aBucumoctH AY(?), o0yc-
noBieHHoit morpemnoctsivu  BUHC, Obiia wmcmoss-
30BaHa METONMKA, IpeaoxenHas B [17]. B Tabnwme 4
MpeCTaBIeHbl HAaYaJIbHbIE YCIOBUS AJIsI PACUETOB.

Ta6n1/1ua 4. HauanpHbIC YyCJoBus AJi pacyeTa 3aBUCUMOCTHU

[TapameTtp O6o3HaueHue 3HavyeHue Enuauie namepenus
O06ure napaMeTpsl
Yckopenune cBOOOIHOTO MaJCHUs g 9,8 Mm/c?
[Tapamerpsl nonera bBJIA
Bericora H 100 M
HcTtunnas ckopoctsb V 109 KM/q
[Mapametps! 6opToBoii 1M poBOi Kameps! BIIA
X, 18 MM
T'eomerpuueckue pazmepst LIM
Yy 13,5 MM
Bxunax norpentsocteii rupockonos B omn6ky BUHC
CucremMariHyeckast COCTABISIOIIAs G%}/s}? 4 rpai/4
lym (cityuaiiHoe OmyskiaHue yriia) ARW 0,2 rpam/Na
HecrabunsHocTh Hys ((prirkep-1rym) GlAg(]D 10 rpan/4
Bpewmst koppensiu TCA(o 1000 c
Bkiag norperiHocTeit akcenepomeTpoB B ommoky BUHC
Iym (cyuaitHoe OnyXKIaHUE yIiia) VRW 0,0011 M/(c\T'r)
HecrabusHOCTS HyIS ((IHKep-ITyM) G IA;[J 0,0001 m/c?
BpeMst KoppeJIsiuu TCA" 1000 c
Pacuer  AY(Y) TIPOU3BOIUIICS COTJIaCHO T B
BBIPAXKECHUS WCYHOK 4): V) =——— om (&) fru (i+x,] »
p 17] (pucynox 4 R(x,y) X 2] (i.) frur (i +x. 7+ 1), (6)
XomYoum i=0  j=0
gcgyro
AY(1)= st 3, Ijie X, y — cMelleHre GparMenTa f, OTHOCUTENBHO f,,
6
Ao Aa acc (4 0=x= (xM7x3M)’ 0 =Y S()}Mi yaM).
| ARW . 38%pr . Opr |52, Csst 2 VRW 3 25 S
: 2AY (T,
25 fiaerpe Jiorhe 2 V3 ; () :
C yuerom [15], B KadecTBe YCIOBHSA [UIA 27
koppekiu BUHC no nanasiv KOHC 6b110 BBIOpaHo:
15+ 1
H 2 2 Q AY (f)
AY(Tmax)ZFme"'ym' ¢ = Tnax
A 10!
J1st IpUHATHIX 3HAYEHUH MapaMmeTpoB IOJyue-
HBI CIIEMYIOUUE Ppe3yabTaThl pacuertos: I =22 c; 51
AT )=2045m (pucynok 4). Ilomyuennsie pe-
3yJIbTaThl PAcyeTOB COIVIACYIOTCS C BBIBOJAMH, CIe- 0
25 20 45 -0 5 0 5 10 15 20 25
JaHHbBIMH B [18]. delta y,m

Jnst naxoxaeHus wmakcumyma KO Rmax uc-
MOJIB30BAJICS KJIAaCCHUECKUN anroputm [18]:

Pucynok 4. Onenka 3Hauenus 7 10 H3BECTHOMY
3HaueHuio AY

max
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B [14] noka3aHo, 4TO YCTOMYHMBOCTb aITOPUTMOB
noucka ['D K@ Bo MHOrom 3aBHCUT OT CTENEHHU
TEOMETPUYECKUX HMCKKEHUH TEKYIIEro n300pa)keHHs
(TM). [Inst CHIKCHHS OSTHUX HCKaXCHHH, Tepes
COIOCTaBICHUEM ¢ DM, 1enecooOpa3Ho OCYIIECTBISTH
ee  JIONOJHMTENbHYI0  00pabOTKy,  BKIIOYAIOUIYIO
apGuHHBIE (CIBUT, TOBOPOT, M3MEHEHHE MaciuTada)
npeoOpa3oBaHMs C Y4YETOM pPE3yJIbTaTOB  OLEHKH
MUJIOTAXHO-HABUTALIMOHHBIX mapameTpoB nojera B HK
BJIA [19]. Tak, mHanmpumep, oBOpoT DM BOKpyT LEHTpa
C KoOpJMHAaTaMHu (x,y.) Ha yroia O MOXHO OCyIIeCT-
BUTH C UCTIOJIb30BAaHUEM BbIpaskeHUH [ 14]:
m' = x, +(m—x,)cos®—(n—y, )sin6; o
n' =y, +(m—-x,)sin@—(n—y, )coso.
rae m, n — KOOPJUHATHI OTAENBHOM TOYKHM HCXOAHOM
OM B cucreme KoOOpIMHAT, cCBsizaHHOH ¢ TM;
m’, n’ — KOOPAMHATHI OTJICIIEHOW TOYKHU IMOBEPHYTOM DM
B CUCTEME KOOPJIMHAT, CBsi3aHHOU ¢ TM.

RIIIHX

05-
=
X
'

0

054

2000

1000 T o 'ﬁ'rmob 1500
500 50
Yy 0 X
a

Ha pucynke 5 mpuBemeH rpaduk 3aBHCHMOCTH
3Hayenus Makcumyma K® R~ or yrma mosopora
OM 0, nomydeHHBIH B pe3yiabTaTe WUCCICIOBAHUN
C HCIOJB30BAHHMEM BHICO3AMHUCEH pPEaNbHBIX IOJIECTOB
BJIA. TlomyuenHsle pe3ynbTaTbl HOCTaTOYHO XOPOILIO
COTJIACYIOTCS C TAaHHBIMH, IPUBEICHHBIMH B [ 14].

Ha ©pucynke 6 mnpuBeaeHa UCHpaBlIE€HHas
OM (noBepryTas Ha yroi 0), u TM (¢ BbiacIcHHEM
COBIA/IAFOIIETO y9acTKa ¥ OLEHKOH 3Ha4eHus R ).

B mporiecce uccnenoBanuii 1 moctpoeHuss OM
HCHOJIb30BATHNCh CTEPEONAPBL, CHATHIE PAHEE C ITOTO XKe
BJIA. Tlpuuem paccMaTpUBAINUCh CIEMYIONINE CIydYau:
Ta ke Tpaekropus monera BJIA (te ke HampaBieHHUE
U BBICOTAa ToONeTa) (pPUCYHOK 7,a) W W3MECHEHHAs
TpaeKkTopusi ToyieTa  (M3MEHEHHBIC  HalpaBJICHHUE
U BbICOTA ToneTa) (pucyHoK 7,6). Kpome storo
Juid mocTpoeHus OM HCHOIB30BAUCH CTEPEOINapHI,
CHSITBIC PaHEEe CO CIyTHUKA (PUCYHOK 7, 6).

0 1 2 3 4 5 6
teta,rpag

o

Pucynox 5. 3aBucumocts 3HaueHus Makcumyma KO ot yria mosopora OM: a — Bua K®; 6 — 3aBucumocts R o1 0

B rtabmmme 5 mpencTaBieHBl  pe3yNbTAThI
KOppensuonHoit 00pabotkn TM mpu paccMOTpPEHHBIX
BapmaHTax OM.

HeBbicokoe 3Hauenne R Ui Clydas PEKOH-
cTpykum OM M3 MaTepHalioB CIYTHHKOBOH CHEMKH,
00yCIIOBIICHO HM3KMM pPa3pelIeHHeM CITyTHHKOBBIX
cauMioB (CC), B3ATBIX W3 OOMIEOCTYITHOTO pecyp-
ca[20]. B cnyyae mpuUMEHEHUS CHHMKOB C OOJBIIHM
Pa3spenIeHNeM MOYXKHO YBEJMYHTL R 10 MPHEMIIEMBIX
JUIsl MH)KEHEpHBIX 3ajad 3HaueHud. W3 pucyHkos 7,

a W O BHUOHO, 4TO B ciy4dae wucroms3oBanns KI'C
YaCTUYHO pemaeTcs mpobdiema tereit Ha L{U — koHTypBI
teHed npucytctByloT Ha KI'C, HO uMeloT MeHbllue
3HAUEHMS SIPKOCTH TOYEK 110 CPABHEHUIO C TOYKAMH,
MPUHAUICKAIIAMH [TPOCKINSAM BBICOTHBIX OOBEKTOB
CUEHBL. 37ech TaKxke cleayeT oTMeTuth, yto CC st
«Sanexc.Kapt» nenarorcss ¢ HWHTEpBAJOM B JOJIH
CEKYH/IBI, TTO3TOMY Yy OBICTPO IBMXKYIIMXCS OOBEKTOB
JTake HEe COBMATAIOT KOHTYPHI (pucyHOK 8) [21]. 3a aToT
MHTEPBAJI BPEMEHH CITyTHUK 3HAUYUTEIHHO CMEIIACTCSI.

Tabnuua 5. Pesyasrars! KoppenauuoHHoi 00padorkn TM npu pa3nuuHbIX BaprpanTax DM

Bapuant OM IIpenBapurensras oopaboTka OM 3nauenne R, %
OM (ta xe Tpaekropus bJIA) 98
OM (U3MeHEeHHas TPaeKTOPHsA) Addunnuble mpeoOpazoBaHus 95
OM (M3 CIIyTHUKOBBIX CHUMKOB) Addunnble mpeodbpazoBaHus 67
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a

a o 6

Pucynok 7. M3o6paxkenus HHO u coorBercTBytomue uM OM: a — Ta e TpaeKTopHs 1ojera; O — oopadborannslit kaap TM;
6 — CITyTHHKOBBII CHIMOK

JlanHoe sBieHME Kak pa3 u oOecrneunBaer HbIX ywacTkoB «Slnzmekc.Kaprey (CC), caemaHHBIX
BO3MOXKHOCTb BoccTaHOBIeHHs KI' U3 JByX CMeIleH- CITyTHHKOM II0J] pa3HbIM yTJIOM.
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Pucynok 8. CC camornera, CIeTTaHHBIH B OKPECTHOCTSIX adpoIropTa

CpaBHUTEIBHBIN aHaJIn3 pe3ynbTaToB
KOPPEIAUOHHON 00pabOTKM BHICONMOTOKA, B CIydae
npuMeHeHns: B kadectBe dTaioHa CC M TpeXMepHBIX
MM, BoccranoBieHHbix u3 CC, mokazana, 4TO
MPUMEHCHHE TIOCIEIHUX OOCCIIEYNBACT CYIICCTBEHHO
Oonbiuye 3HaYeHus R (tabiuia 6).

Jns obpabotku Bumeonoroka ot BIIK BJIA

Ha OCHOBC aAJITOPUTMOB MAalIuHHOTI'O 3pCHUA )4
PacCMOTPEHHBIX MAaTEMAaTHYCCKUX COOTHOIIICHUM
ObUTO  pa3paboTaHO  MPOrpaMMHOE  OOEcIecUYeHHE,

aJanTUPOBaHHOE  I0J]  OJHOIUIATHBIH  KOMIIBIOTED
Raspberry Pi4. TIlocmenHuii IHPOKO TpHMEHSETCA
B KayecTBE OOPTOBOTO BBIUUCIHTENS, B TOM 4YHCIE
JUTSL pelieHus] 3ajJad HaBUTalliu W HaBenaeHus BJIA
1mo Bua0BOH mHpopManuu. [IpakTuueckue uccienoBa-
HUSI TIOKa3allk, 4TO BpeMsi OOpabOTKH OYepeaHOro
kampa Bumeomnoroka (moctpoenue KI'C, addunnbie
peoOpa3oBaHus, PEKOHCTPYKIUsi TpexmepHoil LIMM,
KoppensimonHas oopaborka DM u TM) cocraBuser
ue 6oiee 0,9 c.

Tabnuua 6. Pe3ynabrarsl KOppeIsuOHHOH 00pab0TKU MPH Pa3HOPOIHBIX ITATOHAX

BapuanT sTanona

Oo6paboTka dTaioHa

3nauenue R, %
max

LU (13 CITy THUKOBBIX CHIMKOB)

AddunaBIe TpeodpazoBaHus 29

OM (U3 CIlyTHUKOBBIX CHIMKOB)

Addunnbie npeodpazoBaHust 67

3akjoueHmne

Takum oOpa3oM, B TpoIecce WCCIEIOBAHIH
pa3paborana onrtuko-aekTpoHHas KOHC wmarmoro
BJIA, ornnuaromasicss TNPHUMEHEHHEM AalTOPUTMOB
peKOHCTpyKUMU TpexmepHbiX UMM 1o Bo3ayLIHBIM
CHUMKaM, a TaKXe aJrOPUTMOB KOPPEISIMOHHON
o0pabotkn TM u OM, uto obecrednBaeT BO3SMOKHOCTD
tounoii ABH mansrix BJIA mo BumoBoit mHpoOpManny.
O6ocHOBaHBl  TpeOOBaHUS K  XapaKTEPUCTHKAM

OOpPTOBOW ONTHKO-IJIEKTPOHHON CHCTEMBI, K Ka4eCTBY
OM u mapaMerpaMm TOJieTa HOCHTEINs, oOecrednBaro-
e MakCUMalbHYI0 TOYHOCTH mpeniaraemoit KOHC.
[Tpumenenne paszpadoranHoit KOHC obecnieunt BO3-
MOXHOCTh peanuzanuu pexuma ABH wmansix BJIA
no jgaHHbeM [MIC B ycioBuSX IJIOXOro MpHEMa WU
nonasinenus curtainoB CPHC. Cnenyet Takike OTMETUTD
OI0/UKETHOCTh  ITPEJIaraéMoro TEXHUYECKOTro pele-
HUSl, YTO AaKTyaJdbHO JUIs, MaccOBO HCHOJIb3YEMBIX,
Manbix BJIA BOGHHOTO Ha3HAUCHMUSL.
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SHEINIKOV A.A., MALKIN V.A., SMOLENSKY E.A., IVANITSKY L.A.

OPTICAL-ELECTRONIC CORRELATION-EXTREME NAVIGATION SYSTEM
OF SMALL UNMANNED AERIAL VEHICLE

Educational institution "Military Academy of the Republic of Belarus"
Minsk, Republic of Belarus

An optical-electronic correlation-extreme navigation system for an unmanned aerial vehicle has been
developed. The proposed navigation system is characterized by the use of a small-sized and affordable digital camera
and computer, which is critical for small military unmanned aerial vehicles. The developed algorithmic support
for the system is distinguished by the use of algorithms for reconstructing a three-dimensional digital terrain
model using optical digital images from an on-board digital camera, as well as algorithms for correlation
processing of current and reference models, which ensures the possibility of accurate autonomous air navigation
using view information. The requirements for the flight parameters of a small unmanned aerial vehicle with an
optical-electronic correlation-extreme navigation system are substantiated. The values of the true speed
of an unmanned aerial vehicle and the correction period of the on-board strapdown inertial navigation system
are substantiated according to the data of the proposed optical-electronic correlation-extreme navigation system.
The results of the developed optical-electronic correlation-extremal navigation system accuracy studies depending
on the shooting parameters and the quality of the reference models are presented.

Keywords: technical vision system, optical-electronic correlation-extreme navigation system, three-
dimensional terrain model, photogrammetry

IleiiHukoB AJjexceil AJieKCaHAPOBUY, KAaHIWIAT TEXHUYECKHX HAyK, NOLEHT, AOKTOPAHT
yupexxaeHus odpazoBanusi «Boennas axagemus PecnyOmuku Benmapyck». IlourtoBslit ampec:
220057 r. Munck, np-t HezaBucumocru, 220.

Sheinikau Aliaksei, candidate of technical sciences, associate professor, doctoral student of the
educational institution "Military academy of the Republic of Belarus". Postal address: 220057
Minsk, Independence Ave., 220. Area of scientific interests methods of analysis and synthesis of
unmanned aerial vehicles navigation systems

E-mail: af.varb.ao@gmail.com

2,2024 SYSTEM ANALYSIS AND APPLIED INFORMATION SCIENCE



40

YHPABJIEHUE TEXHMYECKHMHW OBBEKTAMMU

Mankun Butanuii AnekcaHIpoBHY, JTOKTOp TEXHHUYECKUX HayK, mpodeccop, mpodeccop
Kayepbl aBHALMOHHBIX PAJHOAJIEKTPOHHBIX CHCTEM aBHALIMOHHOTO (DaKyibTeTa y4pekaeHUs
obpaszoBanust «Boennas akamemust PecnyOnmuku bemapyce». O6nacth HaydHBIX MHTEPECOB —
METO/IBI aHAJIN3a U CHHTE3a CHCTEM aBTOMATHIECKOTO YIIPABIICHHUS JICTATSIILHBIX allllapaToB.

Malkin Vitaliy, doctor of technical sciences, professor, professor of the aviation radio-electronic
systems department of the aviation faculty of the educational institution "Military academy of the
Republic of Belarus". Area of scientific interests methods of analysis and synthesis of aircraft
automatic control systems.

Cmonencknii  Jayapa  AHATOIbeBHY, HAYalbHUK [UKIa Kageapsl aBHAIMOHHBIX
PaZMOdJIEKTPOHHBIX CHCTEM aBHALMOHHOIO (hakylbTeTa YupeskIeHus obpasoBaHus «BoeHHas
akanemus PecriyOnuku benapycw». Ilourosslit anpec: 220057 r. Munck, np-t HezaBucumocty,
220. O61acTh HAYYHBIX MHTEPECOB — METObI AaHAIN3Aa U CHHTE3a HABUTAIIMOHHBIX KOMILICKCOB
OCCIUIIOTHBIX JICTATE/ILHBIX AINapaToB.

Smolensky Eduard, cycle head of the aviation radio-electronic systems department of the avia-
tion faculty of the educational institution "Military academy of the Republic of Belarus". Postal
address: 220057 Minsk, Independence Ave., 220. Area of scientific interests methods of analysis
and synthesis of unmanned aerial vehicles navigation systems.

E-mail: Smolenskiy1989@bk.ru

HNBannnkmii Jleonna AJjiekcaHAPOBMY, aJbIOHKT YyupexJaeHus oOpa3oBanus «BoeHHas
akagemust Pecriyomuxn Bemapyce». [ToutoBsrit agpec: 220057 r. Munck, np-t HezaBucumoctw,
220. O6macTh Hay4YHBIX HHTEPECOB — METOJIbI aHAIHM3a M CHHTE3a HABUTALIMOHHBIX KOMILIEKCOB
OECIMIIOTHBIX JICTATEJIbHBIX alapaToB.

Ivanitsky Leonid, graduate student of the educational institution "Military academy of the Re-
public of Belarus". Postal address: 220057 Minsk, Independence Ave., 220. Area of scientific
interests methods of analysis and synthesis of unmanned aerial vehicles navigation systems.

E-mail: leonid210785@mail.ru

CUCTEMHBINA AHAJIN3 U TIPUKJIAJTHASI THOOPMATHUKA 2,2024



MANAGMENT OF TECHNICAL OBJECTS 41

UDC 62.83
DOI: 10.21122/2309-4923-2024-2-41-45
YUDENKOV V.S., SULIM PE.

AN ALGORITHM AND A PROGRAM FOR CONFIGURING RISOGRAPHIC
PRINTING, TAKING INTO ACCOUNT THE PRINTING PROPERTIES OF PAPER

Belarusian National Technical University
Minsk, Republic of Belarus

The widespread use of risograph printing in printing houses requires an increase in the speed of equip-
ment while maintaining the printing quality of the original layouts. The problem of risograph printing is not
always obtaining high-quality images, since the risographs used in the standard driver (periodic, non-periodic)
do not always allow you to get the printed image the same as in the original. This is reflected in the insufficiency
of parameters such as image clarity and sharpness. Problems of poor quality of risograph printing can be solved
by changing the settings of the risograph driver for the original layout with additional use of digital filtering
and image rasterization. This will require the creation of additional image rasterization methods to improve the
initial indicators of the original layout in contrast, clarity, and the correctness of the transmission of halftone
images and will improve the quality of printed images, as well as ensure the efficiency of the printing process

for a wide range of original layouts.

Keywords: risograph printing, original layout, rasterization, digital filtering, grayscale image

Introduction

The selection of paper for printing on a risograph
requires the use of certain qualities of the paper medium,
as well as subsequent evaluation of the prints obtained.
To control the quality of the printed risograph impression
obtained, it is advisable to conduct a comparative printing
of the original layout on a laser printer, the printing
technology of which has high quality indicators.

The Main Part

Paper is porous-capillary sheets consisting
mainly of plant fibers, firmly interconnected by chemical
hydrogen bonds. Thus, printed paper for books differs
from writing paper, packaging paper and other types
of paper in that it must not only have good consumer
qualities, but also meet the specific requirements of
the printing process. Along with paper, other types of
paper are often used for making books — newspaper,
cartographic, writing and others.

Paper is different for different printing methods
and type of printed products.

Basic materials for making paper:

—wood pulp;

— cotton mass;

— iber-free materials (fillers, etc.).

Classification of printed paper:

—according to the production method, when
the significant feature is the content of the paper layer:
uncoated and coated (table 1.1):

—according to the finishing the surface of the
paper when the paper is cast or after additional processing:
matte and glazed;

2,2024

— according to the fibrous composition of the paper
layer itself, depending on the raw material: pure cellulose
papers and papers containing wood pulp. The wood
pulp gives the paper a number of useful properties: the
printing properties are improved, dimensional stability is
maintained, and the density of the sheet decreases;

— according to the printing method: paper for high
(in particular flexographic), offset and gravure printing.
In addition, if necessary, paper intended for other
printing methods is used. For example, flexography and
screen printing do not impose special requirements on
paper, and these methods can be printed on all papers
designed for both high and offset printing. Offset papers
are suitable for almost all printing methods, so they are
also used in operational printing, namely in printing on
laser and inkjet printers, as well as on a risograph;

— according to printed or other special properties,
papers are divided into types, grades and brands, denoted
by letters and numbers, sometimes by brand names, for
example, with watermarks, colored paper, label paper,
embossed [1].

Table 1.1. Characteristics of uncoated and coated papers

Uncoated paper Coated paper

it has no coverage it is coated with minerals

cheap darling

loose surface smooth surface

less shiny more brilliant

absorbent dense

poor surface quality better surface quality

it has a fragile surface It has a solid surface
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The variety of printed products produced
determines the existence of a considerable number of
types of paper:

— offset (production of book products, magazines,
flyers, newspaper printing);

— printing (books and brochures);

—newspaper (brochures, books, newspapers);

—coated (printing booklets, business cards,
flyers, creating catalogs, magazines, book covers and
brochures);

— writing (notebooks, notebooks,);

— design (business cards,
representative products);

— barite paper (photo paper);

— packaging (durable kraft paper) [1].

Here are the characteristics of some types of

invitations,

paper:

——newsprint mainly consists of mechanical wood
pulp (at least 85 %), which is why after a certain time it
turns yellow and becomes brittle. Its density, which is
determined by the mass of 1 m? in grams, ranges from
30 to 52 g/m?;

— printing paper number 1 (80-100 % bleached
cellulose — vegetable fibers dissolved in water) of
machine smoothness. It is intended for printing text and
line-based visual materials;

— printing paper number 2 (25-50 % bleached
pulp, up to 50 % wood pulp) machine smoothness,
designed to reproduce textual and line-based visual
materials;

— calendered paper for publications with halftone
illustrations;

—book and magazine paper for offset printing
(with a mixed structure, with wood particles). The weight
ranges from 60 g/m? to 80 g/m?. It is recommended for
printing monochrome editions;

— offset paper (100 % bleached or sulphated
cellulose) of machine smoothness is multipurpose and
is used for printing newspapers, magazines, books,
textbooks, etc. The paper density usually ranges from
60 g/m*to 220 g/m?. Offset paper can be made with partial
mechanical grinding and does not contain wood pulp. A
distinctive feature of offset paper is its resistance to a
moisturizing solution — this is achieved by an increased
degree of sizing. There are many varieties of offset paper,
among which there are calendered and super-calendered
varieties;

—coated paper consists of a base layer coated
on one or both sides with a chalk layer, which gives it
increased brightness and smoothness.

To obtain printed products of optimal quality, it is
important to take into account various factors, namely:
the correct choice of consumables and prepress processes
corresponding to this parameter.

The right choice of paper is determined by the type
of publication: textile fibers are stronger than wood fibers,
but, on the other hand, paper with a higher proportion of

wood pulp is much cheaper. Choosing paper obtained
from waste paper, you can save significantly, but this
is justified only if the consumer uses the publication for
a relatively short time, since the recycled fibers do not
have sufficient length for a strong bond [2].

There are also groups of indicators of the
properties of printed paper:

— composition;

— dimensional and weight indicators;

— external characteristics;

— mechanical properties;

— surface character and deformation properties;

— porosity, wettability and absorbency;

— optical properties.

To ensure high quality of printed products,
printed paper must have a certain set of properties, such
as smoothness, softness, stiffness, dustiness. However,
during risograph printing on hard papers, indistinct
reproduction occurs, as well as hard papers lead to
mechanical damage to the mesh of the mold cylinder
of the risograph. The paper used for risograph printing
must have the ability to perceive the ink and hold it on
its surface. This is ensured by the ability of the paper to
be wetted with paint, as well as absorb it into the pores.
The absorbency of the paper is especially important
when printing with paints used in risography, since
the ink is fixed on the impression due to its absorption
into the pores of the paper. Only in this case, the paint
is fixed on the impression and dries. The absorbency of
the paper depends on the type of fiber mass, porosity
of the paper, filler, composition and type of sizing, as
well as the physical properties of the absorbent paint
components [4].

To characterize the absorbency of paper, a number
of methods have been proposed based on measuring the
rate of absorption of solvents or measuring the amount
of ink retained by paper. Being in a humid atmosphere,
the paper absorbs water. In this case, the cellulose fibers
swell, as a result of which the paper sheet deforms
when moistened. Deformation of the sheet can lead to a
mismatch of colors in multicolored printing. Therefore,
an important technological property is the deformation
of the paper during humidification. The considered paper
properties are also determined using special devices. The
optical properties of the paper determine the appearance
of the printed product and the image quality. Optical
properties include opacity, whiteness, color and gloss of
the paper [3].

The paper must be light-proof so that the image
printed on the reverse side does not shine through.
Therefore, transparent papers can only be printed on one
side. Light transmission decreases with increasing paper
thickness and the introduction of fillers.

The high whiteness of the paper provides a sharp,
contrasting image perception. Whiteness is ensured
by the selection of the appropriate fibrous material,
bleaching of the semi-finished product, the introduction
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of fillers and dyes. The paper is usually white in color,
but colored paper grades are also used in offices.

The surface of the paper can be matte or shiny,
which affects the appearance and quality of printed
products. The optical properties of paper can be tested
on visual cameras or other devices that measure
transmittance, reflection, or optical density with high
accuracy.

The adjustment of the original layout for
risograph printing in terms of clarity, sharpness, and
noise is carried out by using standard filters according
to the scheme (Figure 1) and using specialized filters in
accordance with the scheme (Figure 2). As a result of
image processing of the original layouts, the light points
of the image contours are illuminated and the dark ones
are darkened, which improves the clarity of the image
contour. To eliminate the complex of disadvantages
for the original layout, it is necessary to use two types
of filters (standard and specialized) [4].
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Figure 1. Block diagram of the algorithm for applying

a standard filter

It has been experimentally revealed that
obtaining a high-quality impression of a digital image on
a risograph is often hindered by defects in contrast
and clarity. It is also necessary to adjust the brightness
alignment of the image in accordance with the flowchart
(Figure 3).

To do this, the software provides two tools:
manual and automatic brightness correction. The
automatic brightness correction function is enabled by
checking the box in the optimal brightness program.

The first step of the automatic brightness correction
algorithm is to calculate the average brightness of
the image points. This brightness is compared with
the optimal brightness. The brightness of 127 units is
accepted as optimal. If the brightness of the image is
higher than the optimal brightness, then the difference
between them is subtracted from the brightness of
each point in the image, except for the black dots.
Otherwise, the difference between the average brightness
of the image and the optimal brightness is added
to the brightness of each point in the images, except for
the white dots.
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Figure 2. Block diagram of the algorithm for applying a
specialized filter
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To adjust the contrast of the original layout image,
the software product is controlled based on the Adjust
Contrast tool. The diagram of the dialog box is shown
in Figure 4.

After launching the Adjust Contrast tool, a
window opens with an image histogram. It shows ranges
of image and display data. The range of image data
conveys the existing coverage of the intensity values
of the elements.
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Figure 4. Adjust Contrast tool dialog box

The display range provides information about the
maximum possible coverage of the original layout image.
The histogram of the original layout is presented in usint8
format in the dynamic range from 0 to 255. There is a
red rectangular area above the histogram, which adjusts
the contrast of the original.

The Adjust Contrast tool application improves
the image without changing the pixel values.
The imadjust function is used to change the intensity
values.

The next step in improving the quality of
risographic printing is the additional use of adaptive
image rasterization [4].

Conclusions

Algorithms for the automated application of
combined filtering have been developed, including
primary processing of the original image by linear
filtration and secondary processing by nonlinear
filtration; operation of linear filters; operation of
nonlinear filters; brightness and contrast settings. Based
on the obtained algorithms, a program for forming the
print profile of the original layout for the risograph has
been developed.
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IO/IEHKOB B.C., CYJIUM I1.E.

AJTOPUTM U TIPOTPAMMA HACTPOMKH PU30T PAOMYECKON MEYATH
C YYETOM ITEYATHBIX CBOMCTB BYMAT'H

KBenopycckuil nayuonansHulii mexHuuecKutl yHugepcumem
2. Muncxk, Pecnyonuxa benapyco

Uluporoe npumenenue puzocpaguueckoll nevamu 6 munozpagusix mpeodyem noswviueHus. OblCmpooetcmeaus
000py006atUsl ¢ COOMOOCHUEM KAYecmea neuamu UCXOOHbIX opucunai-viakemos. Ilpobrnemotl pusoepaghuueckor
neuamu A6IseMcs NOJyYeHue He 6ce20d KA4eCMBEHHbIX U300padcenull, mak Kax UCHOIb3yeMble 6 WmamHom
opatigepe pusoepada 06a mMuna pacmpuposanusi (NepuooudecKull, Henepuoouyeckuli) He 6cecod NO360NAIOM
RONYYUMb HANSUAMAHHOe U300PAdCeHUe MAKUM, KAk 6 opucunaie. Jmo Gblpadcaemcsi 8 HedOCmamo4HoCmu
MAKUX NApamempos, Kax 4emrkoCmb U pe3Kocmsv uzobpadicenus. B mo dice gpemsi npobiemvl HUZK020 Kavecmed
pu302paghuueckoli neuamu MOJNCHO peuiums Hymem UMEHeHUst HACMpPoeK Opateepa puzozpaga Oas OpUSUHAT-
Makema ¢ OONONHUMETbHbIM UCHONb308AHUEM YUDPOBOU DuUIbmMpayuy U pacmpuposanuem uU300padiceHus..
Omo nompebyem co30anust OONOIHUMEIbHLIX CHOCOO06 PACMPUPOBAHUS U300PAdCEHUs. OISl VIIYYUUEHUs.
UCXOOHBIX — NOKA3amelell  OPUSUHAT-MAKemd NO  KOHMPACMHOCMU, —YemKOCMU, KOPPEeKMHOCImU — nepeoaqu
NOJYMOHOGHIX U300PANCEHUTL U NO3GOUN NOBLICUMb KAYECHB0 NEeUAMHbIX U300PAdCeHull, a maxice obecneyums
aphexmuernocmo nevamno2o npoyecca 0isk WUPOKO20 Kpyed OPUSUHAI-MAKEMO8.

Knrwouesvie cnosa: puzocpagpuueckas nevams, opueuUHAI-MaKem, pacmpuposanue, yugposas uibmpayus,
HONYMOHOB0€e U300padicerue
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OCHOBHBIE 3TAIIbI UMUTAIIMOHHOTI'O MOAEJINPOBAHMUA
U UX PEAJIN3AIIUSA B CACTEME NOJIEPKKA TPUHSATHA PEIIEHUI

Boennas akademusi Pecnybnuxu Berapyco
2. Munck, Pecnybnuxa benapyce

B cmamve paccmompeno  codepoicanue  smanos
npeoyCMampusarom nocmpoeHue JI0SUKO-MAMeMAmuyeckol MoO0enu UCCIedyeMol cucmemvl, paspabomky
Mooenupyrouje2o  areopummd, ONUCHIBAWe20 npoyecc ee QYHKYUOHUPOBAHUA, pa3pabomKy npocpammbyl,
peanusyiowell dMom areopumm u npogedenue IKCNePUMennos ¢ UMumayuoHHol mooenvio. Ilpusedeno onucanue
peanuszayuu NPUHYUNO8 UMUMAYUOHHO20 MOOENUPOSAHUs 8 cucmeme NOOOePHCKU NPUHAMUA peuleHUll npu
opaanuzayuy OUCMAaHyuoHHo20 30Houposanus 3emau ([33), exaouaioweli uMumayuoHHvle Mooelu KOCMU4eCcKo20
annapama u HaszeMHo2o obwvekma. Paccmompenvl ocobeHnHocmu peanuzayuu 6 MOOenupyouwem aneopumme
cayuaiinoeo evibopa pesxcumos 33 Kocmuueckoeo annapamd, HA3EMHBIX 00beKmMos8 O0Jid OUCAHYUOHHO20

UMUMAYUOHHO20 Moaeﬂuposanuﬂ, Komopbwle

30H0up08anuﬂ, umumayuu cobbimus, «paspeuterue obvekmay.

Kniwoueesvie cnosa: mooenuposanue, UMUMAYUOHHASL MOOEIb, MOOCTUPVIOWUL  AN2OPUMM, UMUMAYUS
CAYHAIHO20 cObbLIMUSL, CUCHeMAa NOOOEPIHCKU NPUHAMUS peutenull, OUCMAHYUOHHOEe 30HOUpOsanue 3emiu

BBenenune

OmanM 13 HanbosIee MUPOKO MPUMEHSIEMBIX CTIO-
CO0OB MOJICITUPOBAHHUS CIIOKHBIX CUCTEM SIBJISETCS NMH-
TAIlMOHHOE MOJICITUPOBAHHE.

HmutannoHHass MOJAENb — 3TO KOMIIBIOTEpHAs
IporpamMma, KOTopasi ONUCHIBAET CTPYKTYPY M BOCIIPO-
M3BOJIWT MTOBE/ICHUE PEaTbHOM CUCTEMBI BO BpeMeHH [1].

[lens UMHTALIMOHHOTO MOJAEIHPOBAHUSI COCTOHUT
B BOCIIPOU3BE/ICHUN TTOBEICHUS UCCIECIYEMOI CHCTEMBI
JUTS OTICHKH €€ 3P (HEKTUBHOCTH.

ITpouecc MMUTAIMOHHOTO MOJICTTMPOBAHHS TIPE]-
IOJIaTaeT BHITIOTHEHHUE CIEIYIONINX 3TamnoB [2]:

— IIOCTPOCHUE JIOTUKO-MATEMaTHIECKOH Mozaenn
HCCIIElyEMON CUCTEMBI;

— pa3paboTKa  MOJICIHMPYIOIIEr0  alropuT™Ma
(GYHKIIMOHUPOBAHUS CUCTEMBI;

— IIPOrpaMMHUpPOBAHHE HWMHTAIMOHHONH  MoOJie-
mu (MIM);

— HCCIIEIOBAHNUE CUCTEMBI ¢ TTOMOIIBI0 ee M.

Conep:kanne 3TanoB HMHTAIINOHHOTO
MO/IeJTHPOBAHUS

Jloeuxo-mamemamuueckoii. Mooenvlo  cucmemyl
Ha3bIBAETCSl €€ YNPOILICHHOE MaTeMaTHYeCKOe OIHca-
HUE, TOPSI0K MOCTPOCHUsI KOTOPOH BKIIOYaeT B ceds
ciesyrouiee:

— aHaJIU3 CUCTEMBI, T.€. e JIEKOMIIO3ULUS, AOIY-
cKaromasi y100HOe MaTeMarn4eckoe ONHCaHHe U Ompe-
JIEJICHUE CBA3EH MEKAY DIIEMEHTaMU;

— OTpeJieNIeHHe IapaMeTpoB, MEPEeMEHHbIX U
MIPOCTPAHCTBA COCTOSIHUI CHCTEMBI, YCTAHOBIICHHE 00-
JIacTel UX U3MEHEHMUS;

— BBIOOD TOKa3arenei apdexkTuBHOCTH;

— IMHAMUYECKOE OIMCAHWE CHCTEMBI, T. €. OIH-
caHMe Ipolecca B3aUMOJICHCTBHUS €€ DJIEMEHTOB MEXLY
c000if U ¢ BHEIIHEH Cpe/Ioi;

— IIpOBEpKa aJeKBaTHOCTH JIOTMKO-MaTeMaTHde-
CKO MOJIENH.

Mooenupyrowuii areopumm OTMUCHIBACT MOCIIEIO0-
BaTeNIbHOCTh JICHCTBUI cUCTEMbI B mpolecce ee (yHK-
LIMOHUPOBAHUSI TIOCPEJICTBOM (OPMHUPOBAHMS TIOCIIE-
JIOBAaTETILHOCTH €€ COCTOSHHN ((pa30BOIl TpaeKTOpHH)
B COOTBETCTBHUHU C OINPEEICHHBIMU MTPaBUIaMH [2].

Peanmsanus 3Toro srama HauMHAeTCs ¢ BBIOOpa
croco0a UMUTAIUU CUCTEMBI (criocoba GopMUPOBaHUS
ec (a30Boil TpaeKTOpuM). BIICISIOT ClieayroIIue CIio-
COOBI IMHUTAIIMHA CUCTEMBI [3]:

— cobbimutinbili — GUKCUPOBAHHE MOMEHTOB Ha-
CTYIUICHUS COOBITHI B CUCTEME;

— npocmomp akmuseHocmell — aHAJIN3 BBITIOTHE-
HUSl ICVCTBUN B CUCTEME, HA OCYIIECTBICHUE KOTOPHIX
TpeOyIOTCs 3aTpaThl BPEeMEHH;

— npoyeccHvili — BBHIIOIHEHHE BCEH XPOHOJO-
TUYECKOHM IOCIEN0BATEILHOCTH COOBITHI U JIEHCTBHIA,
HA3BIBAEMOM 1poyeccom.

Janee BoinosHseTcs Gopmaau3aiusi MOJIEIH: 3a-
IMUCh MAaTEMATHYCCKUX COOTHOIICHUH, OIMUCHIBAIOIINX
MTOBEJICHHE DJJIEMEHTOB CHCTeMBl. [Ipm 3TOM ciemyer
YUUTHIBATh, YTO Ha ()YHKIMOHUPOBAHHE CHCTEMbI, KaK
MIPAaBHUJIO, OKA3hIBAIOT BIHMSHUE PA3IHMYHBIC CITydaifHEBIC
(dakTopbl. YCIOBUS M mHapamerpbl ()YHKIHOHUPOBAHHS
CHUCTEMBI TAaKXKE MOTYT HOCUTh CITy4alHBIN XapakKTep.

Ecmu mormko-maremaTmyeckass MOIENb CHCTe-
MBI HE COAEPIKHUT CIIy4allHbIX JJIEMEHTOB, T. €. CTO-
XaCTHYHOCTb CHCTEMBI OTCYTCTBYET WJIM €H0 MOXKHO
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npeHedpeyb, TO B pe3yiabrare OyaeT IMojlydeHa oemep-
MUHUPOBAHHAS MOJIEIIb, B IPOTUBHOM CIIy4ae — 8eposm-
HOCMHAS MOJIEIIb.

[Ipu pa3paboTke JETEPMUHHUPOBAHHBIX MOICICH
UCTIONB3YIOT MareMaTtudeckuid ammapar auddepeHiu-
aNbHBIX  (MHTErpo-1uQdepeHIHanbHbIX)  YpaBHEHUH,
IpU pa3pabOTKe BEPOSITHOCTHBIX MOAEIEH — METOJl CTa-
THUCTUYECKOTO MOJICIUPOBaHMS (METOJI CTAaTUCTHYECKUX
ucnbeiTanuid, metog MonTe-Kapno) [4].

Tak kak Momenupyemasi cuctemMa (hyHKIIMOHUPY-
€T BO BPEMEHH, TO HEOOXOAMMO ONPENEIUTh MOPSIOK
U3MEHEHUs] 3HAUCHUH MEPEMEHHBIX, ONPECAIONINX €€
COCTOSIHHMS, T. €. IMHAMHKY M3MCEHEHHs (ha30BOH Tpack-
Topun. D10T npouecc B UM peanusyercs ¢ MOMOIIBIO
MexaHu3Ma (POPMHPOBAHUS MOJICITEHOTO BPEMCHH.

CymectByeT 1Ba cnocoba (OopMHUPOBAaHUS MO-
JICIIGHOTO BPEMCHH, M3BECTHBIC KaK MPUHITUITEI OPTaHU-
3allMd U3MEHEHHUsI MOJIETILHOTO BpeMeHH |5, 6]:

«HPUHLUI Ap) — U3MEHEHHE MOJIEIIbHOTO BpeMe-
HU ¢ (PUKCUPOBAHHBIM IIaroM Af;

IPUHIHUI Ax» — U3MEHEHHE MOJIEIbHOTO BpeMe-
HHU TPU CKaYKOOOpa3sHOM M3MEHEHHH BEKTOpa COCTOSI-
HUI CUCTEMBI HAa HEKOTOPYIO BEINUUHY AX.

Takue U3MEHEHHs COCTOSHUS CUCTEMBI IPOUCXO-
JIIT TIPU HACTYIUICHUM TaK HAa3bIBAEMBIX «OCOOBIX» CO-
OBITHIA: TOCTYIUICHHUE YIIPABJISIONINX CUTHAIOB ¥ BHEIII-
HUX BO3JICHCTBHIA, BbIJ]a4a BHIXOIHBIX CHTHAJIOB U T. JI.

[Tepen mporpaMMupoBaHueM peanusyercs (Gop-
MYJIBHO-CJIOBECHOE WJIM OJIOK-CXEMHOE IIpE/ICTaBICHHE
MO/JICIUPYIOLIETO AJIFOPUTMA.

Ipoepammuposanue UM exnrouaem 6 cebs cie-
dyrouee:

— BBIOOp BBIYUCIUTENBHBIX W MPOTPAMMHBIX
cpencts peanuzaunu UM;

— pa3zpaboTKa IporpaMMHOro UHTepdeiica;

— KOJMPOBAaHHE MOJCIUPYIOMIETO  alropuTMa
Ha aJITOPUTMHYCCKOM SI3BIKE;

— TECTUPOBAHUE U OTIaaKa rporpammsl MIM.

Hccneoosanue cucmemvt ¢ nomowwro ee MM
8KIIOYAEN:

— IUTAHUPOBAHMUE U NMPOBEJCHUE MMHUTALMOHHBIX
9KCIEPUMEHTOB;

— 00paboTKa U aHAIN3 PE3yIHTATOB;

— BBIBOJIBI O MTOBEJICHUN PEANbHOM CUCTEMBI;

— OLIEHKY ajiekBaTHOCTH VM.

[T1aHupoBaHWEM WMHTAIUOHHOTO JKCIICPHMCH-
Ta Ha3bIBAETCS MPOLIECC 3aJ]aHus 3HAYCHUN MapaMeTpoB
CHUCTEMBI, UCTIOJIb3YEMbIX MPU MOACIHUPOBAHUU. BrIOOD
9TUX 3HAUEHWUH OnpeAensieTcs LEeNbI0 MMUTALlMOHHOTO
JKCHEPUMEHTA.

Nmurtanmonnsiit sxcnepuMenT ¢ UM cucremsl,
B pe3yJIbTaTe KOTOPOTO JUTS 3aIaHHBIX 3HAYCHUH Mapame-
TPOB CHCTEMBI HMUTHPYETCs e¢ (ha3oBasi TPACKTOPHS, U
BBIUUCITIOTCS TOKa3aTeIn d3PPCKTHBHOCTH, Ha3bIBACTCS
nporonom M.

B pesyneratre ogHoro mporona VM mnomyuatot
ClydaiiHbIC 3HAYCHUS IoKa3aresiedl A((EKTHBHOCTH.

[To oxHo# ciydaliHol peanuzauuu rokaszareist dpdex-
TUBHOCTH HEJB3sl CyauTh 00 sddexTnBHOCTH (YyHK-
LMOHUPOBAHUSI CHCTEMBI, IIOPTOMY Ha JI@aHHOM JTare
OCYIIECTBIISICTCS HECKOJIBKO IIPOTOHOB, B pe3yibrare
KOTOPBIX MOJIy4aeTcst cirydaiiHasi BRIOOpKa 3HaYeHHH 110-
Kazarens 3(p(HeKTUBHOCTH.

Onucanne UMUTAIMOHHLIX MojaeJaeii B CIITIP
npu opranusamun /133

PaccMoTpuM 0COOCHHOCTH pealn3aly IPUH-
LUITIOB HMHUTAIIMOHHOTO MOJICIMPOBaHMs B pa3paboTaH-
HOH cucteMe noanepxkn npunstust pemennii (CIIIIP)
IpU OpraHu3aldd JUCTAHIIMOHHOTO 30HIUPOBAHHUS
3emmu (J133) [7].

CocraBmsromumu  CIIIP, xotopele peamusyror
uMuTanuio npouecca 33 SBISIIOTCS MMUTALMOHHbBIE
Mojenn kocmudeckoro anmapara (KA) m HazemHoro
00beKTa.

Hnst mmurtanuu npoueccoB 33 B CIIIIP ocy-
mecTBisieTcs:  (POPMUPOBAHHE MOJEIBHOTO BPEMEHH
0 «HIPUHIUILY Af», TO €CTh U3MEHEHUE 3HAUYEHUI Mo-
JICIbHOIO BPEMEHH OCYIIECTBIISETCS C HOCTOSHHBIM IlIa-
roM. Hlar n3MeHeHHs MOJENBHOIO BPEMEHM 3alacTcs
orneparopom CIIIIP B monyine dopmupoBaHus HCXOA-
HBIX JTAaHHBIX.

IIpu mnpoBesaeHUH MMUTALMOHHOIO HKCHEpPU-
MEHTa OCYIIECTBIIAETCS Heckoybko mporonos CIIIIP.
[Iporon mpenycmarpuBaeT peanuzauuio mojaenein KA,
Ha3eMHOT0 00BEKTa M pacyeTa IoKaszaTelieil J0CTOBEp-
HOT'O pa3pelleHNsl 00bEKTa Ha KaXKAbIi MOMEHT MOJIEIIb-
HOro BpemeHHU. [IporoH 3aBepuiaercs MO JOCTHXKEHHU
MOJIEIbHBIM BPEMEHEM 3HAUEHUS YCTAaHOBJIEHHOI'O WH-
TepBaja IPOrHO3UPOBAHMUS.

I[Io oxoHuaHMM TPOTOHA  OCYILECTBIIAETCS
pacueT MaTeMaTHYECKOro OXKHUJAHUS 4YUCIIa Pa3pelIeH-
HBIX 00BEKTOB C ITOMOIIBIO CJICTYIONIETO COOTHOILICHHUSI:

NZ
M _ Kpasp.i
pasp. Z K >

i=1 " monaj.i

rae NZ — KOTMYEeCTBO OOBEKTOB, KaKABINH M3 KOTOPBIX
X0Ts1 ObI OIH pa3 monai B 300y [[33 KA;

K.,.,;— CYMMapHOE KOIIMYECTBO HACTYIUICHHIT CO-
OBITHS «pa3pelIeHne i-TO0 00BEKTaY;

ronans — CYMMApHOE KOJIMYECTBO MOIAJAHUH i-r0

oObekTa B 30HY J133.

3HaueHWE MAaTeMaTHYECKOTO OXHIAHUS YHCIIa
pa3penIeHHBIX 00BEKTOB UCIIONIB3YETCS B Ka4eCTBE HHTE-
rpasibHOTO TIOKa3zaress 3¢ dpexTuBHOCTH npouecca J133.

Oynknuonuposanue jnaHHoi CIIP ocHoBaHO
Ha TMPOIIECCHOM CIOCO0€ MMHTANWH, 3aKITI0YA0IIeMCs
B mpocMotpe aktuBHocTH UM KA u perucrpamuu co-
ObITHil, nporcxoxsamux B UM HazemHoro oobekra. [lon
aKTHBHOCTBIO Mozt KA moHnMaroTcst AeHCTBUS, CBS-
3aHHBIC ¢ UMHTAIHEH ABrKeHusS KA u dhopmupoBaHreM
ux 30H J133.
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AxTtuBHOCTb Mosienu KA mpuBoIuT K HacTymie-
HUIO CIICAYIOIIUX COOBITHI B MOJICITH HA3€MHOTO O0BCK-
Ta: MoNaJaHue Ha3eMHOro 00beKTa B 30HY J[33, BBIXOA
o0bekTa u3 30HbI J133.

B MM HazemHOro 00BEKTa (PUKCHPYIOTCS MO-
MEHTHI BPEMEHHU HACTYIUICHHS TUX COOBITHI, paccyu-
TBIBAIOTCS BpeMsl NpeObIBaHusl 00beKkTa B 30HaX /[33 u
KPaTHOCTb TIOMAJIaHus B HUX, OCYIIECTBIIICTCS 0TOOpa-
JKEHHUE Ha JIEKTPOHHOH KapTe MecTHocTH (OKM) 3Hauka
HA3eMHOT0 00BEKTA, MAPIIPyTa MEPEABIIKCHHIS MOOHIIb-
HOTO 00BEKTA.

B cBsi3u ¢ OTCYTCTBHEM HEOOXOIMMOCTH MMHUTA-
UM CITy4YaitHbIX coObITHi UM Ha3eMHOT0 00bEKTa SIBIIS-
€TCsl IETEPMUHUPOBAHHOM.

B UM KA nnst Texyiero 3HaueHusi MOJI€IbHOTO
BPEMEHHU OCYULIECTBIISIETCSl pacueT MPsIMOYTOJbHBIX KO-
OpAHMHAT TMOJCITYTHHKOBOH TOYKH, OTOOpa)XCHHE e¢ Ha
OKM, pacuer npsMOyrojibHbIX KOOPAUHAT T'PAHUL] 30HbI
133, orobpaxenue 30HB Ha DKM, oToOpakeHue 3Ha-
YCHH MMOKA3aTeeH MonalaHusi Ha3eMHBIX O0OBEKTOB B
3onbl J133 st kaxaoro KA.

UM KA sBnsieTcsd BEpOSATHOCTHOH, T. K. B He
OCYILIECTBIISICTCSI CIyYaiHbIA BBHIOOP pEeXMMa W THIIA
/133, Ha3eMHBIX 0O0BEKTOB ISl JUCTAHIIHOHHOTO 30HHU-
POBaHUS, UMUTALIUS COOBITHS «Pa3pelICHUE 00BEKTaY.

PaccMoTpuM 0COOGHHOCTH MMHTAIMH 3THX CO-
OBITHIT B MOJCTUPYIOIIEM aJITOPUTME PacCMaTPHBAEMOM
CIIIIP.

HNmuranus Bpidopa pe:xxnma u tuna /133

Js mvurtarn BeiOopa pexkuma u tuna 133 ocy-
IIECTBISIETCS] PO3BITPBIMI JIBYX JTUCKPETHBIX CIIyJaiHBIX
BemmunH ([ICB): «HoMep pexkxnma J[33» 1 «HOMEp THITa
J133», kax/ast 13 KOTOPBIX MOXET IPUHATH 3HAUCHUE W3
MHOkecTBa {1; 2; 3}. CioBecHOe ommcaHUE PEKUMOB,
COOTBETCTBYIOMMX 3HaueHUAM dTX [ICB npencrasneno
B Tabmure 1.

Tabmuna 1. Onucanue 3HayeHuii JJCB

Homep | Haspauue | 3Hauenus JICB u ux onucanue
JCB ACB 1 2 3
HOMeEp
1 pexumMa pexum 1 | pexum 2 | pexum 3
133
HOMEp THIA
2 133 Tun 1 THUI 2 Tun 3

Pan pacnpenenenuss BepostHocted stix JICB
OTIPEAEISICTCSl ONEepaTopoM B MOAyJe (OPMHPOBAHMS
WCXOJHBIX JJAaHHBIX B BUJIC CIICAYIONMIECH TaOIHIIbL:

Tabmuia 2. Psin pacnipenencuus Beposithocteit JJCB

Homep 3nauenus JICB
JCB 1 2 3
1 PII P12 13
2 P21 PZZ P23

B UM KA ocymecTBisieTcs KOHTPOJIb BBEIEH-
HBIX 3HAQUEHWIl: CyMMa 3HA4€HUN BEpOSITHOCTEH B Ka-
XKJIOW M3 CTPOK TaOJIUIIBI 2 TOJDKHA OBITH paBHa 1.

[Ipumep 3amosHEeHUs] TAOIMIBI pacIpeelICHUs
BeposiTHOCTeH paccmarpuBaeMbix JICB npu paBHOBe-
POSITHOM BKIIIOYEHUU peXUMOB J[33 1 mpenmyIiecTBeH-
HoM BKJtoueHuu JI33 tuna 1 wnu tumna 2 npeacraBiieH
B Tabnuue 3.

Tabnwuma 3. [Ipumep pacnpenencHus: BEpOSITHOCTEH

JCB
Homep 3nauenns /ICB
ACB 1 2 3
1 0,34 0,33 0,33
2 0,4 0,4 0,2

Pospirpeim JICB ocymiecTBisieTcs CIeIyroniM
obpazom. PaspirpriBaeTcs 3HadeHWe 0a30BOH Cirydaii-
HOW BeMWYHWHEI @ [3, 5], KOTOpas MMeeT paBHOMEpPHOE
pacupenenenue Ha [0;1). Jlamee 3Ha4eHHE HCKOMOI
JIMCKPETHON CIIy4alHON BENWYHMHBI R, PACCUUTHIBAETCS
B COOTBETCTBHH CO CIEAYIOIINM BBIPAKEHHEM:

1, ecmm o < P,

R =42, ecniu P, <a<P,+P, , 1e {12},

3,ecmu Py +P,<a<P, +P,+P,

rae i — Homep JICB.

Hampumep, uis nocieaneil ctpoku Tadmuupsl 3
JAaHHOE BBIpaKCHHE OyJeT BBINIAACTH CICTYIOIIUM 00-
pasom:

1, ecmn < 0,4
R,=72,ecmm 0,4 <a<0,8 .

3,ecmu 0,8<a<1

HNmuTanus BeIOOpa HA3eMHOT0 00bEeKTa
s pexnma 3 133 u coObITus
«pa3penieHne 00beKTa»

Br16op o0bekTa st peskuma 3 J133 ocymiecTBis-
€TCsI C YYETOM BaXHOCTH 0ObekTa. Ha atamne dopmupo-
BaHWs MHOXeCTBa Ha3eMHbIX 00bekToB JIIIP 3amaer 3Ha-
4yeHue K03((HUIKEHTa BAKHOCTH JUISl KAXKIOTO O0BEKTa.

[Ipeanonoxum, 4to BbIOOp Jt000r0 U3 N 00BeK-
TOB, HAXOOAIMXCA B Mpeaciiax AJOCTYITHOCTH 30HBI peE-
xuma 3 J133, sBasiercss 10CTOBEpHBIM coObiTHEM. O00-
3HA4YMM BEPOATHOCTH IMTPOTUBOIIOJIOXKHOI'O EMY CO6LITI/I$[
P_ .- Takum obpasom, P_. = 0.

BrImonHnM HymMepanuo yka3aHHbIX 00bEKTOB I10
nopsaky ot 1 no N. BeposrHocTs BbIOOpa i-r0 00BEKTa
ans pexuma 3 JI33 (P, ) onpenenum Kak 1010 3Hade-
HUS €0 BA)KHOCTHU B 061_[16171 BAXXHOCTH 3TUX O6'I)CKTOBZ

K_ . —
p— Bax.1 — .
PBmG.i - N » 1= l’N’ KBa)K.i € (0’1] ’
ZKBaxc.i
i
rne K _ . — Ko3(QQUIMEHT BaXHOCTH i-r0 HA3eMHOIO

o0bekTa; N — KOIUYECTBO OOBEKTOB, HAXOISIIUXCS
B IIpeJienax JOCTYIMHOCTH 30HbI pexuma 3 J133.
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PO3BII"pBIHI HOMEpa O6’I)€KTEI, BI)I6I/Ipa€MOF0 JIIsL
peKrMa 3 OCYHICCTBIIACTCA C UCIIOJIb30BAHUCM BbIpAXKE-
HUSL JIOTUKH PEAUKATOB:

i+l

Vie[l;N—l]:z,:Pij <a<d P, >N,=i,
j=0 j=0

BBIO. j

rae N, — HOMep 00BEeKTa, BBIOPAaHHOTO IS pexnuMa 3
J33.

Po3prpeim  coObITHsL  «paspemieHne  00BeK-
Ta» OCYLIECTBISETCS CIEOYIOLIMM 00pa3oM: eciu
o <P . TO COOBITHE NMPOU3OILIO, HHAYE — HE IPOU-

pasp..,j
3omwuto (P — BEpOATHOCTb Pa3pelICHUs i-T0 OOBEKTa
pasp.i,j

60pTOBEIM 000pyIOBaHKEM j-T0 KA).

CoObITHE «pa3penieHue 00beKTa» pa3bIrphIBacT-
CA IPpHU HACTYIUICHUN CO6I)ITI/IH «BbIXO O6T)GKT8. 13 30HbI

J133».

3akjoueHue

I/IMI/ITaHI/IOHHOG MOJCIMPOBAHUEC ABJIACTCA OM-
HHUM M3 MCTOJOB aHaJIn3a CJIIOKHBIX CUCTCM. OHO 1103BO-

JIIeT CTPOUTHh MOAEIH, OMMCHIBAIOLIUE IPOLECCH! TakK,
KaK OHH IPOXOJIMJIN OBl B IEHCTBUTENLHOCTH. MIMuTau-
OHHOE MOJEIMPOBAHUE MO3BOJISET UMUTHPOBATH MOBE-
JICHUE CHCTEMBI BO BPEMEHH, PEaN3ys IPH 3TOM H3Me-
HEHHE MOJIETIHHOTO BPEMEHH KaK C IMOCTOSTHHBIM IIaroM
(«puHLIUIT A?») TaK U IEPEMEHHBIM (KIIPUHIAT AX»).

Hcnonp3oBanne «npuHOuna Asn B UMHTALHOH-
HeIx Mozensax CIIIP, paccMoTpeHHOH B cTaThe MO3BO-
JISIeT IPOBOJUTH UMHUTAIIMOHHBIN SKCIIEPUMEHT B Tpadu-
YecKOM pekuMme ¢ otobpakeHmeM Ha DKM Ha3zeMHBIX
00BEKTOB, MOJACTYTHUKOBBIX Touek KA u 30H J[33. D10
JlaeT BO3MOXKHOCTb CO3/IaHUSI PA3JIMYHBIX TAKTHUYECKUX
CUTyallii Ha 3aJaHHbIE MOMEHTBHI BPEMEHU M BU3Yyajb-
HOT'O KOHTPOJISI MOJIETTUPYEMBIX COOBITHI.

B cBs3u ¢ orcyrcTBueM MH(OpMANUU O PEKH-
Max pabotsl KA B Mmopemmpytomiem anroputme UM KA
peanu3oBaH BEPOSATHOCTHBIM XapakTep MMHTAIUH pa3-
JIMYHBIX COOBITHH C NCIIOJIb30BAHMEM METO/Ia CTAaTUCTH-
YECKNX MCIBITAHUH. DTO MO3BOJIMIIO TIOBBICUTH a1€KBAT-
HOCTB 3T0# Mojienu B yacTHOCTH U CIIIIP B mienmom.
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THE BASIC STAGES OF IMITATING MODELLING AND THEIR REALIZATION

IN THE DECISION-MAKING SUPPORT SYSTEM

Military Academy of the Republic of Belarus
Minsk, Republic of Belarus

The stages of imitating modeling are described in the article. The stages detail the following: construction

of logical-mathematical model of investigated system, working out of the modeling algorithm that describes
process of its functioning, working out of the program that realizes the algorithm, carrying out of experiments with
imitating model. The authors suggest the description of the realization of the imitating modeling principles of in
the decision-making support system of the organization of the remote sounding of the Earth. The features of the
realization of the models of the casual choice of the modes of the remote sounding of the Earth, space vehicle, land
objects are considered in the article.

Keywords: modeling; imitating model; modeling algorithm, imitation of casual event; decision-making

support system; remote sounding of the Earth
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CHUCTEMA IOT JJISI JMATHOCTHUKH BOJIE3HU TAPKMHCOHA
C UCIOJIB30BAHUEM HEMPOHHBIX CETEN U OSTIS

Benopyccruii cocyoapecmeennbiii ynugepcumen UHGOPpMamuKy u paouodneKmpoHuKy
2. Munck, Pecnyonuxa benapyce

Lenv dannou pabomuvl cocmoum 6 mom, umobwsl paspabomams cucmemy HT-Ouacnocmuxu Oonesnu
IHapkuncona (BIl) c yoanennvim docmynom Ha baze cemu Hnmepnema eeweti (IoT). Aémopwl panee paspabomanu
Memoo0 KOMNIEKCHO20 pacno3nasanus bonesnu Ilapkuncona ¢ ucnonb3o8anuem MauuHHo2o 00y4enus, MapKepax
aHaIU3a 2010Ca U USMEHEHUsX 8 08UdCeHUAX nayuenma. /lea obwedocmynuvix Habopa oanuwlx (sound, action)
ObLIU 8BLOPALL 6 KAYecmee IKCHEPUMEHMAIbHbIX. B cmamve npusedena eco pearuszayus na 6aze cemu loT.
Paspabomka cemu svinoanena ¢ ucnonvzosanuem OSTIS (Open Semantic Technology for Intelligent Systems).

B cemu IoT cmapmpon sensemca moukoii 6600a u npedsapumenbHol o06pabomku 08yx Habopos
OaHHbIX, 6KIIOYAS U3GIeHeHIUe NPUSHAKOS U3 AYOUO3ANUCU 2010CA NAYUCHMA U €20 08USAMENbHOU AKMUBHOCTIU.
Ilepedaua oannvix ocyuwecmeniemces uepes joxkanvusiii cepgep Flask, deticmsyrowutl Kak Kanan 0isa nepecvliku
@yuxyuonanvnvix oannwvix Ha cepgep OSTIS. Cepsep OSTIS obpabameieaem Oannble, nonyueHHble C TOKAIbHO20
cepsepa Flask, u ucnonvzyem acenma npocnosuposanus neupouunou cemu 011 pacnoznasanus BII. Dmom
azenm 3azpydcaem NPUHAKU, U3GIEUeHHble U3 20]10CA U OBUINCEHUs NAYUEHNA, U 0elden NPOSHO3bl Hd OCHOGE
00VUEeHHOU HelPOHHOU cemu, C653b168asi SMuU NPocHo3bl co 3Hanusmu 6 cucmeme OSTIS, u coxpansem ux 6 6asze
OanHbIX.

Pesynomamom uccnedoeanus sensemcs apxumexmypa u ancopummuvl pabomer cemu loT. Pabouuil
npoyecc 6cell CUCmeMbl 8KaUaem 6 cOop u npeosapumenbHyio 00padbomky 0anHulx ycmpoucmseamu Mnmepnema
seujell (cmMapmeoHom, 0amyuuUKamMu O8UICEHUs) NOCIEOVIOUYI0 nepedauy OaHHbIX Ha JT0KalbHblill cepsep Flask,
odanvreiuyio nepecviaky Ha cepsep OSTIS, obpabomky modenu HelupoOHHOU cemu a2eHmoM Heupocemesozo
npeocKkazamensi u, 8 KOHEUHOM Cueme, CEs3bl8aHUe 0OPAOOMAHHBIX PE3YIbMamo8 ¢ 2PApoM 3HAHUL U COXPAHEHUe
ux 6 cucmeme.

Cucmema yoanennoti UT-ouaenocmuxu BII obecneuusaem obpabomky OaAHHBIX NAYUEHMOS8 8 pedxcume
PeanrbHo20 6peMeHU, PACNO3HAGAHUEe NPU3HAKO8 3abonesanuss 6 cemu Humepnema eeweil, nodOepicKu
PACUWUPEHHO20 AHATU3A U NPUHAMUS PeuleHutl N0 OalbHetuemy 1eUeHuUIo.

Knrwouesvie cnosa: cemv Unmepnem eeweltl, ouacnocmuxa 6onesnu llapxuncona, netipounvie cemu, 6aza
snanuti, OCTHUC, aneopummul, apxumexmypa

Beenenue rpaduxn. @ykaBa K. u coastopsr [3], SnoHus, Takxe
omnpeaennian O6ose3Hb [JapknHCOHA MO ABMKEHHSIM PyK
MAIMeHTa, 33 NCKJIIOYEHHEM TOTO, YTO B UCCIIEIOBAHUN
WCIIONIb30BAIACh ~ MCKYCCTBEHHAs HEHPOHHas  CeTh
JUIL  OLEHKM KOJHMYECTBA ITOCTYKMBAaHWH IaibliaMy
nanueHToB ¢ Oonesnsio [lapknHcona. Vix msmepurenbHas
CHCTEMa COCTOSUIA M3 MAapbl 3-0CEBBIX aKCEIECPOMETPOB,
mapel  CEHCOPHBIX JIaTYMKOB, AHAJIOTO-IH(POBOrO
IpeoOpa3oBaTeNsl U MEPCOHATFHOTO KOMITBIOTEpPA.

B pabote aBTOpOB [4] TpHr 00yueHNH HEHPOHHOM
ceth ans pacrnosHaBaHus bIl Obima mcnonb3oBaHa
YacTOTHO-BpeMeHHass  (yHKIus,  (BeiiBieTa) ®
Mern-kencrpansHbie KOX(PHUITHEHTHI (MFCCQC).
[pumenen amroputm KNN (k Nearest Neighbor)
U QIrOpUTM JABYXCJIOMHOW HEMPOHHOM ceTu Ul
0o0y4eHUsI ¥ TECTHPOBAaHMM Ha JBa OONIEIOCTYIHBIX
Habopax [aHHBIX O W3MEHeHHH pedn (sound) o
JBIDKEHUS (action) manueHToB ¢ 6o1e3Hbpo [lapkuHCOHA.

Pannsist nuarHoctrka 6onesnn [Tapkuncona (BIT)
SBISIETCS  CJIOKHOM  3ajaded Il  MEIUIIMHCKOI'O
coobmectBa [1]. B Hacrosimee Bpems —JIHarHo3
3a007IcBaHNAs OCHOBaH Ha aHaMHeE3e, KIMHIHYECKUX
MpU3HAKaX W CHMITOMax, HO MOCKOJbKY 3a0ojeBaHHe
HAYMHACTCS MEJUICHHO W KIUHHYCCKHUE CHMIITOMBI
TOSIBIIAIOTCSL HE Cpa3y, MAaIHWeHTHl 9acTO HaXOIATCS
Ha TpOJABUHYTOH  cramuu 3aboneBanusi. Kornma
MMOCTABJICH JIMArHO3, YIYIICHO Jy4YIllee BpeMs [UIs
nedeHus. Pa3paboTka HOBBIX METOAOB JICUCHHS B 3TOU
00J1acTH 3aBHCHUT OT JIByX OCHOBHBIX aCIICKTOB: PaHHSS
JMAarHOCTHKA 3a00JIeBaHUs; MIPABUIbHAS W IIOCTOSHHAS
orieHKa 3(pGEeKTUBHOCTH JICUCHUSL.

W3-3a Takux CHMITOMOB, Kak TpPEeMOp H
CHIDKEHHE aMIUTUTYIBI JBIKCHHUN, TTOYEePK MalieHTOB
¢ BIl menpye n Oosiee MCKaXeH, YeM y HOPMaJIbHBIX

monei. Ilepeiipa K.P. u coasTopsl [2] mpemtoxuin
METOJ] paHHETO BhIsABICHUS Oone3nu [lapkuHCOHA, MTpH
KOTOPOM HCCIEIOBAJIN MOYEPK MALUEHTOB C MOMOIIBIO
CMapT-pYUKH U IPOCUIIN HAPHCOBATH COOTBETCTBYIOMINE

Hnst ynyumenuss runepnapamerpoB KNN anroputma
HCTIOJB30BaH OaliecoBckuii onrtuMu3aTop. [TocTpoeHHbIE

CUCTEMHBINA AHAJIN3 U TIPUKJIAJTHASI THOOPMATHUKA

Mojend  jgocturin  TouHoctd 94.7% wum 96,2 %
HAa PEYEBBIX JIAHHBIX MAIMEHTOB C  OOJE3HBIO
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IMapkuHCOHAa W HAOOPE JAHHBIX 00 WX MEPEABHIKCHHH
COOTBETCTBEHHO.

Crnenyromeid  3amgauedl  sIBIsieTCS  CO3JaHUE
cucrembl WT-nuarnoctuxku BII ¢ wucnosnb3oBaHuem
WuTepHera Bemiel, CHOCOOHON AMCTAaHIMOHHO Jaxke
6e3 Bpadell TNPOBOAWTH HCCEAOBAHHS MAICHTOB.
J1s1 IpOEeKTUpOBaHUSI TAaKOM CUCTEMbI IIpeIIaraercs
ncnonb3oBath TexHosuoruo OSTIS.

OTkpbITast ceMaHTHYECKAasl TEXHOJIOTUA
JJIA UHTEJJIEKTYAJbHBIX cucTeM ()

OSTIS — aT0 mepenoBasi TEXHOIOTHSA C OTKpPbI-
TBIM HCXOJIHBIM KOJOM, IpeJHa3Ha4deHHas sl 00Jer-
YeHUs] Pa3pabOTKH COBMECTHMBIX HHTEIUIEKTYaIbHBIX
cuctem cnexaytouero nokosienus [5]. Cyts OSTIS 3ak-
JIOYAeTCSl B CO3/aHUM HHTEIUICKTYaJIbHBIX CHCTEM,
KOTOpBbIE OpPraHMYHO HHTETPHUPYIOT PAa3IUYHBIC THIIBI
3HAaHWH W MOJIENM pEIIeHHs MpoOjeM, NpU3HaBas, 4To
HaOop TpeOyeMbIX Mojenedl W 3HAHWH pazIudyaeTcs
JUISL Pa3HBIX KJIACCOB 3a/ad. XOTsI HEKOTOpbIE THOPHI-
HBIC WHTEJICKTYaJbHBIE CHCTEMbI NBITAINCH DPEIIUTh
9Ty mpoOJieMy, OHH YacTO CTPajald OT MOHOJHMTHBIX
CTPYKTYp,  KOTOpBIE  TIPENSATCTBOBAIM  T'MOKOCTH
W BO3MOXHOCTH HUX TIOBTOPHOTO HCIOJIb30BAaHUS,
YTO MIPUBOJMIIO K OOJIBIIMM 3aTpaTaMHa pa3paboTKy.

OSTIS mnpeojgoneBaeT 3TH  OrPAHUYEHUS,

HCIIOJB3YET YHHUBCPCAJIBHOC IPEACTABICHUC I/IH(I)Op-

[

Clients

Manuu, u3BectHoe kak SC-xonl. DTO mpejcTaBlieHUE,
OCHOBaHHOE Ha JMCKPETHOIl Maremaruke, oOIazaer
PAIOM IIPEUMYILECTB:

1. EnnnooOpasHoe  mpexacTaBieHue:  nobas
uHdopManusi MOXKET ObITh 3aKOJMPOBAHA MOCIEI0-
BaTEJIbHO.

2. Y 100HBIi /ISl MAIIMH ¥ YUTAEMBIH YEJIOBEKOM
SC-xox, KOTOpbI  oOecneyrBaeT Kak IPOCTOTY
MAaIIMHHON 00pabOTKH, TaK U IOHUMAHHUE YEJIOBEKOM.

3. HenuHeiinblii 1 aOCTpaKkTHBIA BUJI, KOTOPBIA
MOXET KOJIUPOBATH I/IH(bOpMaHI/IIO B CEMAHTHYCCKUX
aACCOMATUBHBIX KOMITBIOTEPAX.

4. Onementsl  s3pika  (SC-code) wucmosb3yroT
0a30BbIii ai()aBUT BCEro W3 TISATH DJIEMCHTOB IS
MOCTPOCHHSI CIIOKHBIX CTPYKTYP.

5. YHUBEpCaIbHOCTD: SC-kon
MpEACTABIIATH HC TOJIBKO CHUCTEMHBIC
HO W MOACIMN PEUHICHUA np06neM N CHCTCMHBIC
uHTepdeiich.

MOJXKET
3HAHMUS,

Onucanue apxutekTypbl cetd loT

PaccmoTpum APXUTEKTYPY ceTu IoT,
peanM3yIoNlyl0 METOJ KOMIUIEKCHOTO PAacIO3HABAHUS
6one3nn I[lapkmuacona (pucyHok 1), BKIFOYaroIias
oOydeHHBIC HEHPOHHBIE CETH, pa3pabOTaHHYIO C
ncnonp3oBanueM Texuomormum OSTIS. Paccmorpum

€€ OCHOBHBIC KOMIIOHCHTHI.
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1. Clients. KopnioparusHbie cuctembl (Android/
iOS u Linux/Unix). DTO0 KJIMECHTCKHE CHCTEMBI,
HCIOJB3YEMBIC TMAaUCHTaAMH, OJIA BBaHMOHeﬁCTBHﬂ
¢ npuwioxennem Ha 0aze OSTIS. Onum ciyxar
M0JIb30BATEILCKUM  MHTEep(encoM, dYepe3  KOTOpbIid
MOXHO BBOJWUTH JaHHBIC, JA€JaTb 3alpoChl WA
0JIy4aTh HH(POPMAILIHUIO.

Emdeded hardware (Jetson Nano, Hardware
Development Board, maTtd4uku CTOPOHHHX IPOU3BO-
IuTeNel): 3To 0o0OopylOBaHWE MpEeAHA3HAYCHO IS
c60pa Pa3JIMYHBIX OJAaHHBIX, CBA3AHHBIX CO 3J0POBLEM
nanueHToB. JlaHHbIe, COOpaHHBIC 3THMH YCTPOWCTBA-
MH, 3areM mpeoOpasyrorcs B ¢opmar SC-koma (ce-
MaHTHK KOJ) M MHTETrpHUpyloTcs B 0a3zy 3HaHUIl cuc-
tembl OSTIS, rme wux MoxHO o00pabareiBaTh |
aHaJIn3UpoBaTh, YTOOBI TMOJYYUTh TMPEACTABIICHHUE O
COCTOSTHUH 3/I0POBBSI ITAI[EHTA.

2. Local Server component. Be6-cepsep: ciyxur
toukoi Bxoma s HTTP-3ampocoB oOT KIMEHTOB,
BBICTYIIasA B KAY€CTBC MOCPECAHUKA MEXKIY KIMECHTOM U
BE0-OPHEHTHPOBAHHBIM CEMaHTHUECKHM HHTep(eiicom
cuctembl  OSTIS. WSGI: coenunser BeO-cepBep
¢ Flask, obecneunBasi cBsi3b Mexay BeO-cepBEpOM
u cemantuueckuM uHTepdeiicom cuctembl OSTIS,
peanuzoBanHbiM uepe3 Flask. TIporpamma Flask [6]:
neiicTByer kak vacth uHTepdeiica OSTIS, koTopslii
onmchiBaeTcs ¢ momonibio SC-xona. OH mpeaocTaBiseT
BeO-OPHEHTHPOBAHHBI CceMaHTHUeckuil  uHTep(eiic
JUIs TI0JIb30Bateliei, mpeodpasys SC-xom B (opmar,
MOHATHBIN YETIOBEKY, U HA00OPOT.

baza nmaHHBIX: MOXKET OBITH JHOOOTO THIIA,
Hanpumep SQL  wmmm  NoSQL, wucnons3yercs
1A MMOCTOAHHOI'O XpaHCHUSA W H3BJICYCHHA JTaHHBIX
B COOTBETCTBHUHU C Tpe6OBaHI/I${MI/I IIPUITIOKCHUSA.

3. Neural Network Predictor Agent. 310
SAPO  MPOTHOCTHYECKUX BO3MOXKHOCTEH  CHCTEMBI,
BKJIIOYAET pa3/IMyHble TUIIbl HEHPOHHBIX CETEH, Takue
kak Gated Recurrent Unit (GRU), monroBpemenHas
kpaTkoBpemeHHass mamMATe (LSTM) u pexyppeHTHbIC
Heliponnsie cetu (RNN).

4. OSTIS Web Platform Components [7]. Be6-
Opay3ep: IpEAOCTaBIISET  II0JIb30BATEISIM  JIOCTYII
K cemaHTtudeckomy wuHTepdeiicy cucremsl OSTIS,
MO3BOJISIS MM B3aUMOJICHCTBOBAaTh € 0a30il 3HaHMIA
n pemaremsiMu mpobmem. CeTeBOW KIHMEHT U CepBep
(HTTP-cepBep, sc-web, sc-server):  KOMITIOHEHTBI
paboraroT BMeCTE JIsi TOAJCPKKH CEMaHTHUECKOTO
BeO-untepdeiica cucrembl OSTIS, orBeuwaror 3a
00paboTKy M JOCTaBKy CEMaHTHYECKUX JaHHBIX B BEO-
Opaysep u U3 HEro.

Sc-mamsiTh: XpaHWIHIIE CEMAaHTHYECKOH CeTH
B pamkax OSTIS framework. ba3za 3Hanuit xpanurcs,
K Hell NolydaroT J0CTyN pa3pabOTUUKH 3aj1ad U
cemanTH4eckuii BeO-unTepdeiic. SCs, SCg: pazauyHbie
¢dopmbl  Busyanuzammu  SC-Koma,  HUCIOJIb3yEeMbIC
JUIsl TPEICTAaBJICHUS MOJENIECH 3HaHUM M pPELICHUS
nipoGiiem B cucreme OSTIS.

Binary dump: oTHOCHTCS K JIBOMYHOMY IIpei-
CTAaBJICHUIO KOMIIOHGHTOB 3HAHWH WIH COCTOSHHIO
SC-nmamsTH, KOTOPOE€ MOXKET HCIOIb30BATHCS IS
pPa3NUYHBIX IIeJIed, TaKUX KaK MUTpalus, Pe3epBHOE
KOIMPOBAHUE WIIM PEIUTMKanus 0a3bl 3HAHUH CHCTEMBI
OSTIS.

Anroput™m paboTel cucteMbl MT-gumarHoctuku
BII Bxnrouaer:

1. Coop manHbIX. HabOmrojeHne 3a marpeHTaMu
OCYILECTBIIICTCS] C TMOMOIIBIO PAa3JINYHBIX BCTPOCHHBIX
anmapaTHBIX YCTPONCTB, KOTOpBIE COOMPAIOT JaHHBIC
0 COCTOSIHMH 3[IOPOBBS B PEKUME PEAIbHOTO BPEMEHH.
OTH yCTpOWCTBA MOTYT BKJIIOYATh JATUYUKH IS
MOHUTOPHHTA JKM3HEHHO  BaXKHBIX  IIOKa3aTeleid,
JIBIDKGHUS U APYTUX TOKa3aTeneit 370pOBBSI.

2. [IpenBaputenbHas 00paboTka JIAaHHBIX.
HeoOpaboTaHHble JaHHbIE, COOpaHHbIE JAaTYNKAMH,
MOJIBEPraroTCsl MpeABAPUTEIILHOM 00paboTKe, KOTOpas
MOXKET  BKJIIOYaTh  HOPMAJIM3AILUIO,  W3BJICUCHHE
NPU3HAKOB M cejekuuto. Llenb cocTouT B TOM, 4TOOBI
MOJATOTOBUTh JAaHHBIC AJS aHAIW3a IMyTeM YIaJCHHS
IIryMa M BBIJENCHHS COOTBETCTBYIOIIMX 3aKOHO-
MEpHOCTEH. DTOT IIar BBIMOJIHACTCS Tepel OTIPaBKOH
nmaHHbIX Ha matdopmy OSTIS.

3. XpaHeHHe TaHHBIX. XapaKTePUCTUKH, U3BIIC-
YEeHHbIE M3 HEoOpaOOTaHHBIX MOKa3aHUW JaTYUKOB,
coxpaHsioTcsi B 0a3e maHHbIX. CoXpaHEHHBIC TaHHBIC
CTPYKTYPUPOBAaHBl B COOTBETCTBHU C TpPEeOOBaHUSIMHU
HEHPOHHBIX CETeH, BXOJHBIC JaHHBIC MPEICTABICHbI
B IpaBWIbHOM (opMaTe Juis MOCIEYIOIIero israra
JIMarHOCTUYECKOI0 aHallu3a B paMKax IJ1aT(hOpMBI
OSTIS.

4. Unterpanus naHHelX. llocmanHbele Ha miat-
dopmy OSTIS xapakTepUCTUKHA AaHHBIX MAI[HCHTOB,
HHTETPUPYIOTCS B CUCTEMY.

5. Pabora netiponHoii cetu. st UT-auarnoctuku
ucnons3dytorcss ceth GRU, LSTM, RNN, kortopsie
npe/BapuTebHO 00y4YeHbl Ha Habopax JaHHbBIX.
3areM OHH 00pabaTHIBAIOT JAHHBIC HOBBIX MMAIMCHTOB
JUTS COCTaBJICHUS TPOTHO30B.

6. JInarHoCTUYCCKUIA BBIBOJI. Brixognbie
JIaHHbIE areHTa HEWpPOHHOM CeTH TPEIOCTaBISAIOT
JUArHOCTHYECKYIO OIICHKY WJIM TPOTHO3 COCTOSHHSA
3JI0POBBSI, TOKa3bIBasi BEPOSTHOCTh 3a00JIEBAHMS 10
HM3MEHEHHUIO TOJIOCY MU IBUKCHUS MAllMCHTOB.

7. Bzaumopeicraue c 10JIb30BATEIBCKUM
uuTepdeiicom. Pe3ynbraThl IHArHOCTUKUA CTAHOBSITCS
JIOCTYTTHBIMH BpayaM  HM  TAlMeHTaM  4Yepe3
nosib3oBarenbekuii  uHTepdeiic  cucremsr  OSTIS.
Be6-untepdeiic, paspadbortanssiii coBmectHo ¢ Flask,
MO3BOJISIET MIOJT30BATEISIM B3aMMO/ICHICTBOBATH
c cucremMoir depe3 BeO-Opaysep Ha KIHMEHTCKUX
yCTpOMCTBax.

8. O030p u nmeiicTBua. MeaUIIMHCKHE PAOOTHUKH
MIPOCMAaTPHUBAIOT BBIXOAHBIE NaHHBIE cucTeMbl OSTIS,
NpUHUMAsT BO BHUMaHHE OOIIYI0 HCTOPHIO OOJEe3HH
marueHTa M KOHTeKCT. OHM MOTYT MCIOJB30BATH ITY

CHUCTEMHBIA AHAJIN3 U TIPAKJIATHASI THOOPMATHKA
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nHpOpMANUIO ISl TPHUHATHS pEmIeHHH O MeTojax
JeYeHNnsT  WIM  IUIAaHUPOBAHUM  JOTOJIHUTEIBHBIX
AQHaJIU30B.

YerpoiicTBo BBoAA M cOOp AaHHBIX

CwmapthoH cobupaeT /Ba TUMA JaHHBIX MaIllUeH-
TOB: ayJMOJaHHbIe Tojioca (MX 3BYKOBBIE XapakTe-
PHUCTHKH) W JIBIDKCHMS TAl[MeHTa (3amichIBAlOTCS Xa-
PaKTCPUCTHKH TBIKCHUH TMAalMEHTa). ANTOPUTM TIONY-
YEeHUs TAaHHBIX 00 IBIKEHUH MAIIMEHTa BKITFOYACT IIIarH.

1. Ucionp30Banne  OuOImoTexn Python
(PySensors) paboThl ¢ AaTYNKOM YCKOPEHUS cMapTQOHa.
Hacrtpoiika mapamerpoB naruvka, yCTAaHOBHUB YacTOTY
nmuckperusaiyu Ha 64 ['11 v To4HOCTh MaTynka Ha 16 OuT.

2. Co3nanne CTPYKTYpHl JAHHBIX O JBH)KEHHH
MaIFeHTa Uil UX COXPaHEHHs. B IWKIe BBHIMONHACTCS
CUHNTHIBAHUE TAaHHBIX JaTYNKA JBIDKCHIS.

3. CoxpaHeHHe JaHHBIX B JOKAILHOM (aiiie s
JayibHeiIeit 00paboTKK U aHaIM3a.

Anroput™m cOOpa roJoCOBBIX JaHHBIX MalMEeHTa
co cMapT¢hOHA BKIIFOYACT.

1. Ucnonb3oBaHue O6ubmoTeKn Python
(PyAudio) m1st paboTsl ¢ MEKpO(OHOM cMapTQoHa.

2. Manmmanu3anuss MUKpoOHa W yCTaHOBKA
mapaMeTpoB 3ByKa. YacToTa JUCKPETH3AINN COCTABIISICT
44100 I'u, KoMMYECTBO KaHAJIOB PaBHO 1, a pa3psAHOCTh
paBHa 16.

3. Co3pmanue ayAnoNOTOKA [T TIPHEMa U 3aITUCH
TOJIOCOBBIX JIaHHBIX.

4.3anuch TOJNIOCOBBIX JaHHBIX M COXpPaHCHHE
WX B JIOKATBHOM (haiine.

CreyomuM MIaroMm T1ocjie cOopa W 3amucH
JIAHHBIX ~ aKceJepoMeTrpa ©  Tojioca  MalUeHTOB
SIBJISICTCS TIpe/IBapUTeibHasi 00paboTKa M HW3BJICUYCHHE
XapaKTEPUCTUK U3 ITUX JaHHBIX.

ANTOpPHUTM TpeIBAPUTEIHLHON 00paOOTKH JAHHBIX
W M3BJICUCHUS IPU3HAKOB BKJIFOYAET.

1. Ounctka M KaIMOpOBKa JaHHBIX: COOpaHHBIE
JIAaHHBIE IIOJIBEPraloTCs IE€PBOHAYAIBHOW OYHCTKE |
KaJIMOpPOBKE ISl YAAJICHHs MMOTEHIUAIbHBIX IIYMOB U
BBIOpOCOB. JlJIsl JAHHBIX aKCeJIepOMETpa BBIMOJIHSIETCS
KaJIMOpOBKa JaTyuKa Juisi OOECHEeYeHHUsS! COTIaCOBaH-
HOCTH JJaHHBIX B paMKax OO0IIel cuctembl oTcueTa [4].

2. AHanm3 BO BpEMEHHOI M YaCTOTHOM 00J1acTsIX,
MIPOBOJIUTCS ISl TTOJTYYEHUsI OCHOBHBIX XapaKTEPUCTHK
curHaia. OH Bkmo4aeT (opMy cuTHalA, SHEPTHIO,
JUINTEIBHOCTh ¥ MHOTOE JIpyroe. AHaln3 B 4aCTOTHOM
o0JlacT  OXBAaTBIBAET CIIEKTPAIBLHOE pacIpezeeHue,

YaCTOTHbIE KOMIIOHEHTBl M CBSI3aHHBIE C HHUMHU
XapaKTepUCTUKH [4].
3. U3BneueHne  MpU3HAKOB: U3  JIAHHBIX

aKcelepoMeTpa M TOJOCOBBIX JAHHBIX H3BIEKAIOTCS
MPU3HAKH, TPEJACTABISIONINEC WHPOPMATUBHBIC |
3HAYMMbIC AaTpHOyTHI, KOTOpPBIE IIOMOTAIOT B pac-
no3HaBanuu BII. [l maHHBIX akcelepoMerpa H3BIe-
KaloTCsl CTaTHUCTUYECKUE XapaKTEPUCTHKU MOJeei

JBIDKCHUS, TaKWe KaK CpeJHee 3HAaYCHUE, CTAaHIapTHOE
OTKJIOHEHHE, dHeprusi u T. . JlJis rOJOCOBBIX JaHHBIX
M3BJIEKAIOTCS XapaKTePUCTHKHA 3BYyKa, KaK OCHOBHAs
4YacTOTa, BBICOTA TOHA, CHEKTPAJIbHBIE XapaKTEPUCTHKH
UT. I

4. Hopmanuzanus:
THUKH HOPMAaJHM3YIOTCS,

W3BIICUCHHBIE XapaKTepuc-
9TOOBI TapaHTHPOBATH, UTO
OHM HWMEIOT CXOXHE MAacIITabbl, MpPeZoTBpaIIas
HENPOIOPLIHOHATBHOE BITUSTHHE OTIPENICTIEHHBIX
¢yHKImi Ha 00yUeHHE MOJEIH.

5. Beibop: npu 00JIBIIOM KOJINYECTBE
W3BJICUCHHBIX XapaKTEPUCTUK BBHIOMpAIOTCS HauboJjee
pelicBaHTHBIC ©  TIOJIE3HBIE K3 HHUX, YyMECHBIIAs
pasMepHOCTh M TOBbIIAs  d3(deKkTHBHOCTL M
ObICTpOIEIICTBIE MOCIIH.

6. XpaHCHHE [AHHBIX: JAHHBIC COXPAHSIOTCS
B Bujic (aiiina 3HAYCHUH, pa3JCICHHBIX 3aISTHIMHU,
JUTS JIOKAJIBHOTO XPaHCHUS.

AJNTOpUTM Tepenaud JaHHBIX C MOOWIBHOTO
cmaprgona Ha cepsep Flask:

1. CmaprhoH cobOupaeT HaHHBIC aKCcelIepOMETpa
WIA TOJIOCOBBIC JaHHBIC IAlUCHTOB W BBIIOJHSICT
MPeBAPUTEIILHYI0 00pabOTKY M U3BJICUCHHE O0OBEKTOB.

2. laHHBIE 0OBEKTOB YIIAKOBEIBAIOTCS B (popMaTe
JSON. Huxe npusenen npumep JSON:

“json

{

"data_type": "yckopenue",
YKa3bIBAFOIIUHA THT TaHHBIX

"byaxIH": [

{

"mms_pyrkmum": "ums_ pyakmam 1",

"3nauenue": 0.123

1

{

"mms_pyrkmun': "umsa_pyakmm 2",

"3nauenue": 0.456

1,

// J10TIOTHATETHHBIE BO3MOKHOCTH. ..

]

}

3. IMepcrka manuaeix JSON Ha cepmep Flask,
ncnons3ys npotokon HTTP, ¢ 3ampocom POST.

HemeBoit URL:  http://192.168.100.14:5000/
getdata. 3aroJ0BOK 3ampoca COACPKUT UHPOPMAIIUIO O
TUTIC JaHHBIX U MOXKET OBITH 3amaH kak "Content-Type:
application/json".

4. Cepsep Flask mnomywaer u oOpabatbiBaer
3ampoc mo MapmpyTy "getdata".

5. Ilpu nonyyeHUH JAaHHBIX Ha CTOPOHE cepBepa
Flask moxxeT OBITh MPUMEHEH psii PA3IMYHBIX CTpaTe-
ruii  00pa®OTKM, 3aBHUCSIIMX OT THIA JIAHHBIX.
Ot CTpaTeruu BKIIOYAOT XpPAaHCHUC JaHHBIX B
JOKaIBHBIX (aiiiax, mpoBeleHue Oosiee YriayOJeHHBIX
AQHAJIUTUYECKUX  TNPOLEAYp  HJIM  HUCIOJIb30BaHHE
IIPOTHOCTUYECKUX MOZENEH Il INPUHATUS PELICHUI
0 3a00JIeBaHU.

// wmmma  "romoc",
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B BeIICONHCAaHHOM aJTOPUTME IaHHBIE Iepe-
JIAOTCSl ¢ MOOWIIBHOTO ycTpoiicTBa Ha cepBep Flask,
KOTOPBIN NOJIy4aeT JaHHbIE 10 YKA3aHHOMY MapLIpyTy
1 BBITIOJIHSICT HEOOXOIUMYIO 00pabOTKYy.

HacTtpoiika JIoKaJILHOT0 cepBepa ¢ MOMOIILIO
cuctembl OSTIS

Be6-miardopma OSTIS [8] — ato Beb-opueH-
TUPOBaHHAs  HporpaMMHasl  IuIaTGopMa  MPOEKTa
OSTIS. Ona ciyXuT OCHOBOM il pa3BepTHIBAHUSA
cymectBytomux cucteM OSTIS u co3ganusi HOBBIX U
BKJIFOUAET B ce0sl ClielyIoNIne KOMIIOHEHTHI:

1. baza 3Hanmii [9], cOAEPXKUT OHTOJOIHU
BEPXHEr0 YpPOBHSA, IOMOTraroliue B pa3paboTke pas-
JIMYHBIX WH(POPMAIIMOHHBIX MOJICIICH.

2. Mammuaa o6pabotku 3Hanmid [10], obecrme-
YUBAaeT XpAaHCHHWE CEMaHTHUYECKOW CeTH M 00paboTKy
3HAHUHI Ha OCHOBE areHTOB.

3. Be6-opreHTHpOBaHHBIN CEeMaHTHYECKHA
unrepdeiic [11], mo3BosseT MOJIL30BATENSIM B3aHUMO-
JIECTBOBATh C MHTEJUIEKTYaJIbHOI CUCTEMOM.

Anroput™m anst Obictporo 3amycka Docker
Compose, noxxomsimuii 1uist Linux 1 macOS:

1. Komust peno3nTopust ¥ Iepexo B KaTaor:

git clone https://github.com/ostis-ai/ostis-web-
platform --pekypcuBHBII

cd ostis-BeO-mmaTgopma

2. 3arpy3ka obpaza u3 Docker Hub:

docker compose pull

3. Co3ganne 0a3bl 3HAHUN:

docker compose 3arycTuTe MalIMHHYIO COOPKY

4. 3amyck BeO-TIaTPOPMBI:

docker compose up

Name Image

v ostis-web-platform

web-1

7b108741865 [ ostis/sc-web:0.7.0-Rebirth

O pEl 0| O

machine-1

089cda169167 ) ostis/sc-machine:0.7.0-Rebirth

S
©
©

C momomrsio Docker Compose:

1. Co3nanne ©0a3pl 3HaHMH (TIepes  IMEpBBIM
3allyCKOM HJIM TOCJie OOHOBJIGHUSI HWCXOJHBIX (haii-
noB B3):

docker compose 3amycTuTe MalMHHY0 COOPKY

2. 3amyck CiyXOBl TIaTGOPMBI M TIONyYEHHUE
noctyna k BeO-unTepdericy (ampec: localhost:8000):

docker compose up

3. 3amyck MaluHbl 00paObOTKM 3HAHUI:

J/scripts/run_sc_server.sh

4. B npyroM TepMHHaJIe 3aIlyCK CEMaHTHYECKOTO
BeO-unTepdeiica (ampec: localhost:8000):

J/scripts/run_sc_web.sh

Ha pucynke 2 mokaszaHbl 3JIEMEHTHI padOTHI
CHUCTEMBI B BHJC AKTHBHBIX KOHTCﬁHepOB B Cpecac
Docker. Korma cepsep Flask momywaer nanHEIe,
OH IIepechbUlaeT HUX AarcHTy HEHpPOHHOH CeTH Ha
cepBepe OSTIS. Ponp sTOorO areHTa 3akitodaeTcs
B 3arpy3ke COOTBETCTBYIOIEH MOJENH HEeHpOHHOU
ceTu U 00pabOTKe MOMYyYCHHBIX JAaHHBIX. Heiiponnas
CeTh JENaeT MPOTHO3bl M TI'e€HEpUPYET pe3yJbTaThl,
coxpaHser ux B 0Oa3e jmaHHbIX. 3atem cepBep Flask
CO3JIaeT OTBET, WHKAICYJIUPYIOIIUI pe3yiabTaThl
nporuosupoBanust B ¢opmare JSON, u ormpasisier
€ro KJIMEHTY, YTOOBI MOJIb30BATEIN MOIJIN NOJTYYHTh
JIOCTYT K pe3yJjbTaTaM aHalln3a B pEXKHME PeaabHOIro
Bpemenu. Ilpomecc oOecrneynBaeT 1EJIOCTHOCTD
U IOCTOSHCTBO JAaHHBIX, IO3BOJISS IOJB30BATEISIM
B3aMMOJIEHCTBOBATH c cepBepoM OSTIS
gepe3 cepep Flask mns moctyma x Hyx)HOU mHDOP-
Manuu. PaccMOTpMM Ha3Ha4yeHHE COCTaBIISIONIIUX
Ha pUCYHKE 2.

Status CPU (%) Port(s) Last started Actions

Running (2/2) 9.03% 15 hours ago u [ ]
Running 0.05% 8000:8000 15 hours ago | | [}
Running 8.98% 8090:8090 &4 15 hours ago u [ ]

Pucynox 2. 3amymennsie konteitneps! B docker

Ostis-web-platform: KOHTEWHep CITY’KUT
CTpyKTypoii 1y BeO-matdopmbl OSTIS, nakancymupys
sk3eMmApel  web-1 u machine-1. OH opranusyer
o0mmii paboumii Mporecc W B3aUMOJICHCTBHE MEKIY
BeO-nHTEepdeiicoM 1 MexaHH3MOM O00padOTKH 3HAHUI.
Web-1: pabotas mon ynpasienuem ostis/sc-web:0.7.0-
Rebirth, »TomMy »3K3emMIuIApy KOHTEHHEpa MOPYIEHO
MPEJOCTaBIATE  KOMIOHEHT  Iuiatdpopmbl  «Beb-
OpHUCHTHPOBAHHBI  CEMaHTHYCCKHHA  HHTEpQEHc.
Otob6paxernne mopta 8000 ykas3pIBaeT Ha €ro poib B
o0paboTtke BeO-Tpadmka. Mashine-1: 3TOT KOHTEHHED,
ucnonp3yromwii - ostis/sc-machine:0.7.0-Rebirth, mpen-
HazHaueH i1 IIaTGopMbl «MammHA 00paboTKH

3HaHui. OH yIpaBiseT XPaHWINIIEM CEeMaHTHUECKON
CeTH W BHINONHSAET OOpabOTKYy 3HAHWH Ha OCHOBE
areHToB. 3arpy3ka IIpoleccopa  yKa3plBaeT  Ha
aKTUBHOE ydYacTHe B 3aJadax oOpaOOTKHM NaHHBIX, a
otobpaxkerne mopTta 8090 ykas3pIBaeT Ha €ro pojb BO
BHYTPEHHHX KOMMYHMKAILMSIX WM TIPEIUIOKCHUAX
CTIELMATN3UPOBAHHBIX YCIIYT.

Bmecre xonteiHepsl web-1 w  machine-1
MIPEICTABISAIOT COOOH OIEeparMoOHHBIE IIEMEHTHI BeEO-
mwratpopmer  OSTIS, koTOpple  B3aMMOIEHCTBYIOT,
co3faBas  KOMIUIEKCHYIO — CHCTEMY  YIpaBICHHSA
3HAaHUSAMH U UX 00pabOTKH C MOMOIIBI0 YIOOHOTO IS
MOJTb30BaTeNs BeO-uHTepdeiica.

CUCTEMHBINA AHAJIN3 U IPUKJIAJTHASI THOOPMATHUKA
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OTtoopaskenue nanHbix B cucreme OSTIS

Anroput™M O0TOOpaXEeHHsI JaHHBIX B CHCTEME
OSTIS Bxitouaet B ces ClIeTyOIIHE dTallbL:

1. UnTerpanus 0a3bl 3HaHWIL: BKIIOYAET B ceOs
CO3/1aHUE WM OOHOBJIEHHE CTPYKTYP 3HAHUH B CHCTEME
JUIS TIPEJICTABIICHHS BHOBB ITOJTyICHHBIX JIaHHBIX.

2. CeMaHTHYECKOE  MPEACTABICHUE:  JIAaHHBIC
JIOJDKHBI  OBITH  NIPEACTAaBICHBI C  HCHOJIBb30BaHUEM
cemantnyeckoro koma OSTIS (SC-code) [12] ms
o0OecrieueHHss COBMECTHMOCTH C  BO3MOXKHOCTSIMU
cucTeMbl 00pabOTKM 3HAHWK. DTO MOXKET BKIOYATh
OTIpEJICTICHUE HOBBIX CEMAaHTHUYECKMX OTHOILICHUH WiN
CYIIHOCTEH /ISl IPE/ICTABICHUS JAHHBIX.

3. INomp3oBarensckuii nHTEpdeiic: OSTIS mpe-

JIOCTABJIICT BEO-OPHEHTHPOBAHHBIA  CEMaHTHUYCCKUIA
uuTepdeiic. OToT uHTEpEHC MOXKXHO HACTPOHUTH
JUIS  OTOOPaKCHHS PE3yJIbTATOB MPOTHO3UPOBAHHS

B yHOOHOW [UIA TONB30BATEIs] W WH(POPMATHBHOM
¢dopme. Ilomp3oBaTenM MOTYT 3alpaIINBaTh Y CHCTEMBI
JIOCTYN K KOHKPETHBIM JAQHHBIM W BH3YaJU3HPOBATH
ux uepe3 uHTepdeiic. Ha pucynke 3 mokasaH mpumep
onucanue 3HaHuH (Ha SC-xone) pacno3HaBanus bII
M0 W3MEHEHWIO [BIXKeHHsA mnaruerHa (SCn-y37bl),
MpeACTaBICHHBIE B 0a3e 3HaHUI BeO-mHTEpdeiica
OSTIS.

4. Buzyanuzanus M aHajiu3: B 3aBUCUMOCTH OT
XapakTepa pe3yJbTaTOB IPOrHO3UPOBAHUS CHCTEMaA
OSTIS Moxer mpeiarath pasindHble HHCTPYMEHTHI
BU3yaIM3allMM U BO3MOKHOCTH aHanu3a. [loabp3oBarenn
MOT'YT IIPOCMaTpPHBATh JJaHHBIE, CO3/1aBaTh OTYETHI WIIN
BBITIOJHATH JAJbHEHIINHI aHAIN3 B pAMKaX CHCTEMBI.

patient’s movement types
= main identifier*:
TUNbI ABUXEHWUIA NauueHTa ™
€ Russian language
patient's movement types ™

€ English language
= system identifier*:
parkinson_patient_movement_types
= result*:
q
< subdividing*:
{

® disease probability
® patient is diseased
]

parkinson_movement_neural_network_model ™

movement type features
® parkinson_movement_number

U

subdividing*:
patients with Parkinson's disease

Pucynok 3. SCn-y37bl, IpeicTaB/ICHHbBIC B 0a3¢ 3HAHUI
BeO-uHTepdeiica OSTIS

Pe3yabTaTsl pacno3HaBaHuUsl. JlanHbie
TECTOBBIX JKcrnepuMeHToB i BII mo u3MmeHeHuto
peun Obutm coOpansl y 188 mammentoB ¢ BIT (107
MyX9uH u 81 >keHmmHA) B Bo3pacte oT 33 mo 87 mer
(65,1+£10,9) Ha oTHeNeHNH HEBPOJOTHHA MEIUIIMHCKOTO
¢dakynpTera Ceppaxmna CtamOyJIBCKOTO YHHBEPCHTETA.
Koutponpnyto rpynmy coctaBwid 64  310pOBBIX
yenoBeka (23 My 4uHbI U 41 jxeHIHA) B Bo3pacTe oT 41
1o 82 mer (61,148,9). Ioxyueno 94,7 % TouHOCTH TIpH
JIUAarHOCTHPOBaHWU Ooje3Hn IlapknHCOHA Ha OCHOBE
peveBbIX naHHBIX W nokazatens F1 ouenku 92,95 %.
TouHocTh HaOOpa o0OydYarONIMX JaHHBIX COCTaBUIIA
92,8 %, a TOYHOCTH HA0Opa TECTOBBIX JaHHBIX — 94,7 %.
Ha Tom >xe HabGope nanHbIX [13] omamH W3 JydImmx
MoKa3aTese 3apyOeHBIX HCCIEIOBAHUN COCTaBISET
95,8 % [14].

JlaHHBIE  TECTOBBIX  OKCICPUMEHTOB  IIPH
pacrio3naBannu bl no usmenennto amxenni (freezing
of gait — FoG ) B3saThl oT 32 MyXuuH M 18 >KeHIIWH,
CpemHui BO3pacT KOTOpbIX coctaBun 70,9+9,8 ner,
MPOJIOJKUTENLHOCTh  3aboneBanns — 7,2+5,4 ropa.
OKCIIepUMEHTHI TOKa3alii, YTO TOYHOCTH PacliO3HaBa-
HUS TpU HCIOJIB30BAHUM JIBYXCIOHHOW HEHPOHHON
ceTH i Habopa MaHHBIX 10 W3MCHCHHUIO JIBHKCHHUS
nmanueHToB gocturaet 96,2 %. Ha Tom jxe Habope
nmaHHbIX Daphnet oguH ©3 Jy4IIuxX —[OKa3aTesei
3apyOeIKHBIX HccienoBaTeneii cocrapiser 98,8 % [15].

3aKiIloueHue

1. [IpencraBnena apxurekrypa cetd loT wu
anropuT™Mbl  padboTel cucrembl WT-mmarHoctukm BIT
Ha OCHOBE ayAMO3aNucell rojoca MalyeHTa U ero JBU-
rarejJbHOM aKTUBHOCTH. YcTpoiicTBo HMHTepHeTra Be-
e CITy>KUT JUTsi cOopa U MpeaBaprUTENbHON 00paboTKH
JAHHBIX TIAIMEHTOB, WCIONb3ys CMapT(OHBI AT H3-
BJICUCHHS XapPAaKTEPUCTUK, KOTOPBIC IIEPEAAIOTCS dUe-
pe3 nokaneHbIi cepBep Flask. SInpo cucremsl, cepsep
OSTIS, cayxur miaargopmoit 06a3bl 3HAHWH, Ha HEM
pa3MELIEH areHT IPOTHO3UPOBAHUS HEUPOHHOM CETH,
KOTOPBIN 3arpy’KacT, BHIIIOJIHSIET U CBA3bIBACT MPOTHO3bI
C CyUIECCTBYIOIIMMH 3HaHMAMH. Pe3ynbTarsl anpodanmn
TIPETIOKEHHONW CHCTEMBI MOKAa3aJld TOYHOCTH Pacrio3-
HaBanus BII 94,7 % u 96,2 % Ha HaOopax IaHHBIX 00
HM3MEHEHUU PeYd U 3aMeUICHHUS JBUKEHUS NMAlEHTOB
COOTBETCTBEHHO.

2. YHUKaJIbHOCTh 3TOM CHCTEMbI 3aKJIIOYacTCs
B ee CrocoOHOCTH 00ecTeynBaTh yaaleHHY 00padoT-
Ky JaHHBIX B P&XKMME PEaJbHOIO BPEMEHHU M pacHo3Ha-
BaHME CIOKHBIX 00beKTOB Ha npumepe BII B cetn Un-
TepHeTa Beuiei. OObeIMHEHUE NaHHBIX M 0a3bl 3HAHUIA
MO3BOJISIET TPOBOUTH YIITyONCHHBIN aHAIN3 M MPHUHU-
MaTh 0OOCHOBAaHHBIE PEIICHHS B 00IACTH ANArHOCTHKH
6ome3nn [lapkuHCOHA.

3. Ilpu mmarsoctuke Ooxe3Hum [lapkuHCOHA MO
M3MEHEHHIO TOJIOCA MAIMEHTOB Obla JIOCTUTHYTa TOY-
HocTh Tecta 94,7 %. Ilpu nmarnoctuke Gonesnu Ilap-
KMHCOHA TI0 M3MEHEHUI0 NBkeHui manueHtoB (FoG)
OblIa JOCTUTHYTa TOYHOCTB Tecta 96,2 %.
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VISHNIAKOU U.A., XIA LW.

10T SYSTEM ARCHITECTURE FOR THE DIAGNOSIS OF PARKINSON'S
DISEASE USING NEURAL NETWORKS AND OSTIS

Belarusian State University of Informatics and Radioelectronics
Minsk, Republic of Belarus

The purpose of this work is to develop an IT diagnostic system for Parkinson's disease (PD) with remote
access based on the Internet of Things (loT) network.

Methods. The authors have developed a method for complex recognition of Parkinson's disease using
machine learning, based on markers of voice analysis and changes in patient movements on known datasets.
In the architecture of the Internet of Things network, a smartphone is the point of initial data collection
and preprocessing, including extracting features from an audio recording of the patient's voice and his motor
activity. Data is transmitted via a local Flask server, which acts as a channel for sending functional data to the
Open Semantic Technology for Intelligent Systems (OSTIS) server. The OSTIS server processes the data received
from the local Flask server and uses a neural network prediction agent to recognize BP. This agent downloads
features and makes predictions based on a trained neural network, linking these predictions with knowledge
in the OSTIS system, and stores them in a database.

The result of the study is the architecture and algorithms of the IoT network. The workflow of the entire system
includes data collection and preprocessing by the Internet of Things device, subsequent data transfer to the local
Flask server, further forwarding to the OSTIS server, processing of the neural network model by a neural network
predictor agent and, ultimately, linking the processed results to the knowledge graph and storing them in the system.

The BP remote IT diagnostics system provides real-time processing of patient data, recognition of disease
signs on the Internet of Things, support for advanced analysis and decision-making for further treatment.

Keywords: Internet of Things network, diagnosis of Parkinson's disease, neural networks, knowledge base,
OSTIS, algorithms, architecture
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