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PRIHOZHY A.A., KARASIK O.N.

COMPETING ALL-PAIRS SHORTEST PATHS ALGORITHMS FOR SPARSE /
DENSE GRAPHS: IMPLEMENTATION AND COMPARISON

Belarussian National Technical University, Minsk, Republic of Belarus

In this paper we consider two families of competing algorithms for finding the shortest paths between all pairs
of vertices (APSP) in directed weighted large graphs with different edge densities: Dijkstra and Floyd-Warshall.
For comparison, we have taken Dijkstra's algorithm with dynamically varying binary heap, which solves the APSP
prob-lem purely in parallel by repeatedly executing on all vertices of the graph considered as source vertices, and we
have taken blocked Floyd-Warshall algorithm, which is also well-parallelizable. It is known that in terms of computa-
tional complexity, the first algorithm is preferable on sparse graphs and the second algorithm is preferable on dense
graphs. At the same time, it is not clear what are the ranges of graph densities at which the first algorithm will con-
sume less CPU time than the second algorithm. This paper describes multithreaded implementations of parallel al-
gorithms on multicore processors that make different usage of synchronization primitives such as mutex, conditional
variable, lock-ing, and atomic operation. By conducting computational experiments on an 8-core Intel(R) Core(TM)
i7-10700 CPU @ 2.90GHz, we found that each algorithm has a preferred graph density. In the case of multi-threaded
parallel imple-mentation, the blocked Floyd-Warshall algorithm has lower running time than Dijkstra's algorithm
if the graph densi-ty is greater than 0.5. Otherwise, Dijkstra's algorithm runs faster. In the case of single-threaded
implementation, the split point is 0.43.

Keywords: Sparse graph, dense graph, APSP problem, Dijkstra-family algorithms, Floyd-Warshall family
algorithms, multi-core processor, muti-threaded implementation, comparison

Introduction Then the Dijkstra running time in the case of the

APSP problem depending on the graph density is:
1) for a binary heap

o -(IN+Y- V- (V-1)) - log V);
2) for a Fibonacci heap
o - (M -log V+ Y- V- (IV-1)).

Thus, the speedup of Dijkstra's algorithm com-
pared to the Floyd-Warshall algorithm is:
1) for a binary heap

Speedup(BH) = [V]/ (1 + Y- ([V=1)) - log [V]);

2) for a Fibonacci heap

Models, methods, algorithms, and tools for
finding shortest paths between vertices of large, weighted
directed and undirected sparse and dense graphs [1] help
to solve many problems in many application areas. In
this paper, we consider directed simple graphs G = (V, E)
where V' is a set of vertices and £ is a set of edges with
positive weights. A graph can have a different number of
edges and can range from sparse to dense.

For  the  single-source  shortest  paths
problem (SSSP), Dijkstra's algorithm [2] with the
min-priority queue has the worst-time complexity of
O((IV] + |E]) - log]|V)) if the queue is implemented using a
binary heap (BH). A whole family of algorithms has been
developed based on Dijkstra's algorithm [3-5]. Thus,
Dijkstra's al-gorithm implemented using a Fibonacci

heap (FH) has a running time of O(|V] - log|V] + |E|). The
algorithm is most suitable for sparse graphs.

The Floyd-Warshall (FW) algorithm [6] for
the all-pairs shortest paths problem (APSP) has a time
complexity of O(|V]®) regardless of the number of edges
of the graph. The blocked Floyd-Warshall (BFW)
algorithm [7-20] is a generalization of the first algorithm
with increasing performance. The algorithm is most
suitable for dense graphs. APSP can also be solved by
performing N runs of Dijkstra's algorithm for vertices
V' considered as source vertices. For directed simple
graphs, the graph density is defined as:

Y=IE|/ V- (V=D

Speedup(FH) = V] / ((log [V + Y- ([V]=1))).

Figure 1 shows the dependence of Speedup(BH)
on the density of graphs consist-ing of 2400 vertices.
Dijkstra’s algorithm is faster than the Floyd-Warshall
algorithm in the graph density interval [0.0, 0.128118].
The Floyd-Warshall algorithm is faster in interval
(0.128118, 1.0]. Dijkstra’s algorithm with the Fibonacci
heap is faster than the Floyd-Warshall algorithm in the
much wider interval [0.0, 0.99716]. If we move from
algorithms to their realization on multicore processors,
the division point 0.128118 can be moved in the
interval [0, 1].
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Figure 1. Speedup (in times) of Dijkstra’s APSP algorithm
compared to the Floyd-Warshall algorithm as a function
of graph density Y when graph size |V] = 2400

It has been observed in the literature that the binary
heap in Dijkstra’s algorithm can be implemented more
efficiently compared to the Fibonacci heap. Therefore, in
the paper, we consider and compare different sequential
and parallel implementations of the Floyd-Warshall
and Dijkstra (with a dynamically varying binary heap)
algorithms on large graphs of different densities.

Two parallel implementations of Dijkstra’s
APSP algorithm with dynamic binary heap

Let N = |V] and W be the adjacency matrix for a
graph G: w(i, i) = 0 for 1 <i < N; w(i, j) is the weight of
edge (i,)) € E; w(i, j) = o for (i,j) oo E and i #. Let D be
the distance matrix between all pairs of vertices i, j € V,
i #j and d, be the length of the shortest path from vertex
i to vertex j. Let P be a matrix whose element P; is the
vertex preceding vertex j in the path to be shortest from
i toj. The task of the APSP algorithm is to compute all
elements of matrices D and P given by the graph G.

Dijkstra’s SSSP algorithm can be easily ex-
tended to the APSP algorithm by repeatedly applying it
to rows i of matrices D and P. All rows can be computed
in parallel. Figure 2 shows the architecture of our version
Dv.1 of the Dijkstra APSP parallel algorithm implemen-
tation. The set of rows of matrix D and the set of rows
of matrix P are partitioned into corre-sponding slots
1 ... T of rows, which are computed by separate threads.
Each thread uses its own Dist and Prev vectors and
its own dynamic , therefore it can operate completely
independently of other threads. There is no need to
use synchronization facilities. If the running time of
Dijkstra’s algorithm for one source vertex is close to the
running time for another source vertex, the computational
load is almost the same for all threads.

Algorithm 1 describes the behavior of the
multithreaded parallel Dijkstra APSP algorithm. It
creates a thread that executes a function Dijkstra APSP
to compute the shortest paths from each source vertex
of the corresponding slot. Algorithm 2 implements this

function. Its inputs are the thread number ¢, the number
N of vertices, and the adjacency list AL, which is the set
of graph edges (and their weights) outgoing from each
vertex. Its outputs are matrices D and P, whose row
slots are updated by thread z. A Slot defines the range
from the first to the last row of matrices D and P that are
assigned to a thread. The function Dijkstra_SSSP com-
putes the vectors Dist and Prev, which are assigned to the
corresponding rows of D and P.

Algorithm 3 describes the Dijkstra SSSP al-
gorithm, which uses the AL graph adjacency list and
works with a min-priority queue QueueB, arrays Dist and
Prev. We represent the queue as a labeled dynamically
changing binary tree heap. Initially, the tree consists of
2N — 1 nodes (N terminal and N — 1 nonterminal) and has
[log n] depth.

Matric D

= Dist 1
Slot 1
Prev 1
Binary Heap 1
Slet T
N
1 Matrix P
1
Slor 1 Dist T
PrevT
v Slot T Binary Heap T

Figure 2. Version Dv.1 of parallel multithreaded
implementation of Dijkstra APSP algorithm with dynamic
binary heap

Algorithm 1: Multithreaded parallel Dijkstra APSP
algorithm (version Dv.1)

Input: A number N of graph vertices
Input: A number 7 of threads
Input: A graph adjacent list AL
Output: A matrix D[NxN] of shortest path distances
Output: A matrix P[NxN] of previous vertices in
shortest paths
fort<—1to T do
Create_Thread(t) with function
Dijkstra APSP(t, N, AL, D, P)
for t < 1to T'do
Join_Thread(t)
return B, P

Algorithm 2: Dijkstra APSP

Input: A number ¢ of thread
Input: A number N of graph vertices
Input: An adjacent list AL of graph
Output: A matrix D of shortest path distances
Output: A matrix Pof previous vertices in shortest
paths
QueueB <« Create_Binary Queue(N, AL)
Dist « Create_Initialize Dist(N)

4,2024
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Prev < Create_Initialize_Prev(N)

Slot «— Choose_Slot(N, t)

for row « Slot.first to Slot.last do
Dijkstra_SSSP(N, AL, row, QueueB, Dist, Prev)
D(row) « Dist
P(row) < Prev

return B, P

Each node has two labels: vertex identifier v and
key Dist[v]. The root of the tree points to the vertex with
the smallest key. QueueB supports two operations:

1. Extract-min removes the NearestV element
with the smallest key from QueueB; this removes one
terminal and one non-terminal vertex from the tree.

2. Decrease-key replaces the current key
Dist[AdjV.id] of adjacent vertex AdjV.id with the NewDist
key, and then reorders QueueB by changing the labels of
the vertices in the tree.

Algorithm 3: Dijkstra_SSSP

Input: A number N of graph vertices
Input: An adjacent list AL of graph
Input: A row of matrix D and matrix P
Output: A vector Dist of shortest path distances
Output: A vector Prev of previous vertices in paths
fori— 1toNdo
Dist[v] « ©
Prev[v] < undefined
Dist[row] < 0
Prev[row] < row
QueueB « Initialize_Queue(N, row)
for Step < 1 to N do
NearestV «— QueueB.root.id
Distance < Dist[NearestV)
if Distance = © «— then break
for AdjV < AL[NearestV].list do
NewDist < Distance + AdjV.key
if Dist[AdjV.id] > NewDist then
Dist[AdjV.id] < NewDist
Prev[AdjV.id] < NearestV
Decrease_Key (QueueB, AdjV.id, NewDist)
Extract Min (QueueB, NearestV)
return Dist, Prev

As the binary tree becomes smaller step by
step, the average time complexity of Extract-min and
Decrease-key operations is less than log |V]. This is the
source of speeding up of Algorithm 3.

Figure 3 shows the Dv.2 version of our im-
plementation of the parallel Dijkstra APSP algorithm.
Each thread captures matching rows of matrices D and P
concurrently and calls Dijkstra _SSSP. After computing
the shortest paths for the source, the thread captures the
next rows. Since the pool is shared by all threads, our
implementation uses atomic operations to select rows
from the pool.

Parallel BFW and its implementation with
threads, block pools and atomic operations

BFW performs graph partitioning into sub-graphs
with S vertices and creates blocked matrices B[M*M]
of distances of shortest paths and P[MxM] of previous
vertices on shortest paths, where M = N/S. In the outer loop
along m, three types of blocks are computed sequentially:
diagonal, cross and peripheral. The cross blocks are
collected in a PoolC of size 2:(M — 1) and are computed
mutually in parallel by the Perform_Parallel Pool
function. Peripheral blocks are collected in PoolP of size
(M —1)* and are computed in parallel by the same function.

The architecture of the multithreaded im-
plementation of the Dv.l version of the algorithm
is shown in Figure 3. The main thread computes the
diagonal blocks using the FIW or GEA algorithm [15].
Threads 1 to 7 compute cross and peripheral blocks
from PoolC and PoolP. The architecture has a drawback
as the Perform Parallel Pool function (Algorithm
5) creates and deletes all pools and threads 2-M times.
Its advantage is no need for synchronization between
Algorithms 4 and 5.

Algorithm 4: Parallel BFW with pools and atomic
operations

Input: A number N of input graph vertices
Input: A matrix W[NxN] of graph edge weights
Input: A number M of blocks
Input: A size S of block
Output: A blocked matrix B[M *xM] of path distances
Output: A blocked matrix P[M xM] of previous vertices
B[M*M] — WINx*N]
Initialize_Prev (P[M*M])
for m < 1 to M do
Calculate_Block (S, B, P, m, m, m)
Initialize_Pool _C (Pool _C of Blocks)
forv e {l...M} and v # m do

Add _to_Pool C (v, m, m)

Add _to_Pool C(m, m, v)
Perform_Parallel Pool (PoolC of Blocks, S, B, P)
Initialize_Pool P (Pool P of Blocks)
forve {1..M} and v#m do

foru e {1...M} and u #m do
Add to_Pool P(v, m, u)
Perform_Parallel _Pool (PoolP of Blocks, S, B, P)
return B, P

Algorithm 5: Perform_Parallel Pool

Input: A Pool of Blocks to be computed
Input: A size S of block
Inout: A blocked matrix B of path distances
Inout: A blocked matrix P of previous vertices
fort<— 1to 7T do
Create_Thread(t) with function
Compute Blocks (Pool of Blocks, t, S, B, P)
for t — 1 to T do
Join_Thread(t)
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Figure 3. Version Dv.2 of parallel multi-threaded implementation of the Dijkstra APSP algorithm with a pool of rows

The Compute Blocks function (Algorithm 6)
is run by threads 1 to 7. Each function call iteratively
grabs a unique record from the same pool and uses it to
recalculate one block. All records that are in the pool
can be processed in parallel. The capture of records is
accomplished using atomic operations. Different threads
can process different number of records.

Algorithm 6: Compute Blocks implemented by each
thread

Input: A Pool of Blocks to be computed
Input: A thread number ¢
Input: A size S of block
InOut: A matrix B updated for blocks of pool
InOut: A matrix P updated for blocks of pool
while (true) do
rec <— Atomic_Next record Capture (Pool _of Blocks)

The Compute_Blocks function (Algorithm 7) has
six inputs: the block size S, the three indices v, m and u
of the vertex subsets, the matrices B and P. It recalculates
the block B, through the blocks B, and B, , of which
two or three may be the same. ’ '

Algorithm 7: Block calculation (Calculate Block)

Input: A size S of block
Input: Indices v, m and u of vertex subsets
InpOut: A blocked matrix B of path distances
InpOut: A blocked matrix P of previous vertices
for k< 1to Sdo
for i — 1to Sdo
for j <— 1to Sdo
sum < B _(i,k)+B (k j)
it B (i, ])'> sum then

if rec # empty then B (i, j) < sum
Calculate Block (S, rec.v, rec.m, rec.u, B, P i .
else break ‘ / P ] —P, (k]
PoolC
Blocked matrices Band P __ Record 1
1 "M -
1|\ P3|P3|Cl1|P3 P3 r Record 2x(M—1) o
- ’ )
P3| P3|CL|P3| .. |P3k_ -7 s Atomic
AN | PoolP *.operations * "
c2 czcz |2k s S0
= Record 1 L
P3| P3| €CINP3| ... | P3 !
~ f o
s - Record (M — 1))'
m|p3|p3ler|ps| NpsfFT ! 7
A
“v¢" Thread main
(FW, GEA)

Figure 4. FWv.1 version of parallel multi-threaded implementation of BEW algorithm with pools PoolC and PoolP;

FW stands for Floyd-Warshall, / stands heterogeneous, US —

unequal sizes and GEA stands for graph extension algorithm
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; y ~. Cond Var
PoolC or Slots PooIRJor Slots ™~ _ - FullPool
Record 1 Record 1 ~ T
Blocked matrices ;
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Thread ] 7 ThreadT
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Figure 5. Version FWv.2 and FWv.3 of parallel multi-threaded implementation of BF¥ algorithm with pools, mutexes and con-
ditional variables

Two implementations of parallel BFW using
threads, mutexes and conditional variables

To avoid multiple creation and deletion of
worker threads in the loop across m (Algorithm 4), we
have developed FWv.2 and FWv.3 ver-sions of parallel
implementations of BFW (Figure 5). They use a mutex
and conditional variables FullPool and EmptyPool to
synchronize the main thread executing Algorithm 4 and
worker threads 1 to T executing Algorithm 7 to safely
recalculate all blocks described in the pool. The mutex
protects the pool from destruction. The versions differ
from each other in the way the threads access entries
in the pool. The FWv.2 version pre-divides the pool
record set into slots, one slot for one thread. No conflict
oc-curs when two and more threads capture the same
record. In the FWv.3 version, each thread has access
to all records in the pool and uses atomic operations to
dynamically capture the next record for processing. The
FWv.2 version is preferred when each block is computed
at approximately the same time and the running time of
each thread is predictable in advance. The FWv.l and
FWv.3 versions may be faster if blocks of different types
are computed by different heterogeneous algorithms
requiring different CPU times, or if blocks are of une-
qual size and require different computation times.

Results

Experimental results are obtained on an Intel(R)
Core(TM) 17-10700 CPU @ 2.90GHz 8-core 16 physical
thread processor using C++ language and the Visual
Studio 2019 Community Edition compiler (MSVC++
14.29). Table 1 shows that version Dv.l of Dijkstra’s
multi-threaded implementation of APSP is on average
3.2 % faster than version Dv.2, although it loses to Dv.2
on graphs of certain sizes with density 0.2. For graphs of
density 0.8, Dv.2 is on average 2.85 % faster than Dv.1.

Table 1. Comparison of running times (%) on
different graph sizes of two versions of multi-threaded
implementations of Dijkstra’s APSP algorithm for graph
densities of 0.2 and 0.8

Graph size Density 0.2 Density 0.8
1200 -2.86 1.85
2400 1.25 -0.61
3600 -0.24 3.73
4800 -0.41 5.54
6000 7.84 4.63
7200 10.27 2.78
8400 6.58 2.05

Table 2 compares the runtimes of three multi-
threaded implementations of the blocked Floyd-Warshall
algorithm on graphs of sizes 1200-8400. For graphs of
density 0.8, the FWv.1 version wins on average 4.52 %
over FWv.2 and 4.64 % over FWv.3. The FWv.2 version
wins 0.26 % over FWv.3.

Table 2. Comparison (%) of running times of three
versions of BFW implementions for graph density 0.8

Graph size v.l/v2 v.l/v3 v.2/v.3
1200 -1.94 -1.94 0.00
2400 1.90 0.32 1.59
3600 8.81 15.01 -7.30
4800 14.36 10.94 3.85
6000 -0.53 -1.12 0.58

Figure 6 compares single-thread implementations
of sequential FIW, BFW and Dijkstra APSP on graphs
of different densities. As can be seen, BFW is about
1.83 times faster than FW on all graphs. Dijkstra
is 6.07 times faster than FW at density = 0.1 and is
1.1 times slower at density = 1. Dijkstra is 3.67 times
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faster than BFW at density = 0.1 and twice as slow
at density = 1. If density < 0.43, Dijkstra beats BFW,
otherwise it loses.

0.00
5.00
4,00 LN
3.00
2.00

1.00

0.00
0.0 0.2 0.4 0.6 0.8 1.0

Figure 6. Comparison of three single-threaded APSP algo-
rithms on graphs with 2400 vertices and block-size 120 as a
function of graph density: long dashed line — reduction
of runtime (in times) of BFW compared to FW, dashed line —
Dijkstra compared to £/, and solid line — Dijkstra compared
to BFW

Figure 7 shows a comparison of two paral-
lel multi-threaded implementations of the APSP
algorithms with each other and with their single-thread
implementations at graph densities from 0.1 to 1. It is
shown that parallel APSP Dijkstra is up to 3.98 times
faster than parallel BFW when the graph density < 0.5.
Parallel BFW is twice as fast as parallel Dijkstra if the
density > 0.5.
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Figure 7. Comparison of two parallel 16-threaded
implementations of APSP algorithms with each other and with
their sequential counterparts on graphs of 2400 vertices and
block-size 120 as a function of graph density:
solid line — runtime reduction (in times) of parallel Dijkstra
compared to parallel BFW, long dashed line — of parallel
Dijkstra compared to sequential Dijkstra, and dashed line —
of parallel BFW compared to sequential BFIW

Parallel Dijkstra is faster than sequential Dijkstra
by an average 8.5 times. Parallel BFW is 8.41 times
faster than sequential BFW. The division point of the
interval [0, 1] has moved to the centre. We attribute this
with three main reasons:

1) the average case rather than the worst case
is evaluated; 2)the effect of a multi-core processor
with hierarchical memory; and 3) the properties of a
dynamically modified heap. Table 3 shows that the
number the decrease-key calls is bounded and the
number of levels of binary heap the key moves over
remains between 1.59 and 1.71 when the graph density
isin [0.1, 1.0].

Table 3. Parameters of Decrease-Key in dynamic binary
heap for graphs of 2400 vertices with different edge

densities
Bges% | (| DKeas | PRI
0.1 578122 10243 56 1.71
0.2 1152695 10828 106 1.68
0.3 1728197 11071 156 1.67
0.4 2305101 11206 205 1.66
0.5 2879364 11245 256 1.65
0.6 3455521 11366 304 1.64
0.7 4031390 11491 350 1.62
0.8 4606640 11561 398 1.61
0.9 5182374 11561 448 1.60
1.0 5757600 11511 500 1.59

Figure 8 shows that the parallel Dijkstra al-
gorithm is faster than the parallel BFW algorithm by a
factor of 2.23 to 2.67 on sparse graphs of 1200-8400
vertices with density 0.2.
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Figure 8. Comparison of parallel APSP Dijkstra and BFW on
graph of different sizes: solid line — reduction of runtime (in
times) of Dijkstra compared to BFW at density = 0.2; dashed
line — reduction of runtime of BF W compared to Dijkstra at
density = 0.8

At the same time, Figure 8 shows that the
parallel BFW algorithm is faster than Dijkstra’s parallel
algorithm by a factor of 1.39 to 1.72 on dense graphs of
1200—7200 vertices with density 0.8. Dijkstra’s gain over
BFW decreases as the graph size increases from 1200 to
3600. Then the gain increases up to a graph size of 6000.
For larger graphs, the gain decreases.
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Conclusion

The paper has shown that the computational
complexity of all-pirs shortest paths algorithms can
be evaluated theoretically approximated. When the
algorithms are implemented with par-allel multithreaded
applications for multi-core processors, the regions
of preference of the al-gorithms differs from those
theoretically pre-dicted. We have developed two parallel

multi-thread implementations of parallel Dijkstra APSP
algorithm with dynamic binary heap and three parallel
multi-thread implementations of blocked Floyd-Warshall
algorithm and experi-mentally have shown on Intel(R)
Core(TM) 17-10700 CPU @ 2.90GHz 8-core processor
that Dijkstra’s APSP is faster than the blocked Floyd-
Warshall on sparse graphs with density <0.5. On graphs
with density > 0.5, the blocked Floyd-Warshall is faster
than Dijkstra’s APSP.
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TIPUXO)KHU A.A., KAPACHK O.H.

KOHKYPHUPYIOIIHUE AJITOPUTMbI HOUCKA KPATYAWIINX ITYTEX
MEXKAY BCEMU TAPAMMU BEPIIUH PA3ZPEKEHHbBIX / IINTOTHBIX I'PA®OB:
PEAJIM3ALIUA U CPABHEHUE

benopyccruii nayuonanvhulii mexuuueckutl ynueepcumem, Munck, Pecnyonuxa benrapyce

B cmamve paccmampusaromes 0sa cemelcmea KOHKYPUPYIOWUX aN2OPUMMOS HOUCKA KPAMYAUUIUX
nymeti medxncoy ecemu napamu eepuiun (APSP) 6 opuenmupo6annvix 636euleHHbIX O0bWUX 2papax ¢ pasiuiHou
niomuocmoto  pebdep. [etikcmpor u @nouda-Yopwenna. /[na cpasHenus mol 831U aneopumm Jeuxkcmpol
¢ OUHamMu4ecku U3MeHsAeMOoU O080UUHOU Kyuel, Komopwlli pewiaem 3adauyy APSP uucmo napannensHo nymem
MHO20KPAMHO20 6bINOTHEHUA HA 8CEX GePUIUHAX 2pagha, pACCMAMPUBAEMbIX 6 Kauecmee UCXOOHbIX, U 637U
onounvill aneopumm Daovida-Yopuieana, Komopvii maxdice AGIAEMC XOpoulo pacnapaiieiueaemvim. Hzsecmmo,
YUMo ¢ MOYKU 3PeHUs BLINUCTUMENLHOU CNIONCHOCIU Nepeblll aleOpUumm npeonoymumenvHee Ha paspedcenbix
epaghax, a 6mopoil — Ha NIOMHBIX. B mo dice 8pems HesICHO, KaKo8bl OUana3onbl NIOMHOCMell 2pagoe, npu KOMopuvix
nepewlll aneopumm 6Oyoem nompeonsims npPOYeccoOpHoe BpeMs, MeHvbuiee, 4eM Gmopou airzopumm. B cmamve
ONUCAHBL PEANU3AYUU MHO2ONOMOUHBIX NAPATIETLHBIX ANCOPUMMOE HA MHO20SI0EPHBIX NPOYECCopax, KOmopble no-
PA3HOMY UCROIL3YIOM MAaKue NpUMUMUGbl CUHXPOHUZAYUU, KAK MbIOMEKC, YCI06HAS NepeMeHHAs, OIOKUpOGKa u
amomapnas onepayusi. Ilposeods eviuuciumenvhvie sxcnepumenmost Ha 8-s0eprom npoyeccope Intel(R) Core(TM)
i7-10700 CPU @ 2.90GHz, mbl 0OHapyscunu, ymo Kaxicowlil aieopumm umeenm npeonodmumensHyo niomHOCHb
epaghos. B ciyuae MHO20NOMOYHOU nApaineivHol peamuzayuu oaounvlii areopumm Daotida-Yopwenna umeem
Menbulee epems pabomul, yem aneopumm Jeuxcmpnl, eciu niomuocms epaga donvuie 0,5. B npomusnom ciyuae
aneopumm [etixkcmpul pabomaem 6vicmpee. B ciyuae 00nonomounotl peanuzayuu mouxa pazoenenus — 0,43.

Knroueswvie cnosa: Paspeosicennvtii epagh, nnomuwiii epag, 3adawa APSP, ancopummer cemeticmea /etikempel,
anzopummbul cemeticmea Pnotida-Yopuienna, MHo20a0epHbvlil NPoYeccop, MHO2ONOMOYHAS Peau3ayus, cpagHeHue
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COMPLEXIFICATION THROUGH GRADUAL INVOLVEMENT AND REWARD
PROVIDING IN DEEP REINFORCEMENT LEARNING
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Training a relatively big neural network within the framework of deep reinforcement learning that has enough
capacity for complex tasks is challenging. In real life the process of task solving requires system of knowledge, where
more complex skills are built upon previously learned ones. The same way biological evolution builds new forms
of life based on a previously achieved level of complexity. Inspired by that, this work proposes ways of increasing
complexity, especially a way of training neural networks with smaller receptive fields and using their weights as pri-
or knowledge for more complex successors through gradual involvement of some parts, and a way where a smaller
network works as a source of reward for a more complicated one. That allows better performance in a particular case
of deep O-learning in comparison with a situation when the model tries to use a complex receptive field from scratch.

Kniouesvie cnosa: deep reinforcement learning, Q-learning, curriculum learning, distillation model, reward

shaping

Introduction

Reinforcement learning (RL) offers a powerful
framework for decision-making tasks, where agents
learn from interactions with an environment to improve
their performance over time. The agent observes states
and rewards from the environment and acts with a
policy that maps states to actions. Deep Reinforcement
Learning (DRL) denotes the combination of deep
learning with RL. DRL uses deep neural networks
to train powerful function approximators to address
complicated domains [1]. But DRL still faces difficulties,
especially when convergence of deep neural networks
requires learning complicated concepts in environments
with sparse feed-back. That difficulty has some intuitive
explanation. Imagine a human baby behind a wheel with
the target to drive home and the amount of attempts that
it would take to achieve some positive feedback. Or the
task of getting some chemical substance in a lab through
the pu trial and error method by a person who is totally
unfamiliar with chemistry. These processes require
learning consecutive sets of skills, where each set is built
upon previously learned ones. It’s especially attributable
to humans and high-level animals. For a person it
requires learning how to control bodily functions,
getting basic knowledge from parents, kindergarten, and
school and so on. A fox baby isn’t able to hunt, until
acquiring all the necessary skills. In addition to learning
procedure, defining a structure of a neural network of
sufficient capacity, that can learn the set of consecutive
tasks and effectively converge, also represents a hurdle.
The process of evolu-tion in nature generally goes from
simple neural structures to more complex. Inspired by
that, this work describes an example Complex-ification
Through Gradual Involvement And Reward Providing
used for the game of Snake within the framework of deep
Q-learning.

Related Work

Training a model on examples of increasing
difficulty, progressively providing more challenging data
or tasks as the policy improves, is called Curriculum
Learning (CL) [2]. As the name suggests, the idea behind
the approach borrows from human education, where
complex tasks are taught by breaking them into simpler
parts. This is used now in advanced spheres like teaching
quadrupedal robots to perform complex movements [3],
quantum architecture search [4] and many others.
There are a lot of strategies of CL. An approach that
uses separate policies for each skill [5] and a similar
one that distils the specialist controllers into a single
generalist transformer policy [6] both seem to be closest
to the approach described in the current paper because of
connection between successive teaching and allocating
some network capacity for newly formed skills.
Another related approach is called Progressive Neural
Networks [7]. A progressive network is composed of
multiple columns, and each column is a policy network
for one specific task. It starts with one single column for
training the first task, and then the number of columns
increases with the number of new tasks. While training
on a new task, neuron weights of the previous columns
are frozen and representations from those frozen tasks
are applied to the new column via a collateral connection
to assist in learning of a new task [1]. Also the idea of
Distillation Model involves training a smaller model first
and then building a big one that will imitate the first one in
order to kick start the large model’s learning progress [8].
In spite of some similarities, the suggested approach
of Complexification Through Gradual Involvement
unlike others uses successive allocation of the network
capacity for a current single task through increasing
the perception field, i. e. the state space. Reinforcement
Learning from Human Feedback (RLHF) [9] learns from
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human feedback instead of relying on an engineered
reward function. Reward Providing unlike that uses a
less complex network instead of a human expert as a
source of reward for training a more complex one.

Complexification Through Gradual
In-volvement And Experimental Studies

Complexification can be performed in different
directions: just network capacity, the amount of sensory
information (state vector) and subsequent network
capacity, and the action vector. In the current work only
the case of increasing the size of a state vector is con-
sidered. Suggested approach is described based on the
game of Snake [10], which is a modified version of the
original game [11]. The screen of the game is represented
on Figure 1. Initially as an input vector the snake takes
the following 11 parameters that are relative to its head’s
position [10]: danger straight within 1 step, danger right
within 1 step, danger left within 1 step, moving left,
moving right, moving up, moving down, food left, food
right, food up, food down.

Score: 8

Figure 1. The Snake game

The result of training is represented on Figure 2.
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Figure 2. Training result for 11 values

It takes approximately 100 games to converge
and the average result is about 35 scores. Also it requires
epsilon-greedy strategy for exploration during the first
80 epochs. Without it the network doesn’t converge at
all. The analysis of the way the snake ends up shows
that it tends to coil in itself — Figure 3. That situation is

supposedly attributable to the inability of the snake to
get understanding of the location of its own parts. Let’s
increase the input vector by adding the following pa-
rameters:

- snake tail to the right of the head;

- snake tail to the left of the head;

- snake tail to the front of the head;

- relative distance to the right wall;

- relative distance to the left wall;

- relative distance to the front wall;

- last turn left;

- last turn right.

Figure 3. Coiling up

Now the input vector is comprised of 19
parameters. The result of training is represented on
Figure 4.
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Figure 4. Training result for 19 values

Now it takes approximately 150 games to converge
and the average result is about 62. If we want to start the
learning process of a model with a bigger input vector
not from scratch, but with weights of a smaller one, the
procedure in this case is straightforward. For the current
network architecture it requires copying of the weights of
the second fully connected layer (FC 2) and the weights
of the first fully connected layer (FC 1) concatenated
with a tensor of random values of shape (8, 256) in
order to fit the newly formed FC 1 layer. The scheme
of the process is presented on Figure 5. The number
of input and output features of each layer is specified
in parenthesis.
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Figure 5. Weights loading

Modern frameworks like PyTorch provide a
convenient way of loading weights from one model to
another. The result of train-ing of the network with loaded
weights from the experiment on Figure 2 is represented
on Figure 6.
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Figure 6. Training result after weights loading

It demonstrates that with prior knowledge it takes
approximately 50 games to converge to even better scores
in comparison with the experiment on Figure 4, which is
about 3 times less in terms of count of games. Due to the
nature of neural networks, they can rely only on known
part of the input vector, performing rational activity in
terms of the environment and simultaneously figuring
out the way of applying newly added part of the input
vector. It’s important to note that it doesn’t require any
initial exploration as it were in both cases with a smaller
and bigger vectors starting from scratch. But it seems
that in more complicated scenarios a way of explor-ing
possibilities that come with added input vector might be
required. The next step is to add a convolutional (2d) head
to the neural network that will partially observe the envi-
ronment. For this case a bit different approach will be
demonstrated, which involves turning off some advanced
parts of the neural network, like the convolutional head
in this example, while training the initial smaller parts. In
essence, this process is similar to training a smaller neural
network and loading its weights into a correspondent part
of a bigger one. In order to make it easier for the agent to
learn, the convolutional head is provided not with the full
environment, but with black and white cropped fragment
of shape (8, 8) around snake’s head, rotated according to

its current direction — Figure 7. There are several sequen-
tial stages of training. During a “Zeros” stage the output
of the convolutional head is always a tensor of zeros and
the head is frozen. In this case the agent is supposed to
rely only on the 1d head. A “Noise” stage involves pro-
cessing the image by the frozen convolutional head with
randomly initialized weights.

Environment Cropped and rotated fragment

Figure 7. Input preprocessing

The absence of any structured useful information
about the environment from 2d head supposedly
will make the rest of the network insensitive to any
information from that head. The initial intent of that is
to prevent possible sporadic behavior of the network on
the transition between the previous stage and involving
the 2d head, when the network has been trained with the
constant tensor of only zeros and it unexpectedly gets a
tensor of random values. An “Involving” stage implies
freezing the 1d head and unfreezing the 2d head in order
to provide some prior knowledge and kick start the
learning process of 2d head. A “Both heads” stage in-
volves simultaneous training of both 1d and 2d heads.
Architecture of the neural network (without ReLUs) is
presented on Figure 8.

A set of experiments has been conduct-ed in
order to practically evaluate perfor-mance, depending
on redistribution of the entire amount of 3000 games
between different stages using fixed hyperparameters.
Each experiment the agent uses epsilon-greedy strategy
during first 280 games and then the greedy one.

DA

Input 11

Linear head (1d)

—[1]

FC3 1
(19.3)

il
(11, 256) <+
Convolutional head (2d) 1

— [~ |—| |[— %D—
FC22
(256. 16)

Input (8, 8) Flatten
Conv 1 Conv 2

1. 16) (16, 8) 6% 1

(512, 256)

Figure 8. Network architecture
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The first experiment involves training the agent
during all of the episodes (games) using a “Zeros” stage,
which means it effectively uses only 1d head — Figure 9.

100 A
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12

1000 1500 2000 2500 3000

Number of games

0 500

Figure 9. Training using only “Zeros” stage

Unsurprisingly, the result doesn’t seem much
different from Figure 2. It has the average score of 33
over 100 last games. The network just learns to ignore a
tensor of zeros from the 2d head and rely only on 1d part
that uses 11 values, the same as in case on Figure 2. It’s
necessary to mention that in spite of pretty stable average
score, the dispersion of scores for each game (blue color)
is pretty high.

The second experiment involves train-ing the
agent during all of the episodes using the “Both heads”
stage, which means it uses both heads from the beginning.
The result of training is presented on Figure 10.
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40
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1000 1500 2000 2500 3000

Number of games

0 500
Figure 10. Training using only “Both heads” stage

It has the average score of 36 over 100 last games.
The result is not far from the pr\vious experiment, which
means that the network isn’t able to utilize data from the
2d head, “turns that head off”, and still relies only on 1d
head as in the case with “Zeros” stage.

The third experiment involves training the agent
on 500 games using “Zeros” stage and 2500 games using
“Both heads” stage — Figure 11. In this case during the

first stage the network learns how to utilize the 1d head
and then, with its weights trained, involves the second
one in the training process. The average score over 100
last games is 54, which is better than in the previous
cases. The important point here is that such a score can’t
be achieved by training of two heads simultaneously.
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0 500

!
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f
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Figure 11. Training using “Zeros” and “Both heads” stages

The forth experiment involves training the agent
on 500 games using “Zeros” stage, 1000 games using
“Involving” stage, and 1500 games using “Both heads”
stage. The result of the experiment is demonstrated on
Figure 12.
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Figure 12. Training using “Zeros”, “Involving” and “Both
heads” stages

The final average score is 54 and is the same
as in the previous experiment, which means that using
“Involving” stage doesn’t improve the results.

The fifth experiment involves training the agent
on 500 games using “Zeros” stage, 500 games using
“Noise” stage, 500 games using “Involving” stage, and
1500 games using “Both heads” stage. The result of the
experiment is demonstrated on Figure 13.
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Figure 13. Training using “Zeros” and “Both heads” stages

Here also the final average score of 52 doesn’t
deviate too much from the third experiment, which
means that using “Noise” stage also doesn’t improve the
results.

Complexification Through Reward Providing
And Experimental Studies

Transition from a simpler neural network to a
more complicated one can also be conducted through
reward shaping. In the first experiment the network is
provided with the entire game screen rotated relatively
to its head — Figure 14. With the established set of
hyperparameters, using epsilon-greedy strategy for
exploration during first 5000 games, the network doesn’t
converge at all. At the same time, the experiment that
has been described earlier, of using liner layer with the
manually constructed 11 values demonstrates the result
with an average score about 35 (Figure 2).

Figure 14. Full receptive field

The network in this case has the following
architecture — Figure 15.

The suggested mechanism of Complexification
Through Reward Providing involves usage of predicted
value function from a smaller neural network, trained
during the first stage in the same environment, as a part
of reward for a more complicated one, and is presented
on Figure 16.

> —> —>| |— —)D
FC2 2
Input (66..56) Flatten (256.3)
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(1,16) (16.8) F(gl
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Figure 15. Network architecture
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Figure 16. Mechanism of complexification through reward
providing

The result of training when the reward is the
maximum value of a Q-function for a given state from a
smaller network is presented on Figure 17.
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Figure 17. Training only with the reward provided
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The result of training with an equal contribution
of a real reward and the maximum of Q-function for a
given state from the smaller network is the following —

100 A

80 A
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0 1000

2000

3000 4000
Number of games

5000 6000 7000

Figure 18 (upper image). The same experiment but
with longer exploration phase is presented on Figure 18
(lower image).
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Figure 18. Training with equal contribution of reward

It has an average score about 50 which is better
in comparison with the case with just using 11 values.
It means that the result of a bigger network trained using
some reward function provided by the smaller network
is better than the result of the smaller network in that
environment. In this particular case it’s connected with
a richer state space that a bigger network can observe,
but more importantly, the bigger network doesn’t
converge at all from scratch without using such a
gimmick.

The result of training the network on the full
receptive field from scratch without reward providing
is presented on Figure 19.

Complexification Through Assistance Providing
And Experimental Studies

In the previous case the bigger network acted
in the environment but it was rewarded by a smaller
one. It corresponds to a script: “You’ll act and I'11 tell
you what’s good or bad”. For the purpose of research
it seems reasonable to consider an alternative scenario
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Figure 19. Training with equal contribution of rewards

which corresponds to: “You’ll be provided with some
experiments by me, and the environment will tell you
the outcome of certain actions”. During the second
stage of training actual behavior is generated by a
pretrained assistant model, and the agent is trained
on the experience replay buffer, but instead of input
vector of 11 parameters it uses the corresponded 2d
representation — Figure 20.
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Figure 20. Training with equal contribution of rewards
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The agent is switching between the aforemen-
tioned way of training and training on its own in order to
assess its performance. The result of training in this case
is worse than in the previous one — Figure 21.
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Figure 21. Training with assistance providing

Conclusions And Future Work

This work is based on considering a pretty trivial
example of the Snake game and describes the process of
using weights of a previously trained network as prior

knowledge for a more complicated one, as well the pro-
cess of reward providing. It was shown that the suggested
approaches provide a way of achieving higher scores
without any hyperparamenter search in comparison with
the cases of training complexified networks from scratch.
Future work requires conducting a more extensive set
of experiments, including different environments and
RL algorithms for getting conclusive information about
applicability of the approaches. It’s necessary to consider
different possible dimensions of increasing complexity,
not only what’s directly connected with a receptive
filed, i. e. a state vector. It seems that in this particular
case of the Snake game we can use not a single current
state of the game, but also several previous states and
gradually add some recurrent part to the network. Future
research can also be dedicated to finding automatically
the necessary directions of extending network capacity,
unlike it was done manually in the current work. In case
of reward provider it also seems reasonable to shift the
reward from a smaller network to the real one from the
environment over time of training and further research
can be dedicated to that, as well as to use a chain of
successively trained networks where each previous one
provides reward construction for the next one. Usage of
a combination of the reward providing and assistance
providing techniques may also be studied in the future.
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PVJIBKO E.B.

YCJIOXKHEHHUE ITOCPEACTBOM INOCTENNEHHOI'O BOBJIEYUEHUA U TTPEJOCTABJIEHUSA
BO3HAT'PAXKJAEHHUSA B INTYBOKOM OBYYEHHUU C NOAKPEIIVIEHUEM

Boennas akademus Pecnybauxu benapyce
2. Munck, Pecnyonuxa benapyco

Tpenuposra HelipoHHOU cemu, 8 pAMKAX 3a0ay 0OVYeHUs ¢ NOOKpenieHuem, umerowell 00CMAamoyHy
BULIYUCTUMETLHYIO eMKOCb O PeUeHUsl CLOMCHBIX 3a0ay 00Cmamouno npobremamuuna. B peanvhoil scusnu
npoyecc pewienus 3a0ay mpeoyem cucmemvl SHaHUll, 20e npoyecc u3yieHus donee CONCHLIX HABLIKOE OCHOBbIBAECMCS
HA UCNONL308aAHUU Yoce umeroujuxcs. Ananoeuyno, 6 xode OUON02UHECKOU D60MI0YUl, HOGble GOpMbL HCUSHU
basupyromesi Ha 00CMUSHYMOM Ha Npedbloyujem dmane ypoeHe CMpyKMypHOU clodxcHocmu. Hcnonv3ys OanHbie
udeu, 6 Hacmoswell pabome NPeONONHCeHbl CROCODI YEETUYEHUS CIONCHOCU APXUMEKMYPbl HeUPOHHBIX cemel,
8 YACMHOCTU CNOCOD MPEHUPOBKU Cemu ¢ MeHbUleM PeyenmueHbIM noiem U UCNONb308aHUeM HAMPEHUPOBAHHBIX
6ecog 8 Kauecmee OMNPAGHOU MOYKU ONiA Donee CIOMCHBIX cemell uepe3 NOCMeneHHoe 6081eHeHue HEeKOMOpPbiX
yacmeil, a makdce CNOCOO NPeononNazalowull UCNOIb308anue 6onee NPOCMOU cemu ¢ Yenvlo npedocmasienisl
s03Hazpadcoens 05 6onee CloMHCHOU. DMo no36014em NOLYYUMb IAVHULYI0 NPOUIEOOUNENbHOCHb 8 KOHKPEMHOM
ONUCAHHOM npuMepe, ucnonvsyiowem Q-obyueHue, NO CPAGHEHUN) CO CYEHAPUIMU, Ko20d Cemb Nblmaemcs
UCNOIBL3068aMb OOTBLUIULL 6EKMOP 8XOOHOU UHGOPMAYUU C HYTIA.

Knroueswie cnosa: enyookoe obyuenue c nookpennenuem, Q-obyyerue, o0yueHue no Kyppukyiymomy, OUCmui-
JAYUOHHAS MOOENb, (POPMUPOBAHUE 803HASPANHCOEHUA 8 0OYUeHUe ¢ NOOKpenIeHUeM
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MOJAJIBHBIA AHAJIN3 INIACTUHYATBIX SUYEUCTBIX OFBEKTOB
MNEPHOJIAUYECKOM CTPYKTYPHI

benopycckuii nayuonanvHolii mexHuueckuil yHugepcumem
2. Munck, Pecnybnuxa benapyce

Onucwvisaemcs ucnonvb3yemulii Memoo paciema coOCmeeHHbIX yacmom u gopm konebanuii. Ilpedcmaenensi
@paemenmol Ko0a 01 NOCMPOEHUsL Ok HEKOMOPbIX MUNo8 3anonuumensd. [Ipugooamces nonyuennvle yacmomol

u ghopmel cOODCMBEHHBIX KONEOAHUTI 0151 MPex 8U008 AYeeK.

Knrwoueevie cnosa: sueucmoie 06'b€Kmbl, pacnpeaeﬂeyue SHepzsuu npu COOCMBEHHBIX KOICOAHUSX

BBenenue

OnHOll U3 BaKHEWINMX 3aJa4 MPOECKTUPOBAHUS
COBPEMEHHBIX KOHCTPYKIMH SIBISICTCS CHIKEHHE WX
MaTepuanoeMKocTd [1-7]. M30bITOUHBII BEC KOHCTPYK-
IIUH TIPUBOANT, HAIIPUMEP JUISl JICTATeIbHBIX aIapaToB,
K CYIIECTBEHHOMY 3aBBIIICHNIO PACX0/1a TOIUINBA (3apsi-
na Garapeil mpu MCHONb30BaHNH JIEKTPUIECKON TATH),
a 3HAYUT CHIDKACT TaKHe Ba)KHBIC HKCILTyaTaI[OHHBIC
XapaKTepPUCTHKN KaK JAIBHOCTH II0JIeTa W MaHEBPEH-
HOCTb.

C n1pyroii cTOpoHBI, KOHCTPYKIHS JIETATEIHHOTO
anrapaTa JOJDKHA 00J1a1aTh HEOOXOAMMON KECTKOCTBIO
W TIPOYHOCTHIO, OOECTICUNBAIOIIMMHI IEJIOCTHOCTH €r0
KOHCTPYKIIUH.

Pacder co6cTBEHHBIX 9acTOT U (hOpPM KOJIeOaHUH,
WJIN MOJANIHBIA aHAIN3, MpeAHa3HAYeH JUIs TIpeIBapH-
TEJIFHOM OIIGHKH JWHAMUYECKOTO TIOBEJICHHS MEXaHH-
YeCcKOM CHCTEMBI TIPH NepeMEHHBIX Harpyskax. B xone
MOJaJIbHOTO aHAJIN3a MOXKHO OTIPEeSNTh COOCTBEHHBIE
4acTOTHl U (hOPMBI KoJeOaHUIT CHCTEMBI, a TaKKe HEKO-
TOpBIE JIpyTUe NMapaMeTphl, XapaKTepU3yIOLINe ANHAMU-
YeCcKHe CBOWCTBA KOHCTPYKIIUH.

Marepuaisl, IpeCTaBICHHBIE B CTaThe, OIUCHI-
BAIOT BAPHAHTHI PEIICHMS MOJOOHBIX 3a/lad Ha OCHOBE
KOHEYHO->JIEMEHTHBIX MOJeJIEH A TPeX BapHUaHTOB
3aIOJIHUTEIIS OJTHOW N3 KOHCTPYKITHH.

MeTtonuka anajau3a co0CTBEHHbIX (opMm
KoJIeOaHui

VYpaBHeHHe IuUHamMH4Yeckoro pasHoBecust (1)
C HaYaJbHBIMHU YCIOBHSIMH (2) B KOHEYHO-3JIEMEHTHOU
(hopMyITHPOBKE BBITVISIJUT CIEIYIOINM 00pazoM:

MU + CU + KU = B(¢), (1

U(to) = U, U(to) = U. @

Konebanust Ha3bIBAIOTCS COOCTBEHHBIMHU, €CIIH
MPOUCXOJIAT MPU OTCYTCTBUU BHENIHEH HArpy3ku. Eciu
MpHU 3TOM 3aTyXaHWe B cucteMe orcyrcTByer (C=0),

TO 3TH KojeOaHUs HPOAOKAITCA OSCKOHEUHO JONTO.
VYpasuenus (1) npuaumarot Buj (3):

MU+KG=0. ©)

KoneuHo, B 1eHCTBUTENBHOCTH TaKas CUTYAIlHsI
HEBO3MOJKHA, OJJHAKO TEOPETUYECKOE €€ PACCMOTPEHUE
MO3BOJISIET BBIABUTH HEKOTOPHIE OCOOEHHBIE XapaKTepH-
CTHKH KOHCTPYKIIMH, HECYIINE B ce0e CKPBITYIO HH(OP-
MaIiio 00 3TOH KOHCTPYKIIMH, UCIOIb30BAHHE KOTOPOIl
[103BOJIIET 3HAUUTENIBHO YIPOCTUTH DPELIEHUE MHOIMX
3a1ad.

_bynem wuckare pewenne cucremnt (3) B BHOE
U = Usin (wt),rme {J— HeM3MEHHbIH BO BPEMEHU BEKTOP.

Tak KaKk §f = U(-w?sin(wt)) M0ACTaBUM B (3), moiy-
YUM (K — o?M)U sin(wt) = 0.

[ockonbky sin(wf) # 0, He paBeH HYJIIO TOXJIe-
CTBEHHO, 3HAYHUT (K — w2M)U = 0.

Jist ToTOo, 4TOOBI CYIIECTBOBAJIO HETPUBHAIBHOE
peleHne 3ToH OJHOPOIAHOW CHCTEMBI JMHEHHBIX alre-
OpanyecKkux ypaBHEHHI, HEOOXOIMMO, YTOOBI:

det(K-w* M) =0, @

ypaBHeHHE (4) Ha3bIBAIOT YaCTOTHBIM YPaBHEHHUEM.

MOHO TOKa3aTh, YTO ISl BELIECTBEHHBIX I10OJIO-
YKUTEIILHO ONPEIEICHHBIX MaTpUL] (KAKUMH U SIBJISIOTCS
K u M) ypaBHenue (4) uMeeT n Pa3iIM4HBIX IOJI0XKHU-
TEJIBHBIX KOPHEH: 0, ©% ..., © 2, a uucna o,, o, ..., ©,
OylyT Ha3bIBaThCsi COOCTBEHHBIMU YaCTOTaMH HCXOJ-
HOW KOHCTPYKLMH. YIIOPSJIOYECHHBIE 10 BO3PACTAHHIO
®, < c02< ... < ®_, OHHU 06pa3y10T BEKTOP CcOOCTBEHHBIX
4acToT @1 = (W1 Wy ... Wy).

Bremnue cuioBble (DakTOphl M HEIMHEHHOCTH
B XOJI¢ MOJAJILHOTO aHaJIN3a HE YUUTHIBAEM.

[Tocne Toro, kak W3 4acTOTHOTO ypaBHEHHS (4)
OITpe/ICIIEHbl COOTBETCTBYIOIINE YaCTOTHI:
BT = (w1 w5 ... wy),

®)

(6)
(N

ypaBHCHUS (K — w?M) - U=0
T,

BBITTIAJAT TaK:TAC
r

Fm =0,
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rme M =K — w,2M. ®)

To ecth kaxnoe u3 (7) moiydaercst Mocyiea0Ba-
TETHHOW MOACTaHOBKOK B (6) ouepenHoi COOCTBEHHON
YacCTOTHI.

Kak BujHO, MaTpuma E® cBOs JUIA KakIoro (o}
u g Hee (6) YIOBIETBOPSAIOTCS TOXKICCTBEHHO, TO
eCTh CyIIECTBYET OGECKOHEYHOE MHOXKECTBO BEKTOPOB U,
SBIISIOIIUXCS perierHreM (6). DTo 03HavaeT, 4TO aMILUTU-
TyIbl COOCTBEHHBIX KOJEOAHMH TOIYYHUTh HEBO3MOXK-
HO. OmHako GopMy KoJIeOaHUH MONTY4IUTh MOXHO. J{ist
ATOTO JIOCTATOYHO 3a(UKCHPOBATH PABHOW KaKOMY-TO
YHUCITy OJHY W3 KOMIIOHCHT BCKTOpa ﬁn , @ OCTAJIbHBIC
KOMIIOHEHTHI TIOJTy4aTCsl U3 PeIIeHHUs] cucTeMsl (7) BbI-
YHUCJICHHBIMU 110 OTHOIICHHIO K (PUKCUPOBAHHOIA.

BribepeM, Hanmpumep, MEPBYI0 KOMIOHEHTY ﬁn
paBHoOif 1:

1
b,=(0n) ©)
UNn
3aecsy N — 00111ee KOIUIECTBO CTEIIEHEH CBOOO-
JIbI; n — HOMEp COOCTBEHHOM YacTOTHI, JJIsI KOTOpPOH Oy-

JIEM OTIPEICISITh COOCTBEHHBIN BEKTOP.
Torna cucrema (7) mepenumiercs B CIEIyIOINIEM

BUJIE:
ar ep €3 .. oew) /1 0
off e e | (Om)o[0). O
e e e ... efm) W/ N0
O003HaYuM
esy
) _ () _
=\ Ejo —(efg) 91(2) 91(?'
(n)
en1
(n) (n) (n) i
~(n) €y7 €33 €an _ Uzn
E../ =1 ... T IR J A
o ™ (n) "\ )
€nz  ©ens NN Nn
Torma
(OE-1¢))]
err  Eqp .(Al)_(O) )
) () U —\0
Eyi Epo on 0
e™ 4+ E™ .0y, =0 (12)
g s 7 _
E® + B . Oy, = 0. (13)

Marpuna £ uMeeT onpeaenuTenb OTIMYHbIN
oT Hyxs, Torna cuctemy (10) MOXKHO pa3peniuTh OTHO-
cutenbHo U

Oon = —(ES)1- e, (14)

VYcnoBue (12) sBseTcss XOpOIINM KOHTPOJIEM
TOYHOCTH NPOBEICHHBIX BEIYMCICHHUH.

AMIUTATY B TIEPEMEIICHUH MToTydeHHbIe U3 (14),
BMECTE C €AMHWYHON NEepBOM KOMITOHEHTOW 00pa3yroT
COOCTBEHHBI BEKTOp, COOTBETCTBYIOUIMH 71-TOH COO-
CTBEHHOM 4acToTe.

s ynobctBa coOCTBEHHBIE BEKTOPHI TPEICTaB-
nAtoTCs B Oe3pasMepHoit popme. [ aToro BeIOMpaeT-
Cs OOBIYHO MaKCHMAJIbHAS W3 KOMIIOHCHT u-BEKTOpa
1 Ha HEE JEIIITCS BCe KOMIIOHEHTHI COOCTBEHHOTO BEK-
TOpa

0 1
in U2n
(I) — (pZTl — l . ﬁ
n uj 3n
PN P
" UNn

3nech u = max|1, UZW, vy (an |, @, — BexTOp Pop-
MBI KoJIeOaHHH TI0 71-OMY TOHY KOJIeOaHHH.

AHAJIOTMYHO BBIYUCISIIOTCS M APyrHe cOOCTBEH-
HBIE (DOPMEI.

Marpmuma, cocTaBieHHast U3 COOCTBEHHBIX (hOpM
KoJIeOaHMiA, MPECTaBIET COO0H MaTPUITy COOCTBEHHBIX
(hopm KoneOaHMiA.

P11 P12 Pin

o _ P P P
Q= (91, P2, Py) = 21 “ ZN
Prn1 Pz Pnn

Bropoii nHmekc yka3plBaeT Ha HOMEpP COOCTBEH-
HOM 4acTOTBI, @ IEPBbII — HA KOMIIOHEHTY B BEKTODE.

3aMeTHM, YTO BBIYUCICHHBIE YacTOTHI U (op-
MBI MCHOJB3YIOTCS U MIPU PEIICHUH 33/1a4X TUHAMHUKH
METOJIOM Pa3JIOKEHHUS MO COOCTBEHHBIM (opMaM Ko-
nebanns. B 3TOM MeTome Ha OCHOBE OMpEACICHHA
COOCTBEHHBIX YaCTOT M COOCTBEHHBIX (hOpM KoJeOaHwMiA
BBOJSITCA HOBBIE KOOPAMHATHI B3aMEH TI'€OMETpHUC-
CKHUX, JUIA KOTOPBIX ypaBHeHU: (1) mpeoOpasyroTcs Tak,
YTO CHCTEMa CTAHOBHUTCS HECBA3AHHOM, TO €CTh KaXK10€e
ypaBHEHHE TaKOW HECBA3aHHOW (pacCIIeTUISIONIeHCs)
CHCTEMBI MOXKHO OyJeT pemaTh OTACIBHO OT OCTajb-
HBIX.

IIpumep nmocTpoeHus1 MoAeIH OIHOI
U3 KOHCTPYKIUH € SIMeHCTHIM 3al0JHUTeIeM
Ha BCTPOEHHOM si3bIKe B cpene ANSYS

HcxonHbld 0OBEKT TpPEACTABISICT KOJBIIO HAT
TpaHUIIAMHA KOTOPOTO MMEIOTCS IBE CTEHKH 3aJaHHOW
BBICOTHL. BepxHMe TpaHHIBI CTEHOK IMOJIBEPIKEHBI CHKHU-
MAIOMIUM Harpy3KaM.

Ha pucynke 1 mpuBeneHa 9acTs Kozia A CO3/1a-
HUS TEOMETPUIECKOI COCTABIISIONICH MOICIIH.

CUCTEMHBINA AHAJIN3 U TIPUKJIATHASI THOOPMATHUKA
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gﬁol‘slo |K°"I BO - CeTXE | ¥ B e e e e e S ]
R=) T |3ap;ammmm3pann}10h2,mm crerox QUT

= h2=THICKNESS

=121 .
IT{S; 12 'Vron cextopa & rpagycax | 3as ) o —
Rb=10 h3=THICKNESS/3
Ri=6 /PREP7
Diina=10 Xe=0$ Yc=0$ Zc=0 'Tlentp oxpy#mOCTH
del=Dlina/10 =, LA NG 4
deIR=5*R/10 Imepexomens 5 mammEApHeckyEo CK
delR_FINISH=(Dlina=5*R)120 CsYs.1 )
i B R&ﬁ;fssegm RﬁRﬁA?:li’a—%O Setka alfa

. = | & f L] =360/ %

e Vi cexnus K_Mashtab RB=12" $K_Mashtab Ri=0.8

! Onpegendem MOCTOAHHBIE MApaMeTPEI AIA:
LENGTH =100.0 ! gmmem cropoHs! KBagpara
THICKNESS =0.1*R. | TOIFHET IIaCTHHED
| sHa9eHAA ATHHEI BEKTOPA COCPEZOTOUECHHEOH CHITEL
FORCE =100.0

DENSITY =8.0e-6 ! moTtsOCTHE MaTepHaTa
Num=2000

! Onpegetaen MOCTOAHHEIE IIAPAMETPEI A4
LENGTH =100.0 ! zmmem cTOPOHEI KBaIpaTa
YOUNG =210000.0 ! mozyna IOnra marepnana
THICENESS =0.1*R. | TommpHEE macTHEEL

| SHAYeHHA UTHHEI EEKTOPA COCPEIOTOUEHHOR CHITH
FORCE =100.0

DENSITY =8.0e-6 ! motsocTH MaTepHaTa

! TTepenternoit KMax mpHCEORTS max HOMep TOUKH
*GET, KMax, Kp, , NUM, MAX
*DO, j, 1.Setka_alfa !IExnmo pagmycam
NUMCMPALL
Ax=0$ Ay=0 § Bx=RB*K_Mashtab RB $ By=alfa*(j-1)
Xbeg=Ax § Ybeg=Ay $ Zbeg=0
K, KMax+2%-1, Xbeg, Ybeg, Zbeg
Xend=Bx $ Yend=By $ Zend=0
K, KMax+2%, Xend, Yend, Zend
L KMax+2%j-1 KMax+2*j
*ENDDO
*DO, j, 1.Setka RAD  ITmxamo okpy&HOCTAM
Ax=Ri*K_Mashtab Ri+RAD?¥(j-1)
circle,1,Ax
*ENDDO

Pucynok 1. YacTb koza 1715t CO3AaHUsI TEOMETPUUECKON COCTABIISIONIEH MOJIeNTn

Pe3y.]'ll>TaTbI MOACJTHPOBAHUSA IJIAA TPEX
BApUAHTOB AYECCK

IIpumep Takoro mszenus ¢ paadaibHbIMU siUEH-

KaMM IPEICTABIIEH HA PUCYHKE 2.

Pesynerar pacdera coOcTBeHHBIX (hopMm Tpen-

CTaBIICH HA PUCYHKE 3.

[Ipumep wm3menust ¢ 3amOTHHUTENEM B BHIC IIIe-
CTUYTOJILHBIX COT TPE/ICTABIICH HAa PUCYHKE 4.

Pesynprar pacuera coOcTBeHHBIX (HOpM Mpe-
CTaBJIEH HA PUCYHKE 5.

[Ipumep m3nenus ¢ 3amoJHHUTENEM B BHIE KBa-
JPATHBIX SYeeK MpPEeICTaBICH Ha PUCYHKE O.

PPICyHOK 2. CrieBa KOHEUHO-DJIEMEHTHAS CETKA HA BCEM u3aeinu, B ICHPE -S{‘leﬁKH, CIipaBa — I[e(bOpMPIpOBaHHOC COCTOSAHUC
IpU CTaTUICCKOM HArpyKE€HUU

4,2024
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ANSYS|
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HETRT]

Pucynok 3. Co6ctBeHHbIe hopMbl kKoebanuii. CieBa- hopma ¢ gactoroit 360,4 ', B ierpe - popma ¢ gacroroit 407,0 ',
cnpasa — opma ¢ gactotoit 500,5 '

Pucynok 4. M3nenue ¢ 3amomHATENIeM B BUIE IECTHYTONBHBIX COT (clieBa U B LeHTpe). CripaBa — 1e(hOpMHUPOBAHHOE COCTOSTHHC
MIPY CTATHYECKOM HArpyKECHUH

ANSY
[

ANSYS

o]

10 2024
17:50:05,

=

12-151%
al

—
13.0793 Z6-1507 TR 174
6.53967 15,619 326904 50,0571

730

Pucynok 5. CobctBennsre opmsl konebanuii. CieBa- Gpopma ¢ gacroroit 1009,9 I', B menpe - ¢popma ¢ wacroroit 1020,4 I,
cnpasa — hopma ¢ gactoroit 1034,0 I'ry

ZLEANT

s

Pucynoxk 6. CrieBa KOHEUHO-2JIEMEHTHAsI CETKa Ha 00BEKTE, B IEHPE — KapTuHA Ae(GopMHpOManuii, cipaBa —HaIPSHKEHAS
o Musecy

CHUCTEMHBINA AHAJIN3 U IPUKJIAJTHASI TH®OPMATHKA 4,2024
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Pesynbrar pacdera coOCTBEHHBIX ()OPM MPEIACTABICH HA PUCYHKE 7.

s £

s msrs

Pucynok 7. CobctBennsie (hopmbl konebannit. CireBa - popma ¢ gacroroit 974,5 I'ny, B menpe - hopma ¢ gactoroit 977,0 I'm,
cnpaBa — opma ¢ gactotoit 981,6 '

3akJjouenue — Ha M3ICJIMU C 3aIl0JHUTEJIEM B BUJC KBaJapat-
HBIX COT MaKCHaJbHbIE aMILTUTY (bl BO3HUKAIOT HA BHY-
TPEHHHX TUIACTHHAX 3alOJHUTENsS] JUIs BCEX paccMo-
TPEHHBIX COOCTBEHHBIX 4acToT 974,5 ', 977,0 'y u
981,6 T'n;

— Ha M3/ICJMU C 3alOJIHUTENEM B BUJE LIECTHY-

[Mpu peanusanyu JaHHOTO MPOEKTA YCTAHOB-
JICHO, YTO:

—PU  KCIOJIb30BAHUM PA3JIMYHOTO BHJIA 3a-
[OJHHUTEIEH COOCTBEHHBIE YACTOTHI KOJICOaHHH KOH-
CTPYKIIUKM CYIIECTBEHHO oTiauyarorcs. st u3genus

C pa/MaNbHO-KOHIIEHTPUYECKMM  3amojHuTeneM mep- [ O/IPHBIX COT MaKCHAILHBIC aMIUIMTY/BI BOSHHKAIOT
Bas wacToTa pasHa 360,4 ['u, /u1s 3anonHutens B uge  1OVIPKO Ha BHEIIHEH 000JI0UKe KOHCTPYKLHUH Ul BCEX
LIECTUYTONBHBIX COT MepBasi 4acToTa papHa 1009,9 [y, PACCMOTPEHHBIX — cobctBeHHbiX — wactor  1009,9 ',
a Ji1s KBaJpaTHBIX COT NepBas yacTora paBHa 974,5 'y ; 1020,4 I'u 11034,0 T

— LI U3ACIUSA C PaJualbHO-KOHLCHTPUYECKUM — TakuM 00pa3oM paclpe/e/eHie YHCPIrH IpHu
3amonHATENeM Ha (popMe ¢ yacToToi 360,4 'y, u popme  COOCTBEHHBIX KOJNCOAHMSAX IO PA3NHYHBIM 4aCTOTAM
¢ vacrotoit 407,0 I'y MakcuanbHble aMILTUTYIbl BO3HU-  CYLIECTBEHHO 3aBMCHUT OT BUJA 3aIOJHMUTE/IS U JOJKHO
KAalT Ha WIMHIPHICCKHX YACTAX 3alOJHHUTENs, a HA  YYUTBIBATHCS MPH MPOCKTHPOBAHUM KOHCTPYLHH MpH
dopme ¢ gacroroit 500,5 'y — HA BHelIHE#H 00070YKe HAJTHYMH COOTBETCTBYIOUIMX OTPAHMYCHMI B TEXHHYE-
KOHCTPYKLIUY; CKOM 3a/IaHHH.
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NAPRASNIKOV V.V., BORODULYA A.V., POLOZKOV J.V.,, KUNKEVICH D.P, WAN TZU ZHUI

MODAL ANALYSIS OF PLATE-LIKE CELLULAR OBJECTS WITH PERIODIC
STRUCTURE

Belarusian National Technical University
Minsk, Republic of Belarus

The method used to calculate natural frequencies and vibration shapes is described. Code fragments
for construction for some types of filler are presented. The obtained frequencies and shapes of natural vibrations
for three types of filler on the example of one construction are given.

Keywords: cellular objects, energy distribution at natural vibrations

HanpacnuxoB Baagumup BiaagmmupoBud, KaHIUIaT TEXHUYECKUX HAyK, JOLEHT Kadeapbl
«IIporpammuoe obecrieueHnst MHGOPMAMOHHBIX cHcTeM n TexHoiormid» BHTY. Hayumsie
UHTEPECH — KOHEUHO-JIEMEHTHOE MOJEINPOBAHUE, KOMIBIOTEPHBIE CPEICTBA HWHXKEHEPHOTO
aHaJIn3a TEXHUYCCKUX CUCTEM.

Naprasnikov Vladimir Vladimirovich, PhD, associate Professor of the Software Department of
the Belarusian National Technical University. His research interest focus on finit-element com-
puter aided engineering.

E-mail: n_v_v@tut.by

Boponynss Auekceii BajeHTHHOBHMY, KaHAWAAT TEXHUYECKMX HAyK, JOIEHT Kadeapsl
«IIporpammHoe obecnedeHus: WHPOPMANMOHHBIX cucTeM H TexHonoruit» BHTY. Hayunsie
unrepecsl —CALS — texHonOrNu.

Borodulya Aleksei, PhD, associate Professor of the Software for Information technologies and
systems Department of the Belarusian National Technical University. His research interest focus
on CALS-technologies.

E-mail: alexius_@msn.com

CUCTEMHBII AHAJIN3 U ITPUKJIATHAS HHOOPMATHUKA 4,2024



SYSTEM ANALYSIS

27

Mono3ko IOpuii BaagumMupoBuY, AOIEHT, KaHAWIAT TEXHHYECKHX HAyK, 3aBEAYIOIINI
kadenpoit «IIporpammuoe obecrieueHuss WHPOPMAIIMOHHBIX CHCTEM W TexHojorui» BHTY.
Hayunble nHTEpechl — aBTOMATH3aIMs IPOEKTHPOBAHHS OOBEKTOB M IPOLECCOB A IUTUBHOIO
MIPOM3BOACTBA, OIM(POBKA OMUCAHUI MTOBEPXHOCTEH 0OBEKTOB, HH(OPMAIIHOHHBIE TEXHOIOTUI
B 00pa3oBaHMU.

PolozkovYury Vladimirovich, PhD, head of the Department of Software for Information tech-
nologies and systems of the Belarusian National Technical University. His research interest focus
on computer aided design and engineering of the objects of additive production, surfaces digitiza-
tion, information technologies in the education.

E-mail: polozkov_yury@mail.ru

Kynkesuy JImurtpuii [lerpoBud, KaHuaaT TEXHUYECKHUX HAYK, TOLEHT Kadeapsl «[IporpaMmmuoe
obecrieueHns: MHQPOPMALMOHHBIX cucTeM M TexHonoruity BHTY. Hayunsle wunTepechl —
ABTOMATH3AINs KOHCTPYKTOPCKO-TEXHOJIOTHYECKOTO MPOEKTUPOBAHNS M HH)KCHEPHOTO aHAIIN3a
MEXaHHYECKUX CUCTEM.

Kunkevich Dmitry, PhD, associate Professor of the Software Department of the Belarusian Na-
tional Technical University. His research interest focus on computer aided design and engineering
of mechanical systems.

E-mail: kunkevichd@gmail.com

Ban LI3e1 Kyii, acmupant kadenpsr «I[IporpamMmmHoe oOecreueHne WHPOPMAITMOHHBIX
cucreM u TexHonoruit» BHTY. Hayunble MHTEpechl - KOHEUHO-3JIEMEHTHOE MOAEIMPOBAHUE,
KOMITBIOTEPHBIE CPEJICTBA MHKEHEPHOTO aHAIN3a TEXHUIECKHUX CHCTEM.

Wang Zirui, postgraduate student of the department "Software for information systems and tech-
nologies" at BNTU. Scientific interests - finite element modeling, computer aids for engineering
analysis of technical systems.

E-mail: 610958034@qq.com

4,2024

SYSTEM ANALYSIS AND APPLIED INFORMATION SCIENCE



YIIPABJIEHUE
TEXHUYECKHUMUA
OBBEKTAMUA

MANAGMENT
OF TECHNICAL
OBJECTS




MANAGMENT OF TECHNICAL OBJECTS 29

VIIK 62-503.55
DOI: 10.21122/2309-4923-2024-4-29-33

CUJ[OPEHKO A.B., COJIONYXO H.A.

AJITOPUTM OT'MBAHUSA ITPEIISITCTBUI ITPU NEPEMEIIIEHUA
MOBHJIBHOI'O POBOTA

Daxyrbmem paouo@usuky U KOMNLIOMEPHBIX MEXHONA0ULL
benopycckozo cocyoapcmeennoeo ynueepcumema
2. Munck, Pecnyonuxa Benapyco

Ilpeonoocen aneopumm u paspabomana KOMNLIOMEPHAs NPOSPaAMMA 015l MOOENUPOBAHUS 02UDAHU
npensmcmeutl. pooomu3UpOSaAHHoN cucmemoul. [is pacuuperus 803MONCHOCMEN nepemeujeruti pooomu3upoea-
HOU CUCMEMOU aneOpUmm coemewiaem OCHOBHble dlemenmul anrzopumma Vih u paspabomannoco namu pauee
aneopumma I [1] u nosuyuonupyemcs 6 dannoii pabome xak ancopumm Il. Ilposedena oyenxa cpeornezo epemeru
02UBAHUA NPEenAMCmMeuil pasiuyHo20 Mund, 6KII0UAs NAMb NPEenAmcmeull Kyouueckoeo mund, npenamcmeue
6 6uOe OIUHHOU CMEeHbl U CI0JICHOe npenamcmeue. B npoyecce 6blYUCIUMENbHO20 IKCNEPUMEHMA C UCHONb3064-
Huem cumynayuonnozo npocmpancmea Gazebo 11 paccuumanvl gpemennvle napamempvl nepemeuyeHis pooomom
NPEensimcmeuil pasiuiHo20 mund, 6KI04As NAMb NPEnsImcmeutl Kyouueckoeo muna, npenamcmeue 8 6uoe Cmembl
u cnodcHoe npenamcmeue. B npoyecc blMUCTUMENbHO20 IKCHNEPUMEHMA Npoeedena  Cmamucmuieckasl
0bpabomxa nonyueHHvIX pe3yibmamos. Ilokasano, umo npu Ucnonb306aHUU NPEONONCEHHO20 ANCOPUMMA OYeHKA
cpedHe2o 8pemeHu 02ubaHus Npensmcmeuti. pooomu3UPOBAHHOLU CUCTNEMOU CHUJICAEMCS 8 OMOENbHbIX CAYYASX
6 7,2 pasza no cpagHenuio ¢ UCNonb308aHueM aneopumma l.

Knrouesote cnosa: pooom, nepemewsernue, npensmemeust, ROS 2, Gazebo 11

BBenenune

C ydeToM HENaBHHUX JOCTHXXEHHH B obiacth
HCKYCCTBEHHOTO HHTEJUIEKTa M Pa3BUTHS OECTIHIOT-
HBIX JICTAaTEIBHBIX almapaToB MPU NEPEMEIICHUH B
JBYMEPHOM U TPEXMEPHOM MPOCTPAHCTBAX, BO3HUKA-
eT 3a7a4a o0xoja MPENATCTBUN NI pOOOTH3UPOBAH-
HBIX CHCTEM.

B pabote [1], Tne peann3oBan Haml anroputm [
Ui 00X0/a TPENSATCTBUI, HECMOTPS Ha OTCYTCTBHE
METOJIOB MAIIMHHOTO OOYYEeHHs, 9TO MOTJIO OBI 3aMeI-
JIUTPH TIPOIIECC U YBEININUTH BEIYUCIUTENBFHYIO HATPY3KY,
JBIDKEHHE po0O0Ta OCYIIECTBIIETCS HE MO KpaTdaiimie-
My MapuipyTy. Anroputm vfh, omucannsiii B padote [2],
JEMOHCTPHUPYET ONTUMAIbHBIC TPACKTOPUH IIPU 00X071e
MHO>KECTBa NpersATCTBUH. Tem He MeHee, ero 3P PeKTHuB-
HOCTB CHIDKACTCS, KOTAa Peub UACT O JUIMHHBIX MPEeTIsT-
CTBHSIX, PACTOIOKEHHBIX TEPIECHINKYISIPHO TPAaeKTO-
puH poboTa Ha TMyTH K IeNTH. B Takux ciaydasx anropurM
MOJKET CTaJKUBAThCA C TPYAHOCTSAMHU B TJIAHWPOBAHUH
00x0/1a, 9TO MPUBOANT K HEOOXOAMMOCTH HMCIIOIh30Ba-
HUS JIOTIOJTHUTENBHBIX CTPAaTeTHH WM MOIU(PUKAIIA
anroput™Ma uig 0Oojlee yCIENIHOTO MaHEBPHUPOBAHUS
BOKPYT MOO0O0HBIX MPEMATCTBHH.

B nanHo# pabote MBI mpemyiaraeM HOBBIA alro-
put™ II, B KOTOpOM MBI WHTETpUpoBaIH anroput™ vth
u anroput™m . Takas koMOWHAIMS TIO3BOJISET HUCIOJNb-
30BaTh CHJIBHBIC CTOPOHBI OOOWX TMOIXOMOB: aJTOPUTM
vth obecrieunBaeT OBICTPYIO PEAKINIO HA W3MEHCHHS
B OKpyXKaromed cpene u dPQPEKTHBHOE OOXOXKICHUE
MPEenATCTBUH, B TO BpeMs Kak ainroput™m | oTBeuaer

3a Oomee Oe3omacHOe W AJaNTUBHOC MaHEBPUPOBAHHUE.
OTO coveTaHHe MO3BOJIHUT POOOTY HE TOJIBKO HAXOIUTh
ONTHMAJGHBIE MapHIpyThl, HO ¥ 3((EKTUBHO CIpaB-
JSATbCA C JUIMHHBIMU U CIIOKHBIMH MPEMSATCTBUIMHU, KO-
TOpBIE MOTYT BCTpeYarbcsi Ha ero myTtd. OObenuHeH-
HBII anroput™ Il Hanenen Ha yimydmieHue oOmel mpo-
U3BOJUTEIBHOCTH HABUTALMU U aJaNTalUI0 K JUHAMU-
YECKUM YCJIOBHSIM OKpysKaromiel cpenbl. M3HauanbHO
poboT HayMHaeT ABMXKEHHE, NpuMeHsst anroputM vih.
[Ipn Hanmmuuu B mporecce nepeMerieHus podoTa JIHH-
HOTO TPEMATCTBUS, PACHON0KEHHOIO NEepHEHIUKYIIAP-
HO LIEJTN JIBIKEHHSI po00Ta, B KOMITBIOTEPHON MpOrpam-
Me, ONUCBIBAIONIEH aITOPUTM, IPOUCXOAUT MEPEKIoUe-
HHE Ha UCMoJb30BaHue anroputMma l. Pabora sBisiercs
MIPOIOJDKEHUEM PaOOTHI, IPEICTaBIeHHON B [ 1, 3].

HpOBez[eHne BBIYUCIUTE/IBHOTO IKCIEPUMEHTA

[TporpaMMHO pealM30BaHHbIC aJTrOPUTMBI, HC-
M0JIb30BaHHBIC B HAIlIEH pa3pabOTaHHON MOJIENN yIIpaB-
JICHUSI CUCTEMOIl MOOMJIBHBIX POOOTOB, ClENIAJId BO3-
MOYXHBIM TIPOBE/ICHHE BBIYHCIUTEIBHOTO 3KCIIEPUMEHTA
C TIOMOIIBIO CO3JAHHON KOMIBIOTEPHOI MPOrpaMMBI.

CTpyKTypHas cXxema Ipe;UI0KEHHOTO HaMH aJlro-
pHUTMa NpuBeieHa Ha PUCYHKeE 1.

[Tpu pabote ¢ cumynsuent qBIKeHNs podoTa uc-
noJib30Baics Buzyanusatop Gazebo 11 u ROS 2 Humble
Hawksbill. [{nst ynpasieHust poO0ToM NPUMEHSUIUCH KO-
Manasl komanaHou o6onoukun UNIX bash 8 OC Linux
Ubuntu 22.04 Jammy Jellyfish. Mcxomubiit ko npea-
crasiieH B [4] B BeTke “vfh-modified-by-mikkita”.
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Pucynoxk 1. CtpykTypHas cxema IpeaokKeHHOro anropurMa I

JUis  paboTel anropurMa CiIemyeT 3alyCTHUTh
ckpunt bash lines.sh. [Ins 3amaHusl KOHEYHOW TOUYKH
JIBIKSHUST HEOOXOIMMO 3a7aTh KoopauHatel X u Y (Tie-
pemenHas “targetX” u mepemeHHas “‘targetY”, cOOTBeT-
CTBEHHO) B cTpoKax 3-16 ¢aiina lines.sh.

Moaudukanus ajaropurMa aJjsi orudéanus
NnpensiTCTBUIi

[Ipn MomenupoBaHMM CHUCTEMBI IE€pEeMELICHHS
poboTa B KauecTBe Cpeibl ObLIa HCIOJIb30BAaHA CHMY-
JISIMMOHHAs1 NOBEPXHOCTh pazmepoMm 20 Ha 20 KIIETOK,
Ha KOTOPOH pa3MENICHbl pa3lIWYHbIe MPEMATCTBUS:
OJIHO TIPENsTCTBHE KyOMueckoro Tuma (pHCYyHOK 2a);
JIBa TIPEMATCTBUSL KyOHUYECKOro Tuma (pUCYHOK 20);
TPU MPEISTCTBUS KyOMUecKoro Tuma (pucyHoK 2B); de-
TBIpE MPEMATCTBUSA KyOHMUYECKOro THIa (PHCYHOK 2r);
MATh TPEMATCTBUH KyOHYecKoro Tuma (PUCYHOK 2J7);
MPENATCTBUE B BHJIE JUIMHHOW CTEHBI (PUCYHOK 2¢€);
CJIOXHOE TIpensTcTBHe (prcyHOK 2:k). CraproBas Tod-
Ka MIPU ONMCAHUH JIBIKCHUS MPEMATCTBUN KyOHUecKo-
ro THIa B KoopauHatax (-2,0), KOHeYHast TOUKa MMEeT
koopauHatel (9,0). IlpuMeHeHWe ATUHHOW CTEHBI H

CJIOJKHOTO MPETSATCTBUS MMEET IIPU pacueTax KOOpIruHa-
TBI cTapTOBO# TOUKH (-3,5) 1 (-3,5), COOTBETCTBEHHO, a
KOOPJMHATHI KOHEUHOM TOYKH COCTaBIISIOT: (4,3) u (4,3).

Anroputm vth OCHOBBIBacTCS Ha oImpenele-
HUH CBOOOIHOTO CEKTOpa, B KOTOPOM HET MPETSTCTBHIA
Ha TpeOyeMOM pPacCTOSHUU M KOTOPBIH MaKCHMAJIbHO
Omu30ok K 1enu. Mcmomb3ysh JaHHBIE CO BCTPOCHHBIX
JATYMKOB po0OTa, BBIOMpACTCS TaKOE HAIpPaBICHHUE
JIBWOKEHUS, YTOOBI M30€KaTh CTOJIKHOBEHHH C 3a/I€TEK-
TUPOBAHHBIMH TIPEISTCTBUSIMUA U MIPH 3TOM JIBUTAThCS,
TIPUOIIDKASCH K TEITH.

Hanee mbl Oosee mMoapoOHO pacCMOTPHUM padboTy
anroputma vfh mpuMeHHWTENBHO K HAIEd mporpamme.
DTOT aNroputM Mo3BojsieT podoty 3ddexTHBHO 00X0-
JIUTh TIPCTISITCTBHS, aHATM3UPYSI OKPYKEHUE W BBIOMpPast
ONTUMAJIbHBIC HAIPABICHUS IS ABMXKCHUSI. MbI 00Cy-
UM KITIOYEBBIC ACHEKTHl PeaNn3alliii ajlropHTMa, €ro
mapameTphl, a TAKKE CIIOCOOBI aJalTalliK K Pa3IUnYHBIM
YCIIOBUSIM OKpykaromei cpensl. Korma pobor Hauu-
HACT ABIKCHUE M €r0 PACIHOIOKEHHE MPUOIIKACTCS
K TPEensiTCTBUIO Ha paccrosinue okono 0,89 eauHMIIBI
KOOPJIMHATHOW CETKH, 3allyCKaeTcs IMKJ OICHKH JI0-
CTYNHBIX U IBWJKCHHS CEKTOpoB. B pamkax sToro

CUCTEMHBINA AHAJIN3 U TIPUKJIATHASI THOOPMATHUKA
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[UKJIA TPOMCXOJNUT aHaJIH3 OKPYXKAIOMIEW Cpelbl, TIC
KQKIBII CEKTOP OIICHKH HAaXOIUT CBOE COOTBETCTBHE
C JJAHHBIMH O TPEIATCTBHAX. POOOT OIlCGHMBACT, Kakue
HAIPaBJICHUS SIBIISTIOTCS OC30MACHBIMH ISl JIBYDKCHHS
¥ BBIOMpaeT Hauboliee MOAXOIAIINN CEKTOP IS Jallb-
HEHIIEro IMmepeMerieHusl. JTOT MPOIecC MPOUCKOJIHT,
KOTJla pacCTOSHUE JO TpersiTcTBUsS cocramiser 0,89
€JIMHUILIbI KOOpIAMHATHOU ceTku. Ha manHOM sTamne po-
00T aHANM3UPYET JaHHBIC O PACIOJIOKCHUU IMPEIIsT-
CTBUIH, OTpeaessisl, KAaKUe CEKTOpa JTOCTYITHBI Ui BU-
keHus. [TyTeM OLIEHKH pacCTOSHUMA U YTIIOB K KaXKIOMY
CEKTOPY, POOOT MOXKET C TOYHOCTBIO ONPEACITUTh HAU-
Oosiee Oe30IMacHBIC W ONTUMANIbHBIC HAMPABICHUS LIS
JAITBHEHINETO TIePeMEeIICHUsT, MUHIMHU3UPYS PUCK CTOJI-
KHOBCHUHSI. 3aIyCK IMKJIA OIICHKH JTOCTYITHBIX CEKTOPOB
OCYIIIECTBIIICTCS IMO3TANTHO. B KaxkJ0W wTepanuu pac-
CTOSIHUE, HA KOTOPOM ITPOBOJMTCS OICHKA, YBEIHMYUBA-
ercst Ha 0,2 eIMHULIBI KOOPJUHATHON CETKH. DTO M03BO-
JSIeT poOOTY MOCTEIICHHO PACHIMPATH 00JIACTh aHAIN3A,
Ha4MHAs ¢ ONDKANIINX CEKTOPOB M MOCTCIICHHO BKJIIO-
yas Ooyiee manmpHue. Takoil momxonx obOecrednBaeT
OoJee AeTabHOE H3YUCHUE OKPYKAFOIICH CPEIbl U yITyd-

L

e

mraeT crnocoOHOCTh POOOTa TOYHO ONPEACTUTH Oe301ac-
HBIC HATIPABIICHHUSI JJIs1 IBUKCHUS, 0COOCHHO B CIIOMKHBIX
Y JUHAMUYHBIX CUTyanusx. Eciu B xone paboThI K-
JIla OICHKH IOCTYITHBIX CEKTOPOB HACTYIAeT MOMEHT,
KOTJla HET JOCTYITHBIX HAINPaBICHWHA IS JBHXKCHUS —
YTO MOXKET YacTO MPOUCXOIUTH B 3aMKHYTHIX POCTPaH-
CTBaX C MOBOPOTaMH U OTPAHUICHUSMHU — POOOT BO3Bpa-
m[aeTcst K pe3ysIbTary MPEAbIIyNIeH HTEepalud OLCHKH.
B »3TOM ciydyae OH BBIOMpacT HalpaBliCHHE, KOTOpPOE
ObLI0 HamOosiee OE30MacCHBIM M OJIM3KHUM K IEIH. DTO
MO3BOJISICT POOOTY HM30ekKAaTh 3aCTPEBaHUS H IIPOJOJI-
JKUTh JIBIDKEHHE K 00JIee OTKPBITOMY ITPOCTPAHCTBY, YTO
0COOCHHO BaXXHO JUIs oOecrieueHHs OecnpersTCTBEH-
HOTO TEPEIBIKCHUS B CIOXKHOH oOctaHoBke. Ecim
B IIporiecce paboThI IUKIJIA PACCTOSIHUE JO MPEISATCTBHS
JIOCTUTACT WM TPEBBINIACT JaTbHOCTH €ro oOHapyKe-
HUs, paBHYIO 3,5999 eauHMLIBI KOOPAWHATHOW CETKH,
TO poOOT BHIOMpAET HAIpPABICHHE IBIDKCHHS, KOTO-
poe coBIamaeT C HANpaBIICHHEM K 3apaHee 3aJaHHOM
Lend. JTO TMO3BOJSIET €My MaKCHMaJIbHO 3()(EKTHBHO
HATPAaBJITECS K IEJIM, HECMOTPSI Ha HalM4ue MO0 OT-
CYTCTBUE MPETISATCTBUIH.

KoKl

aHc

Pucynok 2. CuMy/IsIIHOHHOE IPOCTPAHCTBO B MakeTe Bu3yanusanuu Gazebo 11 ¢ pasHbiMu BapHaHTaMu TPETSITCTBUIN: KyOude-
CKOTO THIIA: ¢ — OJIHO NPEMATCTBUE, 6 — 1Ba NPEISTCTBHSA, 6 — TPU NPENATCTBUS, & — YSThIPE IPEISTCTBHS,
O — TSITh NIPENSTCTBUI, a TAKXKE: € — MPEISITCTBHE B BU/E JUIMHHOW CTEHBI, Jic — CJIOKHOE TPETISITCTBHE
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B anropurme vfth poGoTEI MOTYT amanTHpPOBaTh
CBOM JICWCTBHSI B OTBET HAa M3MEHEHUS B OKPY>KEHUHU.
Korma poGoT nBukeTcst BIOJb MPEMATCTBUS M HAYHHA-
€T yJalsIThCsl OT 3aJaHHOM LIeNd, OH MepeHacTpauBaeT
CBOE HampapJeHHE JBIKEHUs. BMecTo mpomoynKeHHst
JIBUYKEHHE BJIOJIb MPEISTCTBUSL B TOM K€ HAIPaBJICHUU,
poOoT BEIOMpaeT W3MEHHTh KypC M HauaTh JIBUTAThCS
BJIOJIb MIPEIISATCTBUSI B IPYTYEO CTOPOHY. Monmudukamms
anroputma vth cocpenorodeHa B TOM MOMEHTE, KOTa
poOoT HaxomUTCs OJNU3KO OT MPETATCTBUS M BUTACTCS
BJIOJIb HETO. B Kako#-ToO MOMEHT BpeMEHHU pOOOT Hauu-
HaeT yoalsaThesl OT Uesad. Mbl coBMeriaeMm aiaroputm I
¢ anroputMoM vth, u, Korga poOOT HaYMHACT OTXOIUTH
OT LEJH, aKTUBUPYEM aJTOpUTM [, KOTOpBINA 3acTaBiseT
poboTa IpoaoIKaTh JBMKCHIE BEIOPAHHBIM HAIpaBIIc-
HUEM BJIOJIb MPEISATCTBUS, IOKA OH HE MPHOIU3UTCSI K
[eNu, 00XOMs MPETSITCTBUE U JABHUTAsICh OIU3KO K HEMY.
Korma poGoT craikuBaercs ¢ MPEMsATCTBHEM (T.€. KOT-
Jla paccTosiHue 10 Hero He mnpesbimaeT 0,88 equHULIbI
KOOPJMHATHOW CETKH), OH Pa3BOpauMBaeTCsi B CTOPOHY
MPETSATCTBYS, KOTOpasi OblIa TIEpPBOHAYAIBHO BHIOpaHa,
1 HAUMHAET JIBUraThCs BJOJb HETO MO MPsIMOW. DTO Mpo-
JIOJDKACTCSI IO TEX TOp, MOKA U3THO MPENsATCTBHS HE T0-
3BOJIUT €MY OTAAJIUTHCS OT npensrcTBus Ha 0,96 enunu-
I KOOPJIUHATHOM CETKH. 3aTeM poOOT MMOBOPaYNBACTCS
Ha 90 rpaaycoB B CTOPOHY HPEIMSATCTBUSA U MPOAOIKAET
JIBIKEHHE JI0 TeX MOp, IMOKa HEe OTHAIMTCS HA PacCTosi-
Hue 0,96 equHML KOOPAUHATHON CETKU WA HE BCTPETUT
HOBOE IPEISATCTBHE (TO €CTh HE MPHOIU3UTCS HA PACCTO-
ssane MeHee 0,88 eaMHUI] KOOpAWHATHOW ceTku). Ecmu
poOot ycremHo otmanmuics Ha paccrosHue 0,96 enu-
HULl KOOPAMHATHOM CETKH, OH CHOBAa IOBOPAYMBAETCS
Ha 90 rpagycoB B TOM K€ HalpaBjIeHUH, B KOTOPOM JIBU-
rajcst paHee. 3aTeM OH IMPOAOJIKAET JBUKEHHUE B HTOM
HaIpaBJICHUHU, OKUJAsl JaJbHEHIIUX MPEnsTCTBUU WU
M3MEHCHHU B OKpyXeHuH. Kak Toipko poOoT 3adukcu-
pyeT IpUOIIbKEHHE K SN MTPH IBUKESHUH, OH MIEPEKITIO-
yaercss 00patHO Ha airoputM vih. 3To mo3Boisier emy
CHOBA COCPEOTOYUTHLCS Ha HABUTALIMM K LIEJH, YUUTHI-
Basi OKPY’KAIOIIYI0 00CTAaHOBKY W M30erasi MpersiTCTBHIA
Ha CBOEM IIyTH.

Anaau3 pPeE3yJabTaTOB BHIMUC/IUTEJIBHOTO
IKCIIEPUMEHTA

PesynbraTel B BHJE BPEMEHHBIX XapaKTEPHUCTHK
(BpeMeHHM OTMOAHWS) MPENATCTBUH Pa3IUIHOTO THUIIA
1utst anroputmoB I u 11, mpuBenenst Ha pucynke 3. B mpo-
1ecce BBIYMCIUTENHFHOTO SKCIEPUMEHTa MPOBOAMIACE
CTaTHCTUYECKass 00pabOTKa TOITYYSHHBIX PE3YJIbTaToB.
Just moarBepikaeHuss 3PPEKTHBHOCTH TPEI0KEHHOTO
ajgroputMa ObLIO TpoBeneHO 10 SKCIIepUMEHTOB ISt
Ka)X/IOTO THIIA MPEMATCTBHN, MO pe3ynbTaraM KOTOPBIX
PacCUMTHIBAJIOCH CpeOHEee BpeMsl OrHMOaHHS KaXKIOTO
TUMA npensaTcTBuil s anroputmos I u 11, morpemnocts
OIpeIeIIsiIach ¢ HCIOab30BaHueM Kod(dunreHTa CThio-
JIEHTA C IOBEPUTEIBHON BEPOATHOCTHIO p = (0,95.

IIpn ornGanuM OJHOTO KyOWMYECKOTO IpersiT-
cTBUs (PUCYHOK 3) NpH HCIOJb30BaHMW airoputma Il
BpeMsl 0Ka3aJoch B 2,5 pa3a MEHbIIIE YeM MPU HCHOJIb-
30BaHuM anropurMa . Orubanne qByX KyOM4ecKnx mpe-
MATCTBUH (PUCYHOK 3) mpoucxoauiio B 3,7 pasa ObIcTpee
4yeM B ciaydae aiaroputma I. Orubanue Tpex KyOndecknux
MPEISITCTBUN TTO3BOJIMIIO YCKOPHUTH TIPOLIECC OTHOAHMs
B 5, 4 pa3a OTHOCUTENBHO BPEMEHH IPU HCIIOJIb30Ba-
HuM aaropurma I.

CpefHee BpeMs orvbaHma NPenaTcTBNa, MAHYT

60 — ANTOPIATM |
= AnropwTm Il

40

20

Pucynok 3. I'padmky 3aBHCHMOCTH OLIEHKH CPEIHET0
BPEMEHU OTHOAHUsSI NPETSTCTBUN Pa3IMIHOTO TUIIA
Jui anroputMa I u anropurma II

[lpu orubaHuu TPyMI W3 YETHIPEX M MATH Ky-
OMYCCKUX TIPEISITCTBUM, JJIMHHONH CTCHBI W  CIIOXK-
HOTO TIPCISITCTBUSL BpeMsi OrHMOaHUsl  CYIICCTBCH-
HO CHM3WIOCh MNpU UCHOJb30BaHuu anroputma II:
B 7,2 pa3a, B 5,2 pa3za, Ha 57 % u B 2,4 pa3za.

3akjouyenmne

B mamHO# pabote Hamu mpeiokeH anroputm 11
orn0aHus MPENsTCTBUH POOOTH3NPOBAHHON CHCTEMOM,
B KOTOPOM OTCYTCTBYET aJTOPUTM MAIIMHHOTO 00yde-
uust. [IpoBenieHa omeHKa BpeMEHH ABMKEHUS /10 1IN C
orn0aHreM NPENATCTBHH B IPOCTPAHCTBE BHU3yasn3a-
mun Gazebo 11.

[TpoBeneH BBIYUCIUTENBHBIN IKCIEPUMEHT MO
Orr0aHMIO Pa3IMYHOTO BUA MPETISTCTBUNA: KyOHIecKo-
TO THIIA, A TAK)KEe MPETATCTBUS B BUJC JUIMHHOM CTEHBI,
CJIO’KHOTO TIPETIITCTBHUS C TIPUMEHEHHEM JaHHOTO alro-
putma BrIsBieHO, 9TO ¢ nCTIONB30BaHKEM anroputMa I1
JIBIDKEHHE poOoTa J10 e 0€3 CTOIKHOBEHHMS C TIPETIsT-
CTBHMEM TPOUCXOJNT ObICTpEe, YeM MPH MCTIOIb30BAHUN
anropurMma I.

[Tpn MCTIONB30BAaHUM TIPEIUIOKEHHOTO AJTOPUT-
Ma Il u1a KaXI0ro M3 pacCMOTPEHHBIX B MOJIENH TIpe-
MATCTBUHA TPUBOAWTCS TPUMEP IBIDKEHUS poOoTa
B BH/JIE 3aIMCAHHOTO BH/E0. Buyieo pa3menieHo Ha caiite
You Tube [5].

Bepungukanns npeio)keHHOT0 HaM1 aJITOPUTMA
I ornbanus MPETATCTBHIA MIPH ITEPEMEIIEHUH MOOWIIh-
HOTO po0OTa TO3BOJMJIA YCTAHOBHTH IIPEHMYIIECTBA
10 BPEMEHHBIM IapamMeTpaM IpH CPaBHUTEIHHOM aHa-
JU3e ¢ ANTOPUTMOM, TIPUBEICHHOM B pabote [1].
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SIDORENKO A.V., SALADUKHA N.A.

OBSTACLE AVOIDANCE ALGORITHM IN MOBILE ROBOT MOTION

Belarusian State University
Minsk, Republic of Belarus

A method has been proposed, and a computer program has been developed for simulating obstacle avoidance
by a robotic system. To expand the mobility capabilities of the robotic system, the algorithm combines the core
elements of the vfh algorithm and our previously developed algorithm I [ 1], and is positioned in this work as algorithm
1I. An evaluation of the average obstacle avoidance time for various types of obstacles has been conducted, including
five cubic obstacles, a long wall obstacle, and a complex obstacle. During the computational experiment using
the Gazebo 11 simulation environment, the time parameters for robot movements around various types of obstacles
were calculated, including five cubic obstacles, a wall obstacle, and a complex obstacle. In the computational
experiment, statistical processing of the obtained results was carried out. It was shown that using the proposed
algorithm, the assessment of the average time for the robotic system to avoid obstacles is reduced in some cases
by up to 7.2 times compared to the use of algorithm 1.
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FIBER. COTTON FIBER WETTING PROCESS PROBLEMS

Computer Engineering Department of Andijan State University
Andijan, Republic of Uzbekistan

The moistening of raw cotton and cotton fiber is a critical stage in the textile production process,
significantly influencing the quality of the final product. However, achieving optimal moisture content presents
numerous challenges. One of the primary problems is the uneven distribution of moisture during processing,
which can lead to variations in fiber strength and quality. The inappropriate application of water or humidification
methods often causes fiber shrinkage, reduced durability, and increased contamination. Furthermore, the control
of temperature and humidity plays a vital role in preventing over-drying or excessive moisture retention,
both of which can negatively affect the spinning and handling properties of cotton fibers. Technological limita-
tions, coupled with the complexity of monitoring moisture levels accurately, result in inefficiencies in the cotton
processing industry. Research has also shown that improper moisture regulation can lead to decreased efficiency
in machinery, increased energy consumption, and a higher likelihood of fiber damage during transportation
and storage. Therefore, addressing these issues requires advancements in moisture control technologies
and the development of standardized procedures to ensure consistent and high-quality cotton fiber production.

Keywords: moisture content, raw cotton processing, fiber quality, cotton moisture absorption, humidifica-
tion techniques, drying process, moisture distribution, fiber strength, cotton fiber properties, temperature control,
moisture regain, cotton handling, humidity regulation, processing efficiency, fiber shrinkage, cotton lint quality,

wetting agents, moisture monitoring, cotton conditioning, moisture control systems

Introduction

The process of moistening raw cotton and cotton
fiber is a crucial operation in textile manufacturing,
directly impacting fiber quality, processing efficiency,
and the overall performance of cotton products. Cotton,
as a natural fiber, is highly sensitive to moisture
variations, which can significantly affect its mechanical
properties such as strength, flexibility, and durability.
Proper moisture regulation is essential to maintain
the fiber’s natural characteristics and to optimize its
performance during spinning, weaving, and subsequent
textile processes. However, this process is fraught with
numerous challenges.

Achieving uniform moisture distribution across
cotton fibers is difficult due to the heterogeneous nature
of raw cotton, which varies in its ability to absorb and
retain moisture. Inconsistent moisture levels can lead
to fiber degradation, shrinkage, and compromised yarn
quality. Additionally, improper wetting methods or
excess moisture may promote microbial growth, cause
fiber swelling, and damage machinery, ultimately
reducing production efficiency.

This introduction sets the stage for an in-depth
examination of the key challenges and technological
limitations associated with the moistening of raw cotton
and fiber. By addressing these issues, the textile industry
can enhance fiber quality and improve overall production
outcomes.

The complexities of controlling moisture levels
stem not only from the nature of cotton but also

from the diverse environmental factors that influence
the process. Variations in ambient temperature and
humidity, combined with the physical characteristics
of the cotton itself, create a dynamic and unpredictable
environment for moisture control. Inadequate
monitoring systems often result in inconsistent
moisture application, leading to fiber damage or
incomplete conditioning, which further affects
the downstream processing steps such as carding,
spinning, and weaving.

Furthermore, the traditional techniques of
cotton moistening, while still widely used, often
fall short in meeting the modern requirements of
precision and consistency. Advanced technological
solutions, such as automated moisture control
systems and improved humidification techniques,
have been developed but remain underutilized or
costly to implement. These technologies hold the
potential to minimize energy consumption, reduce
waste, and improve the overall efficiency of the
cotton manufacturing process.

Understanding and addressing the problems
associated with cotton moistening are essential not only
for enhancing the quality of cotton products but also
for ensuring sustainability in the textile industry. This
study aims to explore the specific challenges involved
in the wetting process of raw cotton and fiber, evaluate
the effectiveness of current technologies, and propose
solutions for improving moisture control in cotton
processing.
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Methods

To address the challenges associated with the
moistening of raw cotton and cotton fiber, several
methods can be employed, each focusing on improving
moisture control, distribution, and fiber quality. The
following approaches outline both traditional and
advanced methods used to enhance the moistening
process.

Moisture Content Measurement

1. Gravimetric Method: A traditional technique
where cotton samples are weighed before and after drying
to determine the moisture content. Though accurate, this
method is time-consuming and not suitable for real-time
monitoring in large-scale operations.

2. Capacitive and Resistive Sensors: These
sensors provide continuous, real-time monitoring of
moisture levels by measuring changes in capacitance
or resistance as moisture content fluctuates. They are
widely used in modern cotton processing plants to ensure
consistent moisture control.

Humidification Systems

1. Spray Humidification: The use of fine water
mist to moisten raw cotton. This method is cost-effective
but often leads to uneven moisture distribution, requiring
improvements in spray nozzle design and placement.

2. Steam Humidification: Steam is used to
condition cotton fibers more uniformly. This method is
more effective in penetrating dense cotton layers and
minimizing fiber shrinkage. However, excessive use
of steam may cause over-saturation or increase energy
consumption.

3. Evaporative Humidification: This involves
adding moisture through air saturated with water vapor.
It offers a gentler humidification process but may not
always provide adequate moisture in low-humidity
environments.

Moisture Distribution Optimization

1. Moisture  Equalization ~Chambers:  After
moistening, cotton is passed through a chamber designed
to evenly distribute moisture across the fiber mass. This
reduces the risk of fiber degradation due to uneven
wetting.

2. Controlled Environmental Chambers: These
chambers are equipped with precise temperature and
humidity controls to condition cotton under consistent
environmental conditions, reducing variability in
moisture content across different batches of cotton.

Advanced Moistening Technologies

1. Ultrasonic Humidification: Ultrasonic waves
generate fine mist droplets, offering a more precise and
energy-efficient method of moistening cotton fibers.
This technique improves uniformity and reduces water

usage, making it a promising solution for modern cotton
processing.

2. Infrared Moisture Sensors: These sensors detect
the moisture content of cotton in real time by measuring
the absorption of infrared light. They are highly effective
in monitoring and adjusting the moisture levels during
processing.

3. Microwave-Based Moisture Control:
Microwave technology can be used to heat and moisten
fibers from the inside, ensuring even distribution of
moisture throughout the fiber. This method offers
enhanced accuracy and efficiency but requires significant
investment in equipment.

Moisture Control Algorithms

1. Automated Feedback Systems: Advanced
moisture control algorithms use real-time sensor data to
adjust the humidification process automatically. These
systems help optimize moisture levels, reduce human
error, and improve the overall efficiency of cotton
processing.

2. Predictive Maintenance: By using data analytics
and machine learning, predictive models can forecast
moisture-related problems and suggest preventive
measures to avoid fiber damage or quality degradation.

Drying and Re-wetting Cycles

1. Sequential Moistening: Instead of a single
wetting phase, cotton can undergo multiple cycles of
drying and re-wetting to achieve more uniform moisture
levels. This method is particularly useful for cotton with
highly variable initial moisture content.

2. Conditioned Re-wetting: In this method, cotton
is conditioned with a small amount of moisture before
being exposed to more significant humidification. This
helps prevent fiber swelling and damage by ensuring
gradual and controlled moisture absorption.

Mechanical Methods

1. Roller Moistening Systems: Cotton fibers
are passed through rollers equipped with moisture
application systems, allowing for precise control over
how much moisture is added. This method provides
uniformity but requires careful calibration to avoid fiber
compression or damage.

2. Aerodynamic  Moistening: This  method
involves passing cotton through a chamber where
moisture-laden air is blown through the fibers. It offers
uniform moisture distribution but requires high energy
input and advanced airflow control mechanisms.

By implementing these methods, cotton processors
can mitigate the problems associated with raw cotton and
cotton fiber moistening, ensuring higher quality fibers,
reduced waste, and more efficient production processes.
These approaches also contribute to lowering energy
consumption and reducing the environmental impact of
cotton processing.
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Results

Moisture control is essential at various stages
of cotton processing, including ginning, spinning, and
weaving. Inadequate moisture levels can lead to fiber
brittleness, reduced tensile strength, and poor spinning
performance. Conversely, excessive moisture can
result in fiber swelling, microbial growth, and machine
malfunctions. Thus, maintaining an optimal moisture
range is necessary for producing high-quality cotton
products and avoiding costly operational disruptions.

Traditional moisture control methods, such as
manual monitoring or the use of basic humidification
systems, are often inefficient and inconsistent. These
methods rely on fixed settings or periodic sampling,
which do not account for dynamic changes in
environmental conditions or cotton fiber variability.
As a result, these methods often fail to maintain
ideal moisture levels throughout the processing line.
Moisture control algorithms address this gap by
providing continuous, real-time monitoring and
adjustment capabilities, leading to better control over
fiber moisture content.

Moisture Control Algorithms: How They Work

Moisture control algorithms are advanced
software systems designed to automatically regulate
moisture levels in cotton processing. They utilize data
from a network of sensors, such as infrared or capacitive
moisture sensors, which continuously monitor the
moisture content of cotton fibers as they move through
various stages of production. These algorithms process
the sensor data, using pre-programmed thresholds to
maintain the moisture levels within the desired range.

The core functionality of moisture control
algorithms can be broken down into several components:

1. Real-Time Monitoring: Sensors installed
throughout the processing line provide continuous
feedback on moisture levels, allowing for real-time
adjustments. These sensors detect changes in moisture
content as cotton fibers absorb or release moisture during
processing.

2. Automated Feedback Loops: Based on
sensor data, the algorithm automatically adjusts the
humidification system, ensuring that moisture is applied
or removed as needed. This reduces the need for manual
interventions and ensures more precise control over fiber
moisture.

3. Predictive Moisture Management: Some
moisture control algorithms use machine learning models
to predict moisture fluctuations based on historical data
and environmental conditions, such as temperature and
humidity. This predictive capability allows the system
to make proactive adjustments, preventing fiber damage
before it occurs.

4. Process Optimization: By maintaining
consistent moisture levels, moisture control algorithms
help optimize the cotton processing workflow. This leads
to fewer production stoppages, reduced fiber waste, and
improved energy efficiency, as the system can avoid
over-humidification or over-drying.

Key Benefits of Moisture Control Algorithms

1. Improved Fiber Quality: One of the most
significant benefits of moisture control algorithms is the
ability to maintain consistent fiber quality. By ensuring
that cotton fibers remain within the optimal moisture
range, the risk of fiber brittleness, shrinkage, or microbial
contamination is minimized. This leads to higher-quality
yarns and fabrics, with better tensile strength, flexibility,
and durability.

2. Increased Production Efficiency: Automated
moisture control eliminates the need for manual
monitoring and adjustment, reducing labor costs and
the risk of human error. The real-time monitoring and
feedback mechanisms provided by moisture control
algorithms also reduce production downtime caused
by moisture-related issues. This increased efficiency
translates into higher throughput and better overall
production output.

3. Energy and Cost Savings: By maintaining
optimal moisture levels, moisture control algorithms
reduce the energy consumption associated with over-
humidification or over-drying. This leads to lower utility
costs and contributes to a more sustainable production
process. Additionally, the reduction in fiber waste and
machine maintenance costs further improves the cost-
effectiveness of cotton processing.

4. Scalability and Flexibility: Moisture control
algorithms can be integrated into a wide range of cotton
processing environments, from small-scale ginning
operations to large textile manufacturing plants. Their
flexibility allows them to be customized based on the
specific requirements of each production line, making
them suitable for both traditional and modern cotton
processing setups.

Moisture  control algorithms represent a
significant advancement in cotton processing, offering
improved fiber quality, enhanced production efficiency,
and substantial cost savings. By providing real-time
monitoring, automated feedback, and predictive
capabilities, these algorithms address many of the
moisture-related problems that have long plagued the
cotton industry. While challenges remain, particularly in
terms of cost and infrastructure, the future of moisture
control algorithms is promising. As technology continues
to evolve, these systems will play an increasingly critical
role in modernizing cotton processing and ensuring the
production of high-quality textiles in a sustainable and
efficient manner.
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The system works according to the algorithm
presented in Figure 1. The fiber moisture indicator is
determined by the moisture sensor and information is
transmitted to the system. If there is enough moisture,
the process continues and the fiber is pressed and sent to
storage. If there is not enough moisture, in stage 1, the
nozzles of stage 2 will be fully activated first.

I
‘Wetting the fiber
Sufficient

moisture

Measuring

Not enough moisture

Add a blower

Y

Add pressure

Packaging
Reducing the speed of the
output rollers
Finish

Figure 1. Fiber moisture control and management algorithm

When the humidity reaches the condition, the
pressing of the fiber continues. If it is low, the system
goes to the next step of amplification: the steam pressure
is increased to 500 Pa. When the humidity reaches the
condition, the pressing of the fiber continues. If it is less,
the system goes to the next step of strengthening: the
speed of the output rollers, that is, the speed at which the
willow leaves the humidifier is reduced.

In the preliminary studies, it was found that the
first and second stages of moistening are sufficient for
additional moistening of 2-2.5 %. Only when the fiber
moisture content is 3 % or less, it is necessary to move
to the last stage.

In this method of moistening, heating of the lower
part of the condenser is provided, which facilitates the
effective penetration of moisture into the fiber mass and
excludes steam condensation. Thus, the installation of
the proposed humidification device helps to increase the
moisture content of the cotton fiber. In this regard, further
studies of the wetting process using this construction
were conducted.

After the soaking process, the fibers were packed
in bales of up to 220 kg in DA 8237 press equipment, and
samples were taken from them in the prescribed manner.

Experiments have shown that fibers of different
origin and maturity have different sorption properties.

When studying the moisture absorption (sorption)
properties of cotton, it has different moisture content
under the same natural conditions.

The tensometric method was used to study the
sorption properties of cotton fiber. Observations were
made over a long period of time. Humidity was measured
once a week under constant conditions.

The ability of water molecules to connect with the
fiber mass also depends on the change in the properties of
the fiber during moisture absorption. The curve obtained
as a result of the study (Figure 2) describes the moisture
absorption of the fiber in the equilibrium state at different
relative humidity of the ambient air.

=

Ichki namlhk, %o

0 1 2 3 4 5 6 7
Vagqt oralig'i, soat

Figure 2. Absorption of moisture of different contents by fibers

If the value of humidity is below 15%, chemical
bonding between water molecules and cotton occurs, and
if it is 40-90%, adsorption bonding is manifested. When
o = above 90%, moisture is absorbed by the fiber due to
capillary forces. This conclusion was made on the basis
of studying the electrical conductivity of one fiber using
a steam meter and measuring its cross-sectional area.

A sharp change in indicators is observed
at values of 0 =15.4% and 90 %. However, the
chemical composition and structure of the fiber
indicate that all forms of contact with moisture can
occur simultaneously. Such curves obtained from
other studies are presented in Figure 2.3. As a result of
the conducted studies, it is confirmed that the curves
obtained by E.N. Chernov are correct. [5; p. 18]
Sorption of water vapor by fiber was studied both in
vacuum and at atmospheric pressure. For this, a high-
vacuum device with a sorption balance with quartz
spirals of the McBen balance type was used. The
studies were conducted at a temperature of 25 °C at a
relative humidity of 0 to 92 %.

A characteristic feature of the moisture
absorption curves is that when the relative humidity of
the air is 90-95 %, the humidity of the fiber does not
exceed 16 %. Above, the hygroscopic humidity of the
fiber, that is, the equilibrium humidity at relative air
humidity © =100 %. Further absorption of moisture
can occur only in direct contact of the product with a
liquid environment.
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Discussion

The moistening of raw cotton and cotton fiber
is a critical process in the textile industry, directly
influencing fiber quality, machine performance, and
production efficiency. Historically, traditional methods
of moisture control have been manual and prone to
inefficiencies such as inconsistent moisture distribution,
fiber damage, and increased energy consumption. With
the advancement of technology, the introduction of
Moisture Control Algorithms (MCAs) has emerged as a
solution to many of these persistentissues. This discussion
focuses on how MCAs address the key problems in the
moistening process and their transformative impact on
cotton processing.

1. Real-Time Moisture Monitoring and
Consistency Improvement: One of the most significant
challenges in the cotton moistening process is the
uneven distribution of moisture across fibers, leading
to quality degradation. Traditional methods, such as
manual monitoring and spray humidification, often fail
to provide uniform moisture levels, which can result in
fiber brittleness, swelling, or excessive microbial growth.

Moisture Control Algorithms solve this problem
by enabling real-time moisture monitoring. MCAs use
sensor networks that constantly track moisture content
in raw cotton and cotton fibers. Infrared, capacitive, or
microwave sensors embedded in the production line
measure the moisture content at various stages, providing
continuous data feedback to the control system.

By processing this data, MCAs automatically
adjust the humidification system, ensuring a uniform
distribution of moisture throughout the fiber. This not
only reduces moisture variability but also improves
fiber quality by maintaining an optimal moisture level,
eliminating the risks associated with both under- and
over-moistening. Inconsistent moisture application—
previously a major issue in cotton processing—has been
significantly reduced through these automated systems.

2. Prevention of Fiber Damage: Excessive
moisture leads to fiber damage, swelling, and weakening,
which negatively affects the downstream processing
of cotton. Over-moistening also causes mechanical
malfunctions, which disrupt production and increase
maintenance costs.

MCAs tackle this issue by integrating automated
feedback loops that control the moisture application
process with precision. The system can detect when
the moisture content approaches the upper or lower
thresholds and immediately adjust humidification rates to
avoid excess. This automated control minimizes human
intervention, reducing the risk of human error in setting
moisture levels.

Furthermore, MCAs can be programmed to
account for the variability in cotton fibers due to
environmental changes such as ambient humidity and
temperature. By adapting to these real-time fluctuations,
MCAs prevent fiber degradation that typically arises from

improper moisture levels. This dynamic control ensures
that fibers retain their integrity and strength throughout
the processing stages, enhancing the overall quality of
the final product.

3. Optimization of Energy Use and Reduction
in Waste: Traditional moisture control systems are
known for their inefficient use of resources, often over-
humidifying or over-drying cotton, leading to wasted
energy and water. In cotton processing plants, maintaining
the balance between adequate moistening and efficient
resource use is critical for economic sustainability.

The use of predictive models in MCAs is a game
changer in optimizing energy consumption. By analyzing
historical data and predicting moisture levels based on
environmental factors, MCAs can forecast the necessary
amount of humidification required at different stages of
production. This predictive capability prevents overuse
of humidification systems, reducing energy costs and
improving the overall environmental sustainability of the
process.

For instance, ultrasonic or evaporative
humidification systems, controlled by MCAs, can be
adjusted based on the real-time needs of the cotton fibers.
These systems require significantly less energy compared
to steam-based methods, which rely on higher energy
inputs. Consequently, MCAs have led to more efficient
and sustainable cotton production practices by reducing
both water consumption and energy waste.

4. Improved Production Efficiency and Redu-
ced Downtime: Production downtime due to moisture-
related machine malfunctions or fiber inconsistencies
is a frequent problem in cotton processing. Manual
moisture control systems are often reactive, leading
to delayed adjustments and prolonged production
stoppages.

MCAs enhance production efficiency by providing
automated, proactive adjustments. When moisture levels
fluctuate unexpectedly, the system can react in real time,
preventing potential machine malfunctions. This leads to
fewer breakdowns and minimizes the need for manual
interventions.

Additionally, MCAs can integrate with predictive
maintenance systems, which foresee potential moisture-
related problems before they escalate. This capability
reduces downtime, as issues are addressed before they
cause significant disruptions to production. The result is
a smoother production process with fewer interruptions,
contributing to higher throughput and better utilization
of resources.

5. Scalability and Adaptability in Various
Cotton Processing Environments: One of the most
notable benefits of MCAs is their scalability and
adaptability to different cotton processing environments.
While advanced humidification techniques are often
cost-prohibitive for smaller operations, MCAs offer a
flexible solution that can be tailored to the specific needs
of any production facility, regardless of its size.
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For larger, industrial-scale operations, MCAs
provide the advantage of seamless integration with
existing production lines, offering comprehensive control
over complex processes. For smaller, more traditional
operations, the algorithm can be scaled down to meet
their more basic requirements, providing precise moisture
control without the need for significant infrastructure
changes. This adaptability makes MCAs accessible to a
wide range of cotton producers, helping them optimize
their processes without the need for extensive capital
investments.

6. Challenges in Implementation: While MCAs
provide numerous benefits, several challenges persist.
Initial costs for sensor networks, algorithmic systems,
and integration with existing processing lines remain
a significant barrier to adoption, particularly in regions
with limited resources. Training personnel to operate and
maintain these advanced systems is another hurdle, as
many cotton processing facilities may lack the expertise
needed to implement MCAs effectively.

Moreover, the precision of MCAs depends
heavily on the quality of sensor data. In environments
with high variability in fiber properties or external
conditions, sensor accuracy may diminish, leading to less
effective moisture control. To address these challenges,
further innovation is required in the development of low-
cost, robust sensor technologies, as well as user-friendly
interfaces that can be easily integrated into existing
processing infrastructures.

7. Future Prospects and Innovations: The future
of MCAs in cotton processing is promising, with several
avenues for innovation. Machine learning and artificial
intelligence (Al) are poised to enhance the predictive
capabilities of moisture control systems, enabling
algorithms to learn from vast datasets and anticipate
moisture fluctuations with even greater precision. This
would further minimize fiber damage, reduce energy
consumption, and optimize resource use.

Additionally, the integration of MCAs with
the Industrial Internet of Things (IIoT) is likely to
revolutionize cotton processing. By connecting sensor
networks, humidification systems, and production line
data to centralized control platforms, MCAs could enable
more holistic and efficient management of the entire

cotton production process. The result would be a highly
automated, self-optimizing system capable of respon-
ding dynamically to changes in both internal production
parameters and external environmental conditions.

Conclusion

The application of Moisture Control Algorithms
(MCAs) has transformed the way raw cotton and cotton
fibers are moistened in the textile industry. Through
real-time monitoring, automated feedback loops, and
predictive capabilities, MCAs address many of the
traditional challenges associated with the moistening
process, including inconsistent moisture distribution,
fiber damage, and inefficiencies in energy and resource
use. While the implementation of MCAs comes with
challenges, particularly in terms of cost and technical
expertise, the potential benefits in terms of fiber quality,
production efficiency, and sustainability are substantial.
As technology continues to evolve, MCAs will play
an increasingly important role in optimizing cotton
processing for a more efficient and sustainable future.

The implementation of Moisture Control
Algorithms (MCAs) has significantly improved the
cotton processing industry by addressing key challenges
such as uneven moisture distribution, fiber damage, and
inefficient resource use. Through the use of real-time
monitoring, automated feedback systems, and predictive
models, MCAs ensure a more consistent and controlled
moistening process. This results in improved fiber
quality, optimized energy consumption, and enhanced
production efficiency.

Despite their benefits, challenges such as high
initial costs, the need for sensor accuracy, and operator
training still exist. However, with the continuous
evolution of machine learning and IoT integration, MCAs
are expected to become even more effective, driving the
future of cotton processing toward greater sustainability
and efficiency.

In summary, MCAs represent a transformative
approach to overcoming the longstanding problems of
moistening raw cotton and cotton fibers, paving the way
for innovation and higher-quality cotton products in the
textile industry.
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OPTUKOB 3.V.

MMPOBJIEMBI ITPOLHECCA YBJIAXKHEHUSA XJIOIIKA-CBIPbA U XJIOITKOBOI'O
BOJIOKHA. ITPOBJIEMbI ITPOLHECCA YBJAKHEHUA XJIOIIKOBOI'O BOJIOKHA

Kagheopa komnviomepno2o unsicunupunea AHOUICAHCKO20 20CYOaPCMEEHHO20 YHUBEPCUMemd
Anouoscan, Pecnybnuxa Yzoexucman

Venascnenue xnonka-ceipya u Xa0nK08020 BONOKHA AGIAEMCSA  KPUMUYECKUM IMANOM 8 npoyecce
npou3600Ccmea MeKCmuia, CYWeCmeenHo GIUAIOWUM HA KAuecmeo Koneunoz2o npodykma. OOnaxo docmudicenue
ONMUMANLHO20 COOEPICAHUSL 6]1a2U NPeOCmasasien cobou MHo2oYuciennble npooiemsl. OOHOU U3 OCHOBHBIX NPod.IEM
SABNAEMCS. HEPABHOMEPHOE pacnpedeneHue 61a2u 80 8peMs 00pabomKu, 4mo MOdJCen NPU8ecmu K U3MEHEHUsM
APOYHOCMU U Kauecmea 6010KHA. Henpasunvroe npumeHnetue 600bl Ul MEMoO08 YENaANCHEHUsL YACMO NPUBOOUN K
Yeaoke ONOKHA, CHUICEHUIO 00JI208€UHOCIU U HOBBIUUEHHOMY 3aepsizHeHur0. Kpome mozo, KOHmpons memnepamypbl
U BNANCHOCIU USPACT HCUSHEHHO BANCHYIO POJIb 8 NPEOOMEPAUEHUY NePeCyULUBAHIs UTU YPEe3MEPHO20 YOePICAHUSL
enazu, 06a u3 KOMopvIX MO2Ym OMPUYAIENbHO NOBIUAMb HA CEOUCMEA NPAOEHUs U 00PAOOMKU XIONKOBbIX BOJIOKOH.
TexHonozuueckue 0ZPaHUieHUs 8 COUEMAaHUU CO CLONCHOCIBIO MOUYHO20 KOHMPOJIS YPOGHS BIANCHOCTU NPUBOOSM
K Hea(hexmusHocmu 6 Xxaonkonepepabamvisaroujeii. npomviuineHHocmu. Hccnedosanus makdce noKazanu,
UMO HENpasuibHOe pe2yIUPOBAHUEe GIANCHOCIU MOICEN NPUBECMU K CHUNCEHUIO ¢hgexmusHocmu pabomol
060py008aHUs, YeeTUUeHUI0 NOMPEONIeHUs SHePeUl U NOBLIUEHUIO 6EPOSMHOCIU NOBPENCOEHUS BOIOKHA 8O 8DEMS.
MPAHCROpMuposKu u xpanenus. I105momy 0ns peutenus 3mux npooaem mpebymes O0CMUNCEHUs. 8 MEXHOLOUAX
KOHMPONS BIANCHOCMU U paA3pabomKa CmManoapmu3upoSaHHbIX Npoyeoyp Ois obecnedeHus NOCMOSAHHO2O U
BbICOKOKAYECMBEHHO20 NPOU3BOOCIBA XIONKOBO20 BOIOKHA.

Knrouesvie cnosa: enasxcnocms, nepepabomra XIONKA-Cbpyd, KAYECMBO B6O0JOKHA, NOSNOUWEHUEe 61acU
XZIONKOM, Memoobl YGIANCHEHUs, NPOYecC CYWIKU, pacnpedeneHue 6ideu, NPOYHOCMb 60IO0KHA, C80Lcmed
XJIONK0B02O BOJIOKHA, KOHMPOIb MEMNEPAMYPbl, 60CCMAHOGIEHUE GIANCHOCHU, 00PAOOMKA XJIONKA, Pe2yIupo8anue
enascHocmu, 3¢hpexmuenocms 00pabomruy, ycadka 60J10KHA, KAYECMBO XJIONKOBO20 60PCA, CMAYUBAIOWUE A2eHMbL,
MOHUMOPUHE BIIANCHOCMU, KOHOUYUOHUPOBAHUE XTONKA, CUCEMbL KOHMPOTS 61ANCHOCHIU
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ASSESSMENT OF SOLAR PANEL CONTAMINATION VIA ITS IMAGE IN LIBYA
CLIMATE

Belarusian National Technical University
Minsk, Republic of Belarus

Modern solar power plants are usually built in deserts, in conditions of lack of water and a lot of dust.
Dustiness of solar panels leads to a decrease in their efficiency, and cleaning the panels from dust is an energy-
consuming operation. The article discusses an approach to assessing the degree of contamination of a panel
and making a decision about the need to clean it based on analysis of the panel image. An algorithm for making
a cleaning decision is presented, a software application for assessing the degree of contamination of the panel
is described, and the results of an experimental test of the created application are presented.

Keywords: solar panel, dust deposition, solar energy, cleaning of panels, image processing

Introduction

Modern solar power plants are several tens of
square kilometers in size and contain millions of solar
panels (SP). Such power plants are located mainly in
desert areas, characterized by a lack of water sources
and a large amount of dust. Dust on the surface of
photovoltaic solar panels reduces their efficiency.

To assess the effect of solar panel dust on its
output power, laboratory and field studies in Libyan
conditions were carried out on the relative decrease
in solar panel power depending on the density of dust
on its surface. From the results obtained it follows that
with a dust density of 5-20 grams/m?, the output power
is reduced by 5-10 % [1]. In other study, desert regions
could lose power up to 80 % due to dust deposition [2].

Manual cleaning of panels from dust can take
considerable time and is very expensive; periodic (for
example, daily) automated cleaning of panels using
cleaning robots leads to high energy costs, premature
degradation of panel surfaces, and also does not take into
account contamination during sand storms.

So, there is a need to constantly monitor the
contamination of the surfaces of solar panels in order to
decide on their automated cleaning when the panel output
power decreases due to contamination. The output power
of PV panel is a random value due to random changes
of sun radiation level on the PV panel surface. Different
methods of PV panel contamination estimation were
researched.

The study in Northern Australia demonstrates
precise, inexpensive, and user-friendly techniques for
assessing PV panel dusting and soiling. The proposed
image processing algorithms, particularly the Image
Matching algorithm, outperform the human eye in
identifying dust color and texture [3]. Other study utilized

statistical methods, image processing, and machine
learning algorithms to intelligently monitor soiling
state of solar panels, achieved a classification accuracy
of 98.39 % [4]. While results in other study approved
SolarQRNN, a probabilistic approach to quantifying
using surveillance camera images, fares 51 % better in
metrics evaluation on a solar panel soiling dataset than
benchmark classification algorithms [5]. Additionally [6],
confirm the possibility of using deep learning CNN based
approach to detect dust on solar panel and predicted the
power loss due to dust accumulation.

An assessment of the degree of contamination of
a panel can be obtained by analyzing an image of dust
on the panel surface. In this case, the image of the clean
panel can be considered as the background, and the
image of the dust as the foreground. To eliminate the
influence of the background on the analysis result, you
can calculate the difference between the images of clean
and contaminated panels.

Images of clean panel and dusted panel and the
difference of those two images are shown on the Figure 1.
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Figure 1. Images of PV panel a — clean panel, b — dusted panel, ¢ —

Mathematical model of the dust image

The pixel values of the stored clean SP image are
the sum of the pixel brightness values of the image itself
and the noise.

P(x.y) = Py(x,y)tny(x.y), (M

where P (x,y) is the image of the clean panel at the time
of shooting; n (x,y) — noise at the time of shooting.

The pixel values of the current SP image in the
absence of dust (or very small quantity of dust) can be
represented as:

D(x,y) = P (x,y)*n,(x,y), 2

where P (x,y) is the image of the panel itself at the time
of shooting; n (x,y) — noise at the time of shooting.

If there is dust, the pixel values of the current SP
image can be represented as:

D(x,y) = P,(x.y)tn,(x,y), )

where P (x,y) is the image of the dusted panel itself at the
time of shooting; n (x,y) — noise at the time of shooting.

Since the time of obtaining the stored and current
SP images are different, the images themselves P (x,y),
P (x,y) are different. These differences are due to
differences in panel illumination at different times. The
noise realizations n (x,y), and n (x,y) obtained at different
times will also be different. Therefore, the difference
image in the absence of dust on the surface of the panel
(or with a small amount of it) can be represented in the
form:

Dif]o(xry) = PI(X,Y) - Po(xiy) + nl(X’Y) - nO(X’y) -
= AP, (x,y) + n,(X,y). 4)

If there is dust on the surface of the panel, the
difference image can be represented as:

Difzo(X7Y) Pz(xay) Po(xay) + nz(X,Y) -
n,(x,y) = AP, (x,y) + n,(x,y) )

Difference of clean and dusted panel images

Noise can be considered a random normally
distributed value.

The brightness values of each pixel can also be
considered a random normally distributed value. The
probability density of the brightness of one image pixel
can be represented as:

L 2
1 e_%.%- (6)
ovim

In accordance with formulas 4 and 5, the
mathematical expectation mx will be different in the
presence of dust and in its absence.

The set of pixel brightness values of the SP
difference image can be considered a sample of a random
process X = {x1, x1, ... xn }where n is the number of
image pixels. Considering the elements of this sample
to be random independent normally distributed values,
the multidimensional distribution density of the sample
in the absence of dust can be represented as:

2
W<X/Ho)-1_[w(xk) 1_[ V_exp(—(im"))
™

(2 ZZ( Cxi = mo)? ))

Similarly, the multidimensional probability den-
sity of the difference image in the presence of dust can
be represented as:

w(x) =

0\/_

m;)?

WX/Hy) = ]_[ W) = 1_[ " (ol

1
== (2 ZZ( Coi = ma)? ))

Consequently, the multidimensional probability
density of a set of pixels of a difference image of the SP
in the presence and absence of dust differs only in the
average value of the pixel brightness.

®)
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Synthesis of a decision-making algorithm
for cleaning SP

The task of making a decision about the dust
content of a PN comes down to the task of testing a simple
hypothesis H, that the average value of a set of random
normally distributed variables is more than m, against
the alternative H, that this parameter is less than m,.
A sufficient statistic for testing the hypothesis H against
the alternative H can be any monotonic transformation
of the likelihood ratio:

_ nW(X/Hl) )
© W(X/Ho)

As a result of analyzing the difference image of
the SP, one of two possible solutions is necessary: A —
there is no dust or A| — there is dust. The decision rule in
this case is based on calculating the likelihood ratio [7]
and has the form:

. —_ W(X/Hl) *
if A=In WX/Hy) < A" than Ay else A,

(10)

where A* — decision threshold; W(X/H,) — multi-
dimensional probability density of the integral difference
image in the presence of dust; W(X/H) — multidimen-
sional probability density of the integral difference
image in the absence of dust.

The logarithm of the likelihood ratio in accordan-
ce with formulas 7 and 8 can be represented as:

1 - 1 n
A= ﬁZfW —ma)?) = ﬁ’;(—m —mg?). (D)
Or

Azzxk_ nlmy +mo) (12)
k=1

2

The second term in formula 12 does not depend
on the brightness values of the pixels and can be taken
into account in choosing the threshold value A*. Optimal
processing of a difference image will be the summation
of the brightness values of all its pixels. Therefore, to
make a decision about the need to clean the SP, it is
necessary to generate the sum of the brightness values of

the difference between the images of the clean SP and the
current SP image and compare it with the threshold A*.

The decision-making algorithm on the need to
clean the SP can be represented in the form

1. Obtain an image of the clean SP P (x,y) and
save it in memory (for example, as a file).

2. Periodically, with a certain time interval At,
obtain the current image of the SP P (x,y).

3. For each received current SP image, calculate
the difference image

Dif(x,y) = P,(x,y) = Py(x.y).

4. Calculate the sum of the brightness values of

all pixels (total brightness) in the difference image

(13)

(14)

A= X
k=1
5. Make a decision on the need to clean the joint
venture according to the rule

if A>A* then start cleaning the SP

(15)

To implement the above algorithm and evaluate
the relationship between the sum of the brightness of
all pixels and the solar panel contamination density, a
software application was developed that allows you to
perform the following operations:

1. Open images of a clean and dusty panel.

2. Calculate the difference image using
formula (13) within a mask covering only the image of
the panel itself.

3. Calculate the sum of brightnesses of all pixels
of the difference image in each color channel.

4. Calculate the total brightnesses of all pixels
using tjhg%oérjgnula:

TB = ZZ Z (Bi(xj,yk)),

i=1 j=0 k=0

(16)

where B, (xj ,y,) is the brightness level of the image pixel
Dif(x,y) in the j-th column of the k-th row in the i-th color
channel.

The appearance of the interface of the developed
application is shown in the figure 2.
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Figure 2. The software application interface
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Experimental results

Using the created software, images of a solar
panel obtained in the desert in Libya were examined at
various densities of dust on its surface.

The experiments were carried out in the middle
of the day at a solar radiation level of 910 W/m? using a
Shell SQ85-P solar panel, the characteristics of which are
given in Table 1.

Images of the panel and its power output values
were obtained at dust densities of 0, 10, 20, 30 and
40 g/m’. The resulting images were processed using the
created software to obtain the total brightness of the dust
image. The experimental results are presented in Table 2.

Table 1: The characteristics of solar panel.

PV Module Characteristics

Description

Module Shell SQ85-P
Maximum Power (Pmax) 85 W
Rated Current 4.95A
Rated Voltage 17.2V
Open Circuit Voltage (Voc) 222V
Short Circuit Current (Isc) 545A

Size

1.20*0.527m?

STC

1000 W/M2 .25C.AM 1.5

Table 2. The output power and the total brightness of differences between the images

P (W) P (%) P-loss (%) Total brightness
67.50533 100 0 0
64.54068 95.60827 4.391733 36509535
60.92114 90.24641 9.753588 37419284
57.00919 84.45139 15.54861 42088638
56.51516 83.71955 16.28045 43382828
CUCTEMHbBINA AHAJIN3 U TIPUKJIATHASI THOOPMATUKA 4,2024
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Figure 3 shows a graph of the dependence of solar  graph of the dependence of the total brightness of the
panel power losses on dust density. Figure 4 shows a difference image of the panel on the dust density.

P-loss (%) Total brightness
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Figure 3. Graph of the dependence of solar panel power losses Figure 4. Graph of the dependence of total brightness on dust
on dust density density

Conclusion clean the solar panel. The value of the total brightness of
the difference image is proportional to the power loss of
The degree of dustiness of a solar panel can be the solar battery when it becomes dusty.
assessed by the difference between the images of a clean
panel and a dusty one. An indicator of dustiness can be
the total brightness of the difference image, which is Many grateful thanks to The Libyan Center for
sufficient statistics to make a decision about the need to  Solar Energy Research and Studies, Tajoura, Libya.

Acknowledgement

REFERENCES

1. Albagoush A.A., Abuauba A.B., Kupriyanov A.B. Study of the effect of dust deposition on solar panels in Libya.
Mathematical methods in technologies and technics, 2023, no. 10, pp. 76-81. DOI: 10.52348/2712-8873 MMTT 2023 10 76

2. Hasan K. [et al.]. Effects of different environmental and operational factors on the PV performance:
A comprehensive review Islam Energy Science and Engineering, John Wiley and Sons Ltd, 2022, vol. 10, no. 2. pp. 656-675.
DOI: 10.1002/ese3.1043

3. W. Kean Yap, R. Galet, and K.C. Yeo. Quantitative Analysis of Dust and Soiling on Solar PV Panels in the Tropics
Utilizing Image-Processing Methods. Proceedings of the Asia Pacific Solar Research Conference 2015, Publ.: Australian PV
Institute, Ed.: R. Egan and R. Passey, Dec 2015.

4. Po-Ching Hwang, H. Intelligent cleanup scheme for soiled photovoltaic modules / H. Po-Ching Hwang, C.C.Y. Ku,
M. Chao-Yang Huang Energy, Feb. 2023, vol. 265. DOI: 10.1016/j.energy.2022.126293

5. Zhang W. Deep-learning-based probabilistic estimation of solar PV soiling loss / W. Zhang, S. Liu, O. Gandhi,
C.D. Rodriguez-Gallegos, H. Quan, D. Srinivasan. IEEE Trans Sustain Energy, 2021, vol. 12, no. 4, pp. 2436-2444.
DOI: 10.1109/TSTE.2021.3098677

6. Ritu M., Shamaun A., Asutosh P. An approach for detection of dust on solar panels using CNN from RGB dust
image to predict power loss. Cognitive Computing in Human Cognition: Perspectives and Applications (Learning and Analytics in
Intelligent Systems, 2020, pp. 41-48. DOI: 10.1007/978-3-030-48118-6_4

7. Levin B.R. Theoretical foundations of statistical radio engineering. 3rd ed., revised and enlarged. M.: Radio and
communication, 1989, 656 p.

JIUTEPATYPA

1. Ansbarym, A.A. VccnenoBaHue BIHMSHUS OCQXKICHUS NbUIM Ha CONHECYHbIe mnaHeinn B JluBum / A.A. Anb-
Oarym, A.b. AGyay6a, A.b. Kynpusnos. Maremarnueckne MeTombl B TexHoumorusx M rtexuuke. 2023. Ne 10. C. 76-81.
DOI: 10.52348/2712-8873_MMTT _2023 10_76

2. Xacan, K. Bimsiane pa3nudasix (akTopoB OKpYKaIOIeH Cpe/Ibl M AKCIUTyaTalllH Ha MPOU3BOAUTEIEHOCTE (POTOIIICK-
TPUYECKUX cHucTeM: KomIuteKcHsit 0030p / K. Xacan, C.b. IOcyd, M.C. Tymap, b.K. [lac, I1. lac, M.C. Vcnam Dueprerndeckast
Hayka u TexHuka, 2022. T. 10, Ne. 2. C. 656—675. DOI: 10.1002/ese3.1043

4,2024 SYSTEM ANALYSIS AND APPLIED INFORMATION SCIENCE



46 YHOPABJIEHUE TEXHUYECKHUMU OBBEKTAMWM

3. Kuan B.SL, Taser P., Meo K.II. KonnaecTBeHHbII aHAIN3 3aIbLICHAS ¥ 3arPS3HEHIS HA COTHEIHBIX (hOTOAIEKTpHYE-
CKUX TTaHeJAX B TPOIHUKAX C UCTIONB30BaHUEM METONOB 00paboTku n3obpakenuid. Tpyms! A3narcko-Tuxookeanckoi koHdepeH-
MY TI0 UCCIIEI0BAHMAM CONHETHOH SHepreTHkn 2015 . ABCTpanuiiCKuii HHCTUTYT (OTOAEKTPUIECKUX cucteM. Pen.: P. Oran n
P. ITaccw, [lexabps 2015 1.

4. Mo-Yunr XBaur, X. VHTENEKTya bHAS CXeMa OUYMCTKU 3arpsA3HEHHBIX (oTodeKTpuueckux Monyinei / X. [To-UuHr
Xganr, 1.1 Ky, M. Yao-fur Xyanr. Dneprus, 2023. T. 265. DOI: 10.1016/j.energy.2022.126293

5. ’Kanr, B. BeposiTHOCTHAs OIfeHKA MTOTEPH OT 3arpsA3HEHUSI CONMHEYHBIX (DOTOAIEKTPHUECKHUX CHCTEM Ha OCHOBE ITy0o-
xoro obyuenus / B. XKanr, C. JIny, O. I'anaxu, C.Jl. Pogpurec-I'amneroc, X. Kyan, JI. Cpunusacan // IEEE Trans Sustain Energy,
2021. T. 12, Ne 4. C. 2436-2444. DOI: 10.1109/TSTE.2021.3098677

6. Puty, B. [lonxox k 0OHapy»KEHHIO TIBUIM Ha COTHEYHBIX MAHEJSIX C HCIIOIb30BAHIEM CBEPTOYHON HEHPOHHOM CeTH Ha
ocHoBe RGB-n300paskeHus MBUTH IS TPOTHO3UPOBAHMS ToTeps MomHocTH / B. Puty, A. lllamayn, [1. Acyrom / Koruutusasre
BBIYHCIICHUS B YEJIOBEUECKOM MO3HAHUH: TIEPCIIEKTHBEI M NPHIOKEHUS (00yUeHNe ¥ aHAINTHKA B MHTEJUIEKTYaIbHBIX CHCTEMaxX)
Springer. 2020;17. DOI: 10.1007/978-3-030-48118-6_4

7. JleBun, B.P. Teopetndeckne 0CHOBHI cTaTucTHdeckoi paguorexHuku / b.P. Jleun. — 3-e u3., mepepad. u qom. — M.:
Pagwo u cBsa3b, 1989. — 656 c.

Albagoush Alaaeddin Ali is pursuing his PhD in Computer Engineering in Belarusian National
Technical University. He is currently working as head of the communications department at the
General Electricity Company of Libya. He received Master’s Degree in Electrical and Electron-
ics Engineering from Turkish Aeronautical Association University in the year 2017. He received
training on programming and maintaining RTUs in France in 2019. Interested in solar energy
projects in Libya and studying ways to increase the efficiency of solar energy.

Adabdarym A.A., acnupasT kadeapsl mporpaMMHOro odecredeHnss HHGOPMaMOHHBIX CHCTEM U
TexHojoruit BHTY.

E-mail: alaa-Eddinl@hotmail.com

Kupriyanov Andrey Borisovich, PhD, Associate professor at the Software Department
of the Belarusian National Technical University. His research interests include methods and
algorithms of artificial intelligence and images processing.

KynpusinoB A.B., noneHT kadeapsr mporpaMMHOTO oOecreueHus HHPOPMAIIMOHHBIX CHCTEM U
texnonoruit BHTY.

E-mail: abkupriyanov@bntu.by

AJIBBATVIII A.A., KVYIIPUAHOB A.b.

OIIEHKA 3ATPI3HEHHOCTH COJTHEYUHOM ITAHEJIM 1O U30BPAKEHUIO
B KVIMMATE JIUBUA

benopycckuii nayuonanvuwiii mexnuyeckuii yHugepcumem
2. Munck, Pecnyonuka benapyce

Cospemenible COMHeunble INEKMPOCIMAHYUU OOBIYHO CMPOSINCSL 8 NYCMbIHAX, 8 YCI0GUSIX HEOOCMAMKA 800bl
U 6ONBLULO2O KOTUYECMBA NbLIU. 3aNblIeHHOCMb COTHEYHbIX NaHelell NPUBOOUM K CHUNCEHUIO UX 3¢hhexmusHocmil,
a ouucmka nawmenel om Nl SGIAEMCs IHep2o3ampamuol onepayuei. B cmamve paccmampusaemcs
nooxo0 K OYeHKe CMeNneHu 3aepsi3HEeHHOCMU NAHelU U NPUHAMUIO PeuleHuss 0 HeoOX0OUMOCmU ee OYUCHKU
Ha OCHOBe ananuza uzodpadxcenus nauwenu. Ilpedcmagnen ancopumm npuHAmMus pewienuss 00 o4ucmKe, ONUCAHO
npocpamMmuoe npuiodicerue OJisi OYeHKU CMEeNneHu 302PA3HeHHOCIU NAHeNU, d MAKice NPUEEOeHbl Pe3yibmanivl
IKCNEPUMEHMANLHOU NPOBEPKU COZ0AHHO20 NPULONCEHUSL.

Kniouesvie cnosa: conneunas nameinn, 0cadicoeHue noliu, COHeUHAs SHepeUs, O4UCKA nanene, oopabomka
uz0bpadicenutl
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MOBEJJEHUE MOBHUJIBHOI'O POBOTA C CAHMMETPUYHOM CTPYKTYPOM
KOJIEC MEKAHYM IIPA NEPEMEIIEHWH 11O KPUBOJIMHEMHOM
TPAEKTOPUH

FBenopycckuii nayuonanvuulii mexnuueckuii yHueepcumem
Mumnck, Pecnybauxa Benapyco

B cemamue npoeedén cpagrumensbhblil aHanu3s 08yx 8apuanimos CUMMEMPUUHO20 PA3MeWeHUSA BCEHANDABLEHHBIX
KOIEC Muna Mexkasym & mobuibHom poboome. Paccmompeno mooenuposanue nogedenus MoouIbHo20 poboma npu
08YX CUMMEMPUYHBIX 8APUAHIMAX PACNOIONCEHUS KONEC MEKAHYM NO KPUBOTUHEUHbIM mpaekmopuam & cpede MAT-
LAB Simulink. Ilonyyensr epaghuxu mpaekmoputl yenmpa poboma 8 ocax X—Y npu 08yx 6apuanmax cummempusHoix
KOHQueypayuii MeKaHyM-Koaéc npu nepeMewjeHuy no mpaeKmopusm JAeMHUCKAMb, SIIUNCA, 2UNOMPOXOUObl
u mpexa. Ionyuenvl 3agucumocmu owubOK nonoxcenus poboma 6 ocax X—Y om epemenu 011 08YX 6apuanmos
mMonono2ull Konéc npu nepemenjeruy no Yemulpém mpaexmopuam. IIpoananusuposansvl 3a8UcUMOCHY OMKIOHEHU
yena noeopoma xopnyca poboma om epemenu 01 08YX 6apuanmos mononiouti Konéc npu nepemeujeHuu no
Yemvlpém KpugonuHeuHviM mpaekmopusam. 1Iposedénnviii cpasHumenbublii aHaiu3 no36onul 0ams peKomMeHoayull
0 nepemeujerue 6001b IINUNCA U JTEMHUCKAMbL, KOTNOPble XAPAKMEPUIYENC MEHLbUUMU OUUOKAMU NOTIONCEHUSA U
OMKJIOHEHUEM Y2lld NOBOPOMA NO CPABHEHUIO € DOLee CLONCHBIMU KPUBLIMUL.

Knrouegvie cnoea: mobunvHwiil pobom, MeKamym KOaeco, CUMMEmpUYHAs cmpykmypa, mampuya Hxobu,
os8udCcenUe N0 MPAeKmopul, JAIUNC, TEMHUCKAMA, INUMPOXOUOA, MPEK, OUUOKA NOSUYUOHUPOBAHUS

BBenenue Hcxomst M3 3TOro, CyHIECTBYIOT JBE KOH(HUIY-

panuy CUMMETPHYHOTO pa3MEIICHHs KOJNEC MEKaHyM

Bcenanpapnenuble YeTHIPEXKONECHBIE MOOMIb- ' MoGHIBHOM POGOTE, YIOBIETBOPAIOLIMX YCIOBHAM

HbIC pOOOTHI Ha MEKaHYM-KOJIECaX, PacIIOIOKEHHBIX TOJIHOPAHTOBOH MaTpHIBI SIKOGH ¢ PAHIOM, PaBHBIM 3
TapajIiesbHO KOPIYCY, NMEIOT B OOMICH CHOKHOCTH 16y pepecedennem muMil OCelf BpalleHMs KONECHBIX
BO3MOXKHBIX Tomonoruii [1]. [IpuHumasi Bo BHUMaHuUeE, POIHKOB B 4 TouKax. DTH JBe KOHQHUIYpALUH C yKa-

4TO YTOIl HAKJIOHA POJMKOB OTHOCHTENILHO OCH BPAlIe-  3apypeM  COOTBETCTBYIOIMX MM Matpuy  SIkoou
i o
HUA KOJNEC cocTaBisieT £45°, KoOMOMHALUY OJHOTO 11u00 TIpe/ICTaBNeHbl Ha puC. 1.

HECKOJIBKIX MEKaHYM-KOJIEC 00pa3yroT KOH(QUTYpaIHIo,
KOTOpasi ¢ TOYKH 3PCHUS] KHHEMATHKH 001ajaeT onpee-
JIEHHOM yNPaBIsIEMOCTBIO.

C mpocTpaHCTBEHHOW TOYKM 3pEHHUS OLIEHKA
YIPaBIEMOCTH W BO3MOXKHOCTH pealu3aliu ToJio-
HOMHOT'O JIBUKEHHSI MOXKET OCHOBBIBATHCS Ha XapaKTe-
pe mepeceueHuil JIMHUNA OCed BpalleHUs POJUKOB [2].
CunraeTcs, YTO BCCHANPABICHHBIME SIBIISTIOTCS KOH(U-
rypanuy, B KOTOPBIX JUHUU OCEW BPAIICHUS KOJIECHBIX
POJIMKOB TMepeceKaloTcst B UeThIpéX Toukax. Bceero cy-
LIECTBYET 6 BApUAHTOB TAKOT'O PACIIONIOKEHHUSI MEKaHYM
konéc. OIHAKO, OICHKA YIPAaBISIEMOCTH pOOOTa TaKKE
3aBUCHUT OT IOJIOKEHUS MepeceueHust TUHUI. Xopollyto
YIPaBIIIEMOCTh UMEIOT JIMIIb BAPUAHTBI PACIIOIO0KEHUS
MEKaHyM KOJIEC, B KOTOPBIX TOYKU MEpeceyeHUs JIMHUN
CHMMETPHYHBI OTHOCUTEIILHO IICHTpa podoTa [2].

Pucynok 1. CuMMeTpHYHBIE TPOCTPAHCTBEHHBIE TOTIOIOTHH

C TOYKH 3peHNUs] KHHEMATHKH OLCHKA PeaIu3aLiK PACIIOJIOKCHHUSI MEKAHYM KOJIEC B MOOHIBHOM poboTe
BCCHAIIPABJICHHOT'O JABMKCHUS OCHOBBIBACTCS Ha aHa- C yKa3aHHMEM COOTBETCTBYIOIIUX UM MaTPHUIL Sxobu:
JIU3¢ MATPHIBI IPOCTPAHCTBA COCTOSIHAN poOOTa — Ma- a) xoH(DUTrypaLHs ¢ pa3MELICHHEM KOJIeC HapyKy;
Tpuibl SIkodu. BeceHanpaBieHHOE JIBHKCHUE CITOCOOHBI 6) xoH(UTypanus ¢ pa3MeNIeHNEM KOJIeC BO BHYTPh
00eCIeunTh BapUAHTHI KOH(PUTYpAIHid MEKaHyM-KOJIEC,

Marpuiia SKoOM KOTOPBIX SIBISIETCS MOJTHOPAHTOBOMH, B poboToTexHUKE OMUHAKOBO IIMPOKO HCIIONb-
a paHT MaTpHILIbI paBeH 3. 3yIOTCSE 00a CHMMETPHYHBIX BapHaHTa PACIOIOKCHUS

4,2024 SYSTEM ANALYSIS AND APPLIED INFORMATION SCIENCE



48 YHOPABJIEHUE TEXHUYECKHUMHU OBBEKTAMM

MeKkaHyM Koiéc B pobore. K mpumepy, npu anammze
KHHEMAaTUKH MOOWIILHBIX pOOOTOB, B cTaThsX [3-0] aB-
TOPBI PacCMaTpPHUBAIOT KOH(UTYpalnio, H300pakEHHYIO
Ha puc. 1, a). B npyrux uccnenosanusx [7-10] ananusu-
pYyIOTCs MOOMIIBHBIE POOOTHI C TOIOJIOTHEN KOJIEC, TIOKa-
3aHHOM Ha puc. 1, 0).

B craree [11] mpoBenéH aHaiu3 yCTOWYUBOCTH
U MaHEBPEHHOCTH po0OTa ¢ ABYMsI BapHaHTaMH CHM-
METPUYHBIX KOH(QUrypanuii MeKaHyM KOJEC Ha OCHO-
B€ 3HA4YE€HWH 00paTHON MaTpHubl cKopocTeil Slkobu n
rJI00aILHOTO MHJIEKCA KECTKOCTH. BBUT cienaH BBIBOJ,
YTO poOOT C TONOJIOTHEH, COOTBETCTBYIOIIEH puc. 1, a)
JIBIDKETCST 00JIee TOYHO U CTAaOMIIBHO U UMEET OOJIBIIYIO
JKECTKOCTh M OOLIMH MHAEKC KECTKOCTH, YeM poOOT ¢
TOIOJIOTHEH, N300paXEHHOM Ha puc. 1, 0).

B pabote [2], HAOOOPOT, OTMEUEHO, YTO, €CIH
JIMHUY BPAIEHHs POJIMKOB HIDKHHUX KOJIEC 00pa3yroT ue-
TBIPEXYTOJBHUK U MEPECEKAIOTCS B OJHOM TOUKE, PaHT
cTosbna mMarpuibl SIKOOM W3MEHUTCS ¢ 3 Ha 2 M TOIO-
JIOTHS1 HE CMOXKET 00ECIIeYNTh BCEHAIPABICHHOE JIBHIKE-
Hue. Tonosorust, mokasanHas Ha puc. 1, 6) ObliIa Ha3BaHa
aBTOpaMM HanboJiee ONTUMAIBHON JITst MOOMIIBHOTO PO-
60Ta Ha KOJIEcaX MEKaHYM.

Ha npakrtuke ans xopolieil ynpaBiseMOCTH Po-
00Ta, MMOMHUMO BBITIOJIHEHUSI YCIOBUH CHMMETPHYHBIX
TOIIOJIOTUH, TPeOYIOTCSI BBICOKHE XOJOBBIC KauecTBa M
JMHAMHMKa B YIpaBIeHUH. B pamkax mpencTaBIeHHOH
CTaThbH aBTOPHI AHAJIM3HUPYIOT MOBEAECHHE MOOMIBHOTO
poboTa mpH ABYX BapHaHTaX PACIIOJIOKEHUS MEKaHyM
konéc (puc. 1, @ u puc. 1, 6) B mporecce nepeMeIeHus
[0 KPUBOJMHEHHBIM TpaeKTOpusM. Jlis DOCTHXKEHUS
9TON LENH MPOBEJAEHO UMHUTALOHHOE MOJEIUPOBAHHE
B cpene MATLAB Simulink, rane Mmonens pobora yuu-
TBIBA€T, KAK KNHEMATUKY, TaK U JUHAMUYECKUE YCIOBUS
JIBUKEHUSI.

Mo3unmnonHoe nepemeinenne podora
MO0 YeTHIPEM KPUBOJHHEIHBIM TPAEKTOPUAM

KpuBonuHeliHple  TpaeKTOpPUM, ONMCHIBAEMBIE
Pa3sHOCTHBIMH M AN EepeHIINATBHEIMI yPaBHEHUAMH,
SBJISTIOTCSL HANOOJIEe YacTO BCTPEUAIOLIMMHCS TPACKTO-
pUsMH IBIDKCHHS POoO0TOB. OCOOCHHO IPECTABISAIOT
MHTEPEC 3aMKHYThIE KPUBBIE BHICOKHX MOPSIIKOB, TO3BO-
JSFOIIME TIPOAHATM3UPOBATh ABMKEHHE poOOTa BO BCEX
KBaJpaHTaX KOOPAMHATHOM miockoctu. g ananusa
MOBE/ICHNsI POOOTa PACCMOTPEHBI YETHIPE KPUBOJIHHEH-
HBIC TPAEGKTOPUH: JIUINIIC, JIEMHUCKATA, THIOTPOXONAA
W TPEK.

ONIunc W THINOTPOXOHMJA SIBISIIOTCS 3aMKHY-
TBIMH [MKJIOMJAIBHBIMA KPUBBIMH BTOPOTO TOPSIZIKa,
KOTOpPBIE OMNMCBHIBAIOTCS MAPAMETPHUUECKIMHU ypaBHE-
HUSIMHU B JIEKapTOBOH CHCTEME:

R-r
)
ey

x((p):(R—r)-coscp+h~cos(

rne R — pajuyc BHEUIHEH OKPYKHOCTH, M; ¥ — Paanyc
BHYTPEHHEH OKPY>KHOCTH, M; /i — PacCTOSHUE OT TOY-
KM KOOpAMHAT TUIOTPOXOMJIBI JI0 LIEHTPa BHYTPEHHEH
OKPYKHOCTH, M; @ — yroy, oOpa3oBaHHBII TOpPU30HTa-
JIBI0 ¥ TOYKOM KOOPAWHAT TMIIOTPOXOW/BI, MPUHHMAET
3HadeHus: ot 0° go 360°% x, y — TeKkylue KOOpAUHATHI
THIIOTPOXOUABI B (DYHKIMHU yIia .

VYpaBHeHue sunica onucsiBaercst popmynoi (1)
B cily4ae, korna R =21, d #r.

Jnst MozesmpoBaHus THITOTPOXOUABI 3a1aIUMCs
napameTpamu: R = 0,675 m, r = 0,25 m, d = 0,4 ™M, mo-
JIOBUHA JUTMHBI poboTa (paccrosiuue a Ha puc. 1) 0,17 m,
MOJIOBMHA IIMPHUHBEI poboTta (paccrostHue b Ha puc. 1)
0,12 M, paguyc xoneca mekanym 0,06 M, ABMKEHME TIPO-
ucxoaut B Tedenue 10 c. [l MoaenupoBaHus JUIHICa
3HAYEHMs aHAJIOTMYHBI, 32 MCKIIOYeHueM » = R/2. Pe-
3yJIBTaThl MOJCINPOBAHUS TPACKTOPUH TMIOTPOXOHU/IBI
1 3JUTUIICA TTOKa3aHbl Ha puC. 2.

0.2 — T T T T T T T T T T

o1r

77777 paCYETHER TPEEKTOPHA
— rondmrypauma a}
koHgwrypauws G}

05 03 01 0.1
XM

0.3

0.2

0.1

-0.1

0.2

----- pacuETHaR TPaeKTopUR )
T KoHDMrypauns a) -
Kondurypauun 6}

03 02 01 o 01 02 03

Pucynok 2. I'paduku nepemenienust poboTa npH JABYX
BapUaHTaX CUMMETPUYHOIO PACIIOIOKCHUS KOJIEC MCKaHyM
0 TPAEKTOPHSIM: @) IUIUIIC; 6) THIIOTPOXOHA

JlemHuckara sBisieTcsl 3aMKHYTOW KPHUBOW YeT-
BEPTOTO MOPSIZIKA, OMPEesieMOl MapaMeTpUIeCKUMH
YpaBHEHUSIMH:

(1)= a-cost

" 1+sinl(s :
R ’ i t( ) t’ @)
—-r a-sint-cos
= R—r 'Sin —h’COS t)=————F
y(9)=(R-r)-sing ( cpj »(7) s’ ()
CHCTEMHDIN AHAJIN3 U IPUKJIATHASI THOOPMATHKA 4, 2024



MANAGMENT OF TECHNICAL OBJECTS

49

i€ ¢ — MOJyIINPUHA JEMHHUCKATHI (TI0J1I0BHHA (DOKYCHO-
TO PacCTOSTHMSA), M; ¢ — BpEeMsI MOJCIMPOBAHUS, C; X, ) —
TEKyIINEe KOOPANHATHI JICMHUCKATHI.

Jna mogenupoBanus npunuMaeM a = 0,6 M.

Tpaekropust «mpex» TPENCTABISIET MPOU3BOIb-
HYI0 KPUBYIO, COUETAIOIIYI0 3JEMEHTBI dJUIMITHYECKUX
U [HKIOUJAIBHBIX KPHUBBIX. MOJEIMpOBaHUE TpeKa
B Simulink peann3oBaHO TpH MOMOIIM CIUIAWHOBOW
UHTEpHOIIIUK B-crutaitn gyHKIum, comepskamei my-
TEBBIC TOYKH CIIEJJOBAHMS MO TpaekTopuu. Pesymbra-
THI MOJICIIMPOBAHMS TPACKTOPUH JIEMHHCKAThl U TpeKa
[OKa3aHbl Ha puc.3.

0.3 T T T
02
01 r
0t
=
>
04+
-0.2 1
o3t pacdETHAA TPSEKTOPMA
KOHIMrypaLma a}
KOH(Mrypauma 6)
0.8 0.4 1] 0.4 0.8
Xm
a
06 - 1
03r 1
=
> of 1
iRk N 1
77777 pacuéTHan TpaekTopia
0.6 HoHdwmrypalys a) ]
Komdurypauys 6)
-1 4.5 1] 0.5 1
Xm
o

Pucynok 3. I'paduku nepememmenns podora npu AByX
BapUaHTAX CUMMETPHYHOTO PACIIOIOKEHHUS KOJIEC MEKAaHYM
10 TPAEKTOPUSIM: @) JIEMHUCKATA; 0) TPEK

Ha rpadukax (puc. 2, 3) mokazaHO HaJIOXCHHE
pacuéTHON TpaekTOpuu KPHUBOH (MyHKTHpHAS JTHHHS
4€PHOTO 1BeTa) U (PaKTUIESCKUE TPACKTOPHH, MPOHICH-
HbIE POOOTOM TPU [BYX BapHaHTaX CHMMETPHUYHOTO
pacrosoKeHust KoJIEC: IPHU TOMOJOTUM, MOKa3aHHOU
Ha puc. l,a) — CHHUM IIBETOM CIUIOIIHON JIMHUEH,
MIPH TOTIOJIOTHH, TMOKAa3aHHOW Ha puc. 1, 6) — KpacHBIM
LIBETOM CIUIOLIHON JIMHUEM.

AHaJM3 NO3UIHOHUPOBAHHSA podoTa
NPU KPMBOJIMHEHOM ABHKEHUHU

AHanmi3 TO3UIMOHUPOBAHHUS MOOHMIBHOTO pO-
0oTa Ha MeKkaHyM Kosécax OasMpyeTcsi Ha OLCHKE JBYX
apaMeTpoB, XapaKTEePU3YIOMINX €r0 MaHEBPEHHOCTh M
YIIPaBISIEMOCTh: OIIMOKM TIO TIOJIOXKEHHIO €, OTpe/eNs-
folIel OTKJIOHEHHE po0oTa OT 3aJaHHOW TPACKTOPUH, U
yIiia IoBOpOTa KOpItyca ¢, KOTOPBIH OIpeaesieT BCceHa-
MIPaBJIEHHOCTH PoOOTa.

KomMOnHMpOBaHHBIN TpEeXMEpHBIH I'paHK OIIU-
00K MO3NUIIMOHUPOBaHU poOoTa B 0csX X 1 Y 110 YeThl-
PEM TPaeKTOPHSIM, COJICPIKAINIl CBEICHHS O JBYX BapH-
aHTaX CHMMETPHUYHOTO PACIIOIOKECHUS MEKaHYM KOJIEC 1
rpadMK 3aBUCHMOCTEH yITIOB IIOBOPOTa KopIryca pobora
OT BPEMEHH [UISl CIIy4aeB JIByX BapHaHTOB CHMMETPHY-
HOTO PACHOJIOKEHHUSI MEKaHYM KOJIEC 11O YETHIPEM TpaeK-
TOPHSIM, IPUBECHBI Ha PUC. 4.

TREK, KoHd, a)
Tpek, kowd. G)

NEMHICKATE, koK. &)
ko 6}

— mnorpoxonaa, kond, G)
nunorpoxowaa, kowp. a)

INNANG, KoK, )
annnne, kokd. )

a

annunc kokd. a)
annunc kokd. &)
Tpek koud. a)
Tpek koHd. 6)

rMNOTPOXoMAa KoHds. )
nemHuckata kond. 6)
runotpoxomnaa kokds. &)
nemHnckata kond. a)

fi, rpan

Pucynok 4. a) I'paduk ommboK monoxeHust mo ocsim X u
Y nist AByX BapHaHTOB CHMMETPHYHOTO PACIIOIOKEHUS
MEKaHyM KOJIEC [0 4eTBIPEM TpaeKTopusM e, = f (£);

0) I'paduk yrioB OTKIIOHEHHS KOpITyca poOoTa OT BpeMEHH
JUISL IBYX BapUAHTOB CUMMETPUYHOTO PACTIONOKEHHS
MEKaHYM KOJIEC 10 YETBIPEM TPaeKTopusM @, = f(7)
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AHamn3 TpaguUKOB OIMOOK IO MOJOKESHHUIO
(puc. 4, a) moka3an HalIW4YHe OTKJIOHEHHUI, MPUHUMAIO-
mux MakcumanbHoe 3HadeHue 0,37 mmo ocu X u 0,31 m
no ocu Y. HanGosee TouHOE MO3MIIMOHUPOBAHUE POOO-
Ta 3a()UKCHUPOBAHO NPH IMEPEMELICHUH 110 TPACKTOPUH
UIATICA W JIEMHHCKATHL. JIJIsl 2iimIica MakCHMasbHast
omuOKa MONOXKEHUsI MPU CHUMMETPUYHONH KOH(HUTypa-
mun puc. 1, a) cocraBuma 0,02 M, pu KOHPUTYpAIIH
puc. 1, 6) makcumanbHas ommOka paHa 0,063 M.
ITpu oTpaboTKe TPAaeKTOPHM JIEMHHCKATHl HaHOOJbIIAs
omudOKa mojioxkeHus: papHsiack 0,11 M i TOmoIOrHH
puc. 1, a) u 0,17 m) ans rononoruu puc. 1, 0).

Hawmxynmme pe3ynbrarel IO OMIMOKE MOJIOKEHHS
OTMEYEHBI TPH TepeMelieHnn podoTa mo Tpeky. Hau-
Ooublee oTkIIOHEHHE 110 ocu X coctaBuio 0,33 M st
koH(puryparun puc. 1, 6) u 0,24 M 11 1pyroit KOHPH-
rypaiud. [Ipn oTpa®oTke TPacKTOPHHM THUIIOTPOXOUIBI
3aMETHBIC OTKJIOHEHHS 110 0csiM X 1 Y HaOIIIoanuch J1ist
koHpurypaiuu 6) u cocrauiu 0,19 m, as koHdUrypa-
1y a) coctasuwiu 0,1 m.

[TpocnexuBaeTcss TEHICHIUS K YBEIHYCHHIO
OIMOKH TO3UIIMOHUPOBAHUS pOOOTA TIPH YCIOKHEHUN
(hOpMBI TPACKTOPUM M YBEIWUCHUH TOPSIKA KPHBOM.
YunTeIBas, 4TO B PEATLHOM POOOTE MMEIOTCS HWHEp-
IIMOHHOCTH ¥ 33/IEPXKKH, BIHAIONINE Ha JAWHAMUKY,
a BO BPEMsI JIBIKCHHSI ISHCTBYIOT CHJIBI TPEHUSI M CHIIBI
peakluK ONOpbl, B TPACKTOPHUSIX C HYacThIM W Ooiiee
WHTEHCHUBHBIM HM3MEHEHHEM Kypca HaOJIOJaroTCsl Hau-
OoJIbIINE OTKIIOHEHUSI.

Ananmu3 rpauKoB yria OTKJIOHEHHS KOpITyca
poboTa OT BPEMEHN MMEET KOPPEIALHIO ¢ rpadukamu
OmMOOK TTO3MINOHUPOBAaHHUA. MaKcUMalbHBIE OTKIIO-
HEeHus1 po0oTa TPOUCXOIWIM TPH MEPEIBIKEHUN MO
TPEeKy M THIOTPOXOWJE M cocTaBmin 36° u mMuHyc 23°
cootBeTcTBeHHO. [Tpnuém mist Tomosorun 0) OTKIOHE-
HUS yIi1a OoJiee CyIeCTBEHHBI, YeM /sl KOHQUTYparun
a). HauMeHbIMe OTKIOHEHHUS yriia MOBOpPOTa KOpITyca
OTMEUYEHBI TPH OTPAaOOTKE TPACKTOPHH JIEMHUCKATHI:
8,9° mna xouuryparmn a) u 9,9° it kKoHpuUrypanuu 0)
u umnca: 12,7° mis KoHpHurypamnuu a).

3aKjIoueHue

B pesynasrare npoBeNEHHOIO aHaIM3a MOMKHO
CenaTh HEKOTOpPHIE BHIBOABI O IMOBEICHUU MEKaHyM-
poboTa mpu ByX BapuaHTaX CHMMETPHYHBIX TOIOJIO-
Ui KOJEC IPU NEPEMEILEHUN BOJb YETHIPEX KPUBOJIU-
HEHHBIX TPAEKTOPHUI.

1. Ilepemerienrie BAOJIb TPACKTOPUH, HUMEIOIINX
MEHBIIYI0 KPUBHU3HY M MEHBIIYI0 MHTEHCHBHOCTH H3-
MEHEHHS KPHBOI U ONMUCHIBAEMBIX YPAaBHEHUSMH MEHbB-
Iero mopsiaka (JUIMIC, JEMHHUCKATA) XapaKTepU3yeTCs
MEHBIIUMH OIIUOKAMU TTOJIOKEHUS M OTKJIOHEHHEM yIia
IIOBOPOTa KOpIIyca IO CPaBHEHHWIO C KPUBBIMU Oojee
BBICOKHX TTOPSIIKOB CJIOKHON (DOPMBI. DTO CBSI3BIBACTCS
C BIUSHHEM BHEIIHHUX M BHYTPEHHHX JWHAMHYECKUX
(aKTOpOB, BBI3BIBAIOLIMX 3aJCPKKYy W  YXY/IIICHHE
YIPaBJIIEMOCTH B MOMEHTHI HHTEHCUBHOW CMEHBI Kypca
TPAEeKTOPHH.

2. CuMmMeTpuvHas KoécHasi KoH(purypamus, mo-
Ka3aHHas Ha puc. 1, a) obmamaeT 0ojee BHICOKUMH -
HaMHUYECKUMH T10Ka3aTelsIMU 110 CPAaBHEHHIO C KOH(UTY-
paruei, moka3saHHo# Ha puc. 1, 6). OUIHOKH MOJIKEHHSI
U yIjia OTKJIOHEHHsI KopIyca podoTa MPUHUMAIOT 00JIb-
M€ 3HAUYEHUs. DTO MOATBEP:KIAeT BBHIBOABI, CCTaHHbIC
B cTarhe [12] u MOXeT yuuTHIBaThCA NpHU AaJbHEHIIEM
aHaIu3e YIpPaBIsIeMOCTH MEKaHyM-po0oTa.

B 3akiroueHne HE0OXOAMMO OTMETUTH, YTO MPH
PaccMOTPEHUH TPAEKTOPHOTO YIIPABICHUS aBTOHOMHBI-
MH MOOWJIbHBIMH POOOTaMH JUisl TOBBILICHHS KauecTBa
UX JBWXKCHUS MEPCHEKTHBHBIMHM BApHAHTAMH SBIISIOT-
Cs NMPUMEHEHHUE aJalTUBHBIX, HEUETKUX M HelpoceTe-
BBIX PETYISATOPOB CKOPOCTHU H ITOJIOKEHUSI.
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PAULIUKAVETS S.A., VELCHENKO A.A., RADKEVICH A.A.

BEHAVIOR OF A MOBILE ROBOT WITH SYMMETRICAL STRUCTURE
OF MECANIUM WHEELS WHEN MOVEMENT ALONG A CURVOLINEAR
TRAJECTORY

Belarusian National Technical University
Minsk, Republic of Belarus

The article presents a comparative analysis of two variants of symmetrical placement of omnidirectional
mecanum wheels in a mobile robot. The modeling of the mobile robot behavior with two symmetrical variants of
mecanum wheel arrangement along curvilinear trajectories in the MATLAB Simulink environment is considered.
Graphs of the robot center trajectories in the X=Y axes are obtained for two variants of symmetrical mecanum wheel
configurations when moving along the trajectories of a lemniscate, ellipse, hypotrochoid, and track. Dependences
of the robot position errors in the X—Y axes on time are obtained for two variants of wheel topologies when moving
along four trajectories. Dependences of the robot body rotation angle deviation on time are analyzed for two variants
of wheel topologies when moving along four curvilinear trajectories. The comparative analysis made it possible to
give recommendations on movement along the ellipse and lemniscate, which are characterized by smaller position
errors and deviations in the rotation angle compared to more complex curves.

Keywords: mobile robot, mecanum wheel, symmetrical structure, Jacobian matrix, motion along a trajectory,
ellipse, lemniscate, epitrochoid, track, positioning error
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BE39TAJIOHHASA OHEHKA KAYECTBA IU®POBOI'O U3OBPAKEHU A
CTATUYECKOM MOANUCH

Tocyoapcmeennoe nayunoe yupescoenue "ObveoureHHbI UHCMUMYm npobiem uHpopmamuxu
Hayuonanvnoii akademuu nayx benapycu"
2. Munck, Pecnyonuka benapyce

Lenv dannoul pabomel 3aKmouaemcs 6 pazpabomre npocmo20 Kpumepusi OYeHKU Kauyecmeda yupposozo
us0bpasicenus NOONUCU, KOmopds Oblia 8bINOIHEHA HA Oymaze U OMCKAHUPOBAHA (M.e. CMAMUYecKas NOONUCh).
IIpeonoocennvlii. no0Xo0 Modcem OblMb UCNOIL30BAH KAK UHCMPYMEHM MOHUMOPUHed 00pasyo8 Nnoonucu
8 OUOMEMPUYECKUX CUCMeMAX PACNO3Hasanusi 0l KOHMpoas Kavecmea Oannvix. Hanpumep, npu pecucmpayuu
uzobpasicenus, vloope memooa 00pabOMKU U HACMPOUKU €20 NAPAMEmpos, NOCie GbLINOIHEHUS PA3IUYHBIX
onepayuii (nogopoma, Macwmaduposanusi) u HeoOXOOUMOCMU OYEHKU U AHAIU3A NOJYYEHHbIX U300PAdCeHUl
noonucu. Takoice 6 pabome onucamvl (hakmopul, KOMopble MOZYM He2AMUGHO GIUSNb HA KAYeCME0 CHAMUYEecKoll
HOONUCU, U GbINOJHEH IKCNEPUMEHMANbHbII AHATU3 HA YUPDPOBLIX U300pAdICeHUsIX NOONUCE, NPeOCmAasieHHbIX
6 bazax CEDAR, BHSig260-Bengali, SigComp2009 u u3obpadcenusx, cOOpanHviX 6 npoyecce GblNOJIHEHUs

UCCe006ansl.

Knrouesvte cnosa: buomempuueckas cucmema, OuHapHoe uzoopagicenue, yugpposoe uzobpasicerue noonucu
Yeno6eKd, OYeHKka Kauecmeda GUHAPHBIX U300pAdNCeHULl, PYKONUCHAS NOORUCH

BBeaenue

B coBpemMeHHOM MHUpe OHMOMETPHUYECKHE TEXHO-
JIOTHW WTPAlOT BaKHYIO POJIb B OOECIIEUEHHH 3allUTHI
U paclo3HaBaHMs JIMYHOCTH. brarogaps cBoeil mpocto-
Te W yI0OCTBY HCIOJIb30BAHUSI PYKOIMCHAS TIOAIHUCH —
OJIMH M3 HanboJiee pacnpoCTpaHEHHBIX METOJOB WH/IH-
BUIyaJIbHOW ayTeHTH(UKannu dveioeka [1, 17, 18].
JIrogu MCTIONB3YIOT CBOIO MOJMHUCH B TOCYAapPCTBEHHBIX
U KOMMEPUECKUX OpPTraHM3alUsaX I MOATBEPIKICHUS
JMYHOCTH TPU COBEpIICHHH (DUHAHCOBBIX Olepanui,
3aKJIIOYEHUU COTJIAIIEHUH U J0TOBOPOB, MOAMHCAHHU
JIOJITOBBIX PAcHCOK H T. A. OJHaKo paxe npodeccro-
HallbHbIE KPHUMUHAJIMCTHYECKHE OKCIEpPTHI, paboraro-
mye ¢ JOKyMEHTaMH, JOCTUTAIOT MPAaBUIBHON KiIaccu-
¢ukanmu npumepHo B 70 % cirydaes, 4TO MOATBEPKIAET
CJIOKHOCTB 3TOM oOnactu uccienosanutii [ 1]. [Ipusieue-
HHUE 4eJloBeKa JUIs PAacIO3HABaHUs MOAMUCEH U OLIEHKU
X KauyecTBa MOXKET OBITh JOPOTOCTOSIIUM W TPYJIO-
éMKuM mpoleccoM. B Takoil cutyauuu ms ontuMu3a-
IIUM MpOIlecca U MOBBIIIEHNUS TOYHOCTU PACIIO3HABAHUS
MOKHO HCIIOJIb30BaTh aBTOMATU3UPOBAHHBIE CUCTEMBI
00pabOTKH U aHAIH3A TIOJIITHCEH.

B HacTosiee BpeMsi 4elOBEK MOXKET IOMAIMU-
CBIBaTh JIOKYMEHTBI MCIOJIB3Ysl PYy4YKy M Oymary, a Tak-
JKe — TUTaHIIeT u ctuiyc [25,5]. B mepBoM BapuaHTe
MPOBEPKa TOJIIHUCH BBINOIHSETCs o(IaiiH (CTaTH4ecKn),
IpU 3TOM TOANHKCH HPEACTABIIETCS B BUAE LUPPO-
BOro m3o0pakeHWss. Bo BTOpoM crmydae — OHIAiH
(muHammgeckn) ®W oOpaser] TpeACTaBIeH OONBITNM
KOJIMYECTBOM MH(pOpManuy. B 3aBucHMOCTH OT UCTIONB-
3yeMOT0 IJTaHIIEeTa, ’TO MOTYT OBITh IPOCTPAHCTBEHHbIE 1

BpPEMEHHbIE KOOPAMHATHI 11€pa, AABJICHHE HA IUIAHILET,
yTOJI HaKJIOHA Tepa.

OcHoBHas 3ajiaua J1000M CHUCTEMBbI pacro3HaBa-
HUSI TTOATNUCH — 9TO aBTOMaTH4YE€CKU OTIMYHUTH IOJUINH-
HYIO MOJNHUCH OT NoAeabHONU. OTHUM 13 NIpeaBapPUTEIIhb-
HBIX ATAIlOB TAKOH CHCTEMBI SIBJISICTCS aHAIN3 KauecTBa
MIPEABSBISEMBIX LU(PPOBBIX HN300paKEHHUH, T. K. Ha
MIPOU3BOUTENEHOCTh OMOMETPUYECKHUX CHCTEM B 3Ha-
YUTENbHON CTEMeHU BIHMSET KadyecTBO NaHHBIX [, 2].
[ToaTOMY Ba’kHOHN M aKTyalbHOW 3ajadeil sBJISIETCs CO-
3nanue 3(G(HEKTUBHBIX METOIOB M aJTOPUTMOB OICHKH
KauecTBa M300paKeHHUH TTOIHCEH.

B mocrnenHue rogsl pacteT MOMYJSPHOCTh HEH-
ponnbix cereit (HC), B ToM umcine mpu pemeHny 3anaq
OLICHKH KadecTBa IMUQPPOBBIX H300pakeHWd. B 3TOM
Cllyyae dYalle BCEro HCIIOIb3YETCs CIIEMYIOUMH MOA-
xom: obyuenne HC Ha 0a3e ATaJOHHBIX H300paskeHHIA
C moclieayoIei KiaccuuKauei 1 OIeHKON KayecTBa
OuHapHBIX n300paxkeHHd. OJHAKO NPU PELICHHH 3a-
Jla4 pacro3HaBaHUsI MMONUCH YeJOBeKa HE BCEria ecTh
JOCTYI K JTaJOHHBIM H300pa)K€HHsSM. A TeHepalus
JIOCTaTOYHOTO KOJIMYECTBA IMOAIMCEH C MOMOIIBIO pa3-
JIMYHBIX BapHallUi MO-IIPEKHEMY OCTAETCS CIOKHOH M
JI0 KOHITa HepemeHHoi 3amgadett [11, 20].

B mocnenHne roxel akTMBHO BEAyTCSl MCCIIENO-
BaHMsI B OOJaCTH OICHKH Ka4ecTBa OMOMETPHYCCKUX
JaHHBIX, HO 10 CHUX IIOp HET €AUHOro cTaHgapTa Hu
MIPaBUJI JUIS YHUBEPCAJIBbHBIX OIIEHOK Ka4yecTBa, HET pe-
LIEHUsI O TOM, KaKHe KPUTEPUH CUHUTATh KIIIOYEBBIMH,
OIIpEeAeIIsAsl KaueCTBO TOTO MIIM HHOTO OMOMETPHUYECKOTO
oOpa3iia.
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[Iponecc pacro3HaBaHUs MOMIMUCH MOXKET OCY-
IIECTBIISITECS OMOMETPHYCCKON CUCTEMOM B JIBYX PEIKU-
Mmax [12]:

1) uneHTH(UKALNS — ONIPEICIICHUE BJIQJICITb-
[[a TOAIKUCH, T. €. CONOCTABICHUE «OIMH KO MHOTHMY
(BBITIOITHSICTCSL CPAaBHCHHE TTOAIKCH YEIIOBEKA CO BCEMH
ra0ioHaMu, XpaHsmmMmucs B 0a3ze maHHBIX). CHcre-
Ma MOXKET BBIOpaTh JHOO «JTydlliee» COBIAICHUE, JTHOO
OIICHUTHh BO3MOXKHBIC COBMAICHHUS H PACIIONIOKUTH UX
B TIOPSIJIKE CXOJICTBA;

2) BepuuKaus — MpoBepKa  TOTO,  SIBISCTCS
JIM YEJIOBEK TeM, 332 KOro ceOs BBIIACT, T. €. CPABHCHUE
«OJIMH K OHOMY» (CHCTEMa BBIIOJIHSACT CPAaBHEHUE TO/I-
MUCH C OJHUM BBIOPAHHBIM IIA0JIOHOM, XPaHSIIUMCS
B 0ase naHHbBIX). Takoi MeTOJ MPUMEHSETCsS, KOTa Iie-
JIBIO SIBJISIETCSl OOecrieueHrne O0S30IMacHOCTH M OrpaHIye-
HUE JIOCTYIIA K OTPEICIICHHBIM 00BEKTaM C SIBHO COTPY/I-
HUYAOIIMMH T0JIh30BaTEIISIMU.

PacniosnaBanue TIOJIITHCH BBIITOJTHSACTCS
Ha OCHOBE OMHAPHOTO MpelcTaBlicHus. JlaHHBIN STar
UCTONB3YIOT 10 HECKOJIBKUM IpuuuHam [14-15]:

— YIIpOIIeHUe Iporecca oOpaboTKu: OWHapH3a-
usl M300paKEHUH YMEHBIIAET KOJHYSCTBO JICTaleH,
YTO TIO3BOJISIET CKOHIICHTPHPOBATHCS HA KITFOYEBBIX dJie-
MEHTaX MOJIIIHICH, TAKUX KaK KOHTYD, CTPYKTypa, hopma,
MoJIOXKeHHE U T. 1. Ha pucyHke 1 ciieBa mpeacTaBieHbI
MOJIYyTOHOBOE U I[BETHOC M300paXKeHUs, a CIIpaBa — pe-
3yJNbTaThl WX OWHapw3anuu. MOXHO 3aMeTUTh, YTO
JIBOMYHOE TIPEJICTABJICHUC IMOMAMUCH MMOTYEPKUBAIOT €€
OCHOBHBIC YePTEHI, JieNiast 00JIee BRIPA3UTEIBHOM IS T10-
CJIEIIYIOIIECTO aHaIM3a, MO3BOJSSI COCPEIOTOYUTHCS Ha
TJIABHOM W HE YYHUTHIBATH WH(POPMALHUIO O IBETE M OT-
TeHKaX. Ba)KHO OTMETHTB, YTO MPABIILHO HACTPOCHHAS
OmHapw3anus yJay4llaeT TOYHOCTh BBIICICHUS KITFOUC-
BBIX XapaKTEPHCTUK TTOIITHCH.

M\ swman

Pucynok 1. [ToiyToHOBBII (cieBa) 1 OMHAPHBII (cripaBa)
BapUaHThI IPE/ICTABICHUS CTATUYECKON ITOJIIICU YeJIOBEKa

— YIpOILIEHHE Npolecca CpaBHEHUS: Ui 3aad,
CBSI3aHHBIX C PACIO3HABAaHMEM M COIOCTABICHHEM, OH-
HapHbIe N300paKeHNUS JIeTUe TTO/IAI0TCS CPAaBHUTEIBHO-
My aHaJIN3Y, TaK KaK KaX/Jas TOUKa MOKET UMETh TOJIBKO
JIBa 3HA4YCHUsS (YEpHBIH M Oelblif), YTO MO3BOJISET HC-
TMIOJTE30BaTh OOJIEe MPOCTHIC alITOPUTMBI;

— CHIDKCHHE BBIYUCIHUTEIFHON CIOKHOCTH: TIO-
JYTOHOBBIC W I[BETHBIC M300pa)keHUs TpeOyroT OombIe
BBIYHCIIATEILHBIX PECYPCOB Il 00pabOTKH, YTO MOXKET
OBITH Helesecoo0pa3Ho Al 3a]ad, CBSA3aHHBIX C aHa-
a30M GopMbl Ha IH(PPOBBIX M300pAKEHHUSIX TTOIIHCH,

U MOXeET OBITh KPUTHYHBIM HpU 00paboTKe OOIBLIOTOo
KOJIMUYECTBA MOAMHUCEH.

Omenka KadecTBa OMOMETPHUYECKHMX JAHHBIX —
BOXKHBIM M crnoxHblid [1, 16], ¢ mpakTUyeckol TOUYKH
3peHus], mpouecc. Ero MOXHO HNPOBOIUTH Ha Pa3HBIX
JTanax:

—TpH perucTpanuy odpasla MOANUCH B Tep-
BBIH pa3 WM ero oOHOBJIGHUSI B yXe MMelolieics 0aze
naaHbiX (bJ1). KauecTBo maGiioHOB MOKHO KOHTpPOJIH-
pOBAaTh, BBIMOJHSAS UX PErHCTPALUIO J0 TeX IMOp, MoKa
OHHU He OyIyT COOTBETCTBOBATH 33JaHHBIM KPUTEPHSIM
Ka4ecTBa, MPHU STOM MOXXKHO MEHSTbH MUIIYIIUHA HHCTPY-
MEHT WJIM HACTPOWKN CKaHUPOBAHMUS;

— 1ocJIe KOPPEKTHPOBKU M 00paboTKK n300pa-
JKEHHs, HalpUMep, MOCe BBIMOIHEHUS MOBOPOTA WU
MacmTabupoBaHusi oOpasna MoJIKICH, IPU BEIOOpE Me-
ToJla OMHApU3aINH;

— MIPH BBIYUCIICHUH NPU3HAKOB MOINUCH Ha U30-
Opa’keHNH B 00JIACTSIX TOJIBKO XOPOIIETo KauecTBa.

Bce nepeunciieHHbIe 3Tanbl TPEOYIOT UCCiIe0Ba-
HUI U HOBBIX pPEIIEHU, MOCKONbKY OHU HEJOCTaTOYHO
M3y4eHBl B CPAaBHEHUM C OCHOBHOM 3a/1auell N3BICUCHHUS
MIPU3HAKOB B CHUCTeMax pacno3HaBaHus [1]. B nmannoi
CTaThe paccMaTpHBAETCs 3aj1a4ya 0e3dTaTOHHOW OICHKU
Ka4ecTBa CTaTHYECKON MOMUCH (BBIITOIHEHHOH pa3HbI-
MH pydYKaMH), OTCKAaHMPOBAHHOH M TNpeoOpa3oBaHHOM
B OnmHapHOoe mn3oOpaxeHue. [Ipm sToM nuHaMUueckas
nH(popManus (HAKJIOH, JIaBJICHHE W TOJOKEHHE PYUKH)
HE YYUTHIBACTCS.

DaKTOPHI, BIUAIONIHE HA KA4eCTBO HH(PPOBBHIX
H300pakeHnii cTATHYECKHUX MOIMuceii

@DakTophl, KOTOPbIE MOTYT OKAa3bIBaTh BIIMSHHE
Ha Ka4eCTBO M300PaKEHUS CTATUYECKOM MO/IIHCH:

1. TTapameTpbl MUIIYHIETO MPEAMETa, CKaHUPO-
BaHUs, XPaHEHHs U TIepeqaud u300pakeHus: GoH, THI
Oymaru, 1BET PY4YKH, SPKOCTh, KOHTPACT, pa3pelieHune
(dpi — Toukm Ha mroiim), opMmaT (paiiima U ero CTETIeHb
CoKaTHs.

OrpanuueHusi 0 00bEMY XPAHEHHUS WMJIH CKO-
pocTi OOMEHa JaHHBIMH MOTYT OKAa3bIBaTh BIIHSIHUE
Ha AITOPUTMbI CKATHs JaHHBIX — HAIPUMEpP, B CIIy-
Yyae WCIOJb30BaHUsl cMapT-KapT. CIHIIKOM CHIIbHAS
CTENEHDh CHKATUS MOKET BHOCHTH HMCKa)KEHUs, IaBaTh
noTepsito MHGOPMAIMU U HPUBOAWTH K BH3YAJIbHBIM
aprepakrtam. [1odTOMY peryiupyoIye OpraHbl HIN
MEXIYHAPOJHbIE OpraHU3allii [0 CTaHIapTH3ALUH
MOTYT yKa3aTh, YTO OHOMETPUYECKHE JaHHbBIC JOJIK-
HBI XpaHHUTHECSA B HeoOpaboTaHHOM BHIE (a HE B BHIC
00paboTaHHBIX MIA0JOHOB, KOTOPbIE MOTYT 3aBHUCETh
OT aJropuTMOB OOpPaOOTKM), YTO MOXKET WOBJIHSITH
Ha pasMmep AaHHbIX. TakuMm 00pa3om, BIUSIHUE CKa-
THSL JJAHHBIX Ha TPOU3BOIUTEILHOCTh PACIIO3HABAHHUS
CTaHOBUTCSI KPUTHUYECKU BXKHBIM [2].

PasperiieHre M300paKeHUS] TMOAMUCH JIOJDKHO
OBITh JIOCTATOYHO BBICOKHM, YTOOBI KOPPEKTHO OTO-
Opa3uth BCe JeTaju MOMNKMCH. BbICOKoe paspeleHue
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N300paKEHUST TTO3BOJIICT COXPAHHUTH OOJbIIE JeTajeh
MOAIMCH, YTO BAaXHO JUISi TOYHOTO PAacIO3HABaHMS.
OnHAaKo CIIMIIKOM BBICOKOE 3HAYEHHE IIPH CKaHUPO-
Ba-HUM J100aBJISIET JIMIIHIOK MH(OPMAIMIO Ha M300pa-
JKCHUE TIOATNMCH, HAIpUMEp, MpOSBIIETCS TEKCTypa
Oymaru. B cBOIO o4epesp CIMIIKOM HU3KOE pa3perieHune
MOXKET IPUBECTH K TMOTepe MH(OpPMAIMK U 3aTPyIHUTH
JlanbHeHImuil aHanu3. YpOBEHb KOHTpAcTa Ha MCXO[-
HOM TIOJ[yTOHOBOM MWJIM I[BETHOM HM300payKCHUH MEXKITY
(hOHOM ¥ TMOJNHUCHIO JIOJDKEH OBITH JAOCTATOYHBIM JUIS
4ETKOTO pasnnyueHus mnoanucu. Hampumep, moamucw,
BBITIOJIHEHHBIE KapaHAAlIOM, HMEIOT HEeIOCTATOYHBIN
KOHTPACT, YTO 3aTPyJHSET BBIIIOJIHEHHE OWMHApU3aluu
CTaHAAPTHBIMM METOAaMH, Hampumep, meropoMm Orcy
(pucyHoK 20 — pe3yabrar OMHapH3aLUH N300paKEHHS
noamucu metogom OTCy).

Pucynok 2. VicxonHoe n300paxkeHne CTaTUIECKOH MO/INCH,
BBITIOJIHEHHOH KapaHAaIlIoM, ¥ pe3y/ibTaT ONHapU3anuy
CHHMMKA pa3sHbIMH METOAAMU

Takue MCKaXEHHs, KaK HAKJIOH, AedopManus u
3aru0bl OymMaru npu CKaHWPOBAHUM, TAKXKE MOTYT TIO-
BJIMSITH Ha Ka4eCTBO M300payKEHUs IMOAIUCH, CO3/aBasi
3aTCMHCHHLIC WJIM Pa3MbITbIC YUACTKH, 3aTPYAHIAA JaJib-
Helinryro o0pabotky. Takum oOpaszoM, BakHO obecrie-
4UTh COAIAHCHPOBAHHBINA BHIOOP HACTPOEK CKAHHUPOBA-
HUs, ITOCKOJIbKY HEBCPHBIC MapaMETPhl MOT'YT ITPUBECTU
KaK K MCKa)XEHHIO, TaK M K IoTepe JeTaneil Ha u3o0pa-
JKCHHH.

2. duznonoruueckue M IoBeieHYecKue (axTo-
pbI: 11032 (CHJIS MM CTOsI, C ONOPOH mim 0e3), cocrosi-
HUe yesioBeka (Ooye3Hb, BO3PACT, HApyIIEHHE 3PEHHUs,
TpaBMa, yCTaJOCTh, HEPBO3HOCTb, 3aMHTEPECOBAHHOCTD
u MotuBanug) [2, 12]. OTu cocTaBisione MOTYT OKa-
3bIBaTh BJIMAHWE Ha TCMIT HAIIUCAHUA U KOHLECHTPAUHWIO
YeIOBEKA, B PE3YNIbTATE YEro MOANKHCH MOKET OBbITh BbI-
MOJIHEHA JINOO YETKO M YBEPEHHO, JIN00 HEUNTAEMOIA.

Hexoropble 13 BbILIENIEPEYUCICHHBIX (HAKTOPOB
MOXHO KOHTPOJMPOBATH. HOSTOMy Ba>XHO OILICHHBATb
Ka4ecTBO IOJIy4aeMoro obOpasua MOANUCUH. JTO MO-
JKET TIOMOYb BOBPEMS INPEANPUHATH KOPPEKTUPYIOILHE
JICUCTBUSI, TaKHe KaK BBIOOP MOAXOMSIICTO ajropuTMa
Juisi 00pabOTKH, TEXOOCITy>)KUBAaHUE O0OPYIOBaHHS HIIH
JIpyras HOMOILb CIIEIHAIIUCTA.

Pe3ynbTarhl 3KCIIEPUMEHTAJILHOTO
HCCJIeIOBAHNS U MPeIiaraeMblii MOIX0/
K 0e33TaJIOHHOI1 OLleHKe KayecTBa
U300paKeHus MOANUCH

B pamkax gaHHOTrO HMcCIeI0BaHUS pacCMaTpUBa-
Jach 3aj1a4a OIEHKH KauecTBa M300pa)KeHWs! craThye-
CKOH TTOJIHCH, KOT/Ia OTCYTCTBYET dTaJIOHHBIH 00paserl,
a n300pakeHWe IPHU3HABAJIOCH HEYIOBICTBOPUTEIb-
HBIM, €CJIM COZAEP>Kalo MHOTO Pa3pbhlBOB B 3JIEMEHTaX
noanucu uian 1mwym (pucyHok 3). Hamuume Takmx xa-
PaKTEepUCTUK MOXKET MPHUBECTH K CHIXKEHUIO TOUHOCTH,
3aTPYAHUTH MOCIEAYIOIIYI0 MHTEPHIPETAlUi0 U AHAIN3

oOpasma (pUCYHOK 3).
R =1
VTt -

Pucynox 3. Ilpumep pa3pbIBOB IMHUNA TOANKUCH M HATUYUS
ryma

OKCIIepUMEHTANBHBIE  WCCIIECOBaHUS  OBbUIN
IIPOBEICHBI C UCIIOIb30BAHNUEM IIBETHBIX, IOy TOHOBBIX H
OMHApHBIX M300paXKEeHUH, IpecTaBIeHHbIX B 0a3zax CE-
DAR [13], BHSig260-Bengali [21], SigComp2009 [22],
a TaKkKe H300pakeHWH, ITONYyYEeHHBIX OEIOpYCCKUMHU
uccnenosaressiMu.  [lociiennue  m3o0pakeHust  ObIIH
3anucanbl B (opmare jpeg c¢ paspemenuem 300 dpi,
¢ Beicotoil or 300 mo 600 mukcened M IIUPUHON
oT 420 nmo 1145 mmkcenei, JIjis BBINOJHEHUS ITOAIIHUCH
OBUTH WCIIOJIB30BaHBl PYYKH C CHHMMH YEPHUJIAMH.
[Tpumepsl LBETHBIX HM300paXEHUH M3 JaHHON 0azbl
MIPE/ICTaBIICHBI Ha PUCYHKE 4.

7—7 ¥ Wy

Pucynox 4. IIpuMepbl IBETHBIX H300paXEHUH MOATTUCEH

baza CEDAR couepxur 2640 wnzoOpaxeHHii
paszHoro pasmepa (ot 264x277 nukceneit 1o 888x816
nukceneit). Hekotopsie n300pakeHusi 3TOil 0a3bl BbI-
TJISAOAT KaK IMOJTYTOHOBBIC, a 3allMCaHbl KaK IIBETHBIC (C
onuHakoBbiMu RGB-kanamamu). [lanHas 0a3a BKIIO-
yaeT B ceOst noanucu 55 yenosek: 1320 NOAIMHHBIX U
1320 nomnenbHBIX 00pa3uoB (o 24 [uis KaKaoro as-
topa). Ilognenkn co3naHbl ONBITHBIMH (aiibcupuKa-
TOpaMu. BrimosiHeHHBIE HaA 6yMare IOAIIMCHU 6])1.]'11/1 oT-
ckaHupoBanbl ¢ paspemicarneM 300 dpi U coxpaHEHbI
B (Qopmare png. ABTOpPOB MOJIHCEH MPOCHIH
MO/IMKCATh JIOKYMEHTHl B 3apaHee onpeAenéHHOl 00-
JacTu pasMmepoM 2x2 mroiima. Ha pucynke 5 moxaszaH
OJMH 0o0pasel Juis KaXaoro u3 55 aBTOPOB HOAINHUCEH
0a3bl.

CUCTEMHBbINA AHAJIN3 U TIPUKJIAJTHASI UTHOOPMATHUKA
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Pucynoxk 5. O6pazen moamnucu Kaxaoro u3 55 aBropos, 6a3a nzobpaxenuiit CEDAR

basza BHSig260-Bengali (ucrionb3yeTcst OeHralb-
CKHUH s13bIK i Oenranu) copepxut 5400 craTnyeckux
noanuceir 100 denoBek, Bkiro4as 24 TOMJIWHHBIX H
30 momnenpHBIX MOAMMCEH Ui KaKIOro 4YesloBeKa.
CoOpaHHble JaHHBIE OBUIM OTCKAaHHUPOBAHBI C IOMO-
IIBI0 TUIAHIIIETHOTO CKaHepa ¢ pasperieHuem 300 dpi
B IIOJYTOHOBOM pEXHME M coxpaHeHbl B (opmare tiff.
ABTOpamu 6a3bl 1t OMHApH3AIMK HCIIOIb30BaHO MOPO-
roBoe npeoOpa3oBaHHe THCTOrpaMMbl. Pa3zmep m3obpa-
JKeHHs cocTaBigeT oT 904x238 mukceneit 1o 1032x285
MUKceneil.

baza nmdpoBbIX W300pakeHW  MMOAMUCEH

SigComp2009 comepKUT OTHOBPEMEHHO TMOJIYYCHHBIC
OHJIAMH U o(aliH 00pasikl moamucel. B skcrnepumen-
TaX HKCIOJb30BaH BTOpOH Habop nmaHHbIX (1524 wu3o0-
Opaxenuii: 940 opUrHHAIBHBIX MOANUCEH U 624 — TIOJ-
JICJIKK), B KOTOPOM TIPEJICTABJICHBI OTCKAHUPOBAHHBIC
MOJIITMCH TIOCIIe OMHAPU3aLUU, COXPAHCHHBIC B (hopMaTe
png ¢ paspemennem 600 dpi.

IIpennaraemblii MOIX0A K OllEeHKE KAa4eCTBA
H300pakeHHsl CTATUYECKOH MOAMUCH

JUis OLIeHKH KauecTBa I[BETHBIX M MOJIYTOHOBBIX
n300pakeHuid rmoxanuceil ObUIO BBIOPAHO HECKOJIBKO
0e39TanoHHbIX oneHouHblx ¢yHkiuid (BEGH, GORD,
GRAE [23]), ucnonp3yeMbIX JUIsl aHaIN3a KOHTpAcTa U
peskoctu, B ToMm yrcie BRISQUE, Bctpoennyto B mpo-
rpammHyto cpeny MATLAB. DkcniepuMeHTHI oKa3aiy,
YTO 3HAYEHHUS KOJIMYECTBEHHBIX OIICHOK HE COOTBET-
CTBOBAJIM BU3YaJIbHOM, I03TOMY B JAHHOU CUTYaLlUU UX
He Lenecoo0pa3sHO  HCIOIb30BAaTh U aHalM3a
UQpoBOro M300paXkeHusi craTHYecKkor momnucH. [ 'pa-
¢uxn xommyectBeHHol oueHkrn BRISQUE mns nBan-
LATH YeThIpeX MOUIMHHBIX U TIOJIENbHBIX TMOANUCEH
NpecTaBieHbl Ha pucyHKe 6. Hexoropwlie m3oOpaske-
HUsI, BBIOpAHHBIC JUISl OKCIIEPUMEHTa, ObLIM MaJIOKOH-
TPACTHBIMHU HJIM UMEIH Pa3MbITOCTh KOHTYpa MOAMUCH
(pucyHoxk 1, cnesa).
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Pucynox 6. I'paduku konmuectBeHHo# ornienkd BRISQUE st MOyTHHHBIX U MOIICTBHBIX MOMUCEH OHOTO YEIOBEKa,
6aza CEDAR

6 MOXHO 3aMe-

Ha rpadukax pucyHka
TUTh, YTO pa3EiIUTh H300paXEHHMs Ha JBa Kiacca

(yZ[OBHCTBOpI/ITeJ'H)HLIe n HeyJ_'[OBJ'IeTBOpI/ITeIILHI)Ie)

3aTPYAHUTEIILHO.
B X0A€ SKCIIEPUMCHTAJILHOI'O UCCIICIOBAHU ObLI

CACJIaH BbBIBOJ, 4YTO uenecoo6pa3H0 ABTOMATUYCCKYTIO
6633T3HOHHYIO OLICHKY Ka4dYeCTBa I/I306pa)KeHI/I${ cTaTu-
YeCKOU IIOAIMIHMCHU BBIIIOJIHATH Ha 6I/IHapHBIX I/I3o6pa>1<e-
HUSX, IEPEBOJAA IBETHLIC U TOJTYTOHOBBIC 1/1306pa>1<eH1/m
B ABOUYHOC IMPECACTABIICHHUEC.

Ha ocnoBanuun MPOBEACHHBIX 3KCIIEPUMCHTOB U
aHaJIn3a JIUTCPATYPHbBIX UCTOYHUKOB MpEAIaracrcda HO-
BBII IIOJAX0J K OLCHKEC Kady€CTBa HI/I(i)pOBLIX 1/1306pa>i<e-
HHI IIOAIIUCH, KOTOpLIﬁ BKJIIOYAET B CeO MSITh 3TAMOB:

1. IlepeBecTn 11BeTHOE MIJIM Oy TOHOBOE M300pa-
JKCHUE B OMHApHOE Tpe/ICTaBICHUE (PUCYHOK 7).

Pucynok 7. I|BeTHOE M300paskeHNe TIOIUCH H PE3yIIbTaT €ro
ounapmzarmu (Meror OTcy)

2. Ha OwHapHOM H300paX€HUH YIAIATH MIyM
B BUJIE€ YEPHBIX TOYEK Pa3MEPOM B HECKOJIBKO ITHKCE-
neil 1 N30BITOYHBIA (DOH BOKPYT TMOIIHCH, BBIXOZSIIIUI
3a TPAHUIIBI OTMCHIBAIONIETO €€ MPSIMOYTOIbHUKA (PUCY-

=

J{V\)\wfrvw\ Vieile

o) Veerle

Pucynoxk 8. [Ipumep ynanenueM nryma v npeo0paboTKu H300pa)KeHHst ITOINUCH

Ha manHoM 3Tame ajroputMma pasmep, MOJTydYeH-
HBIX M300paKEHUH U3 UCIIOIB3YeMbIX 0a3, COCTABIISUT OT
172x275 nukceneit no 819x629 mukceneid. Ecin nzo-
OpakKeHHE CIIMIIKOM MaJICHBKOTO pa3Mepa, MOJy4YHUTh
JIOCTOBEPHBIC MPU3HAKK IMOMIMHCH OYyIeT HEBO3MOXKHO.
[Tosromy Takue HM300paKeHHsS HEOOXOIUMO OTCEUBATH

Ha JaHHOM ODTalIc.

3. HaiiTu Bce CBsSI3HBIE KOMIIOHEHTHI Ha OWHAp-
HOM HM300pa)XEHUHM CTAaTHYECKOW MOMIMKICH, IOJIy4eH-
HOM Ha MpeJbIIYIIeM dTare, U BBIYUCIUTh UX TJIOUIA TH,
3amucaB MOJTyuYeHHbIC 3HAaYEeHUS B BEKTOp ared.

4. Boruncnute  cpenHee (mean) W MeAMaH-
Hoe (median) 3HauyeHHs /ISl MOJYYEHHOTO BEKTOpa

area.

CHUCTEMHBIA AHAJIN3 U TIPUKJIAJTHASI THOOPMATHUKA
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5. HallTh KOJMYECTBO CBSI3HBIX KOMIIOHEHT
(count_small), momma e KOTOPBHIX MEHBIIE, 4eM mean *
trl niam median/2. Ecin count_small Gonbie nmopora tr2,
TO M300pa)KEeHHE OTHOCHUTCSI K KJIacCy HEYJOBIICTBOPH-
TEJIFHOTO KayecTBa.

3HaueHHs MapaMeTpoB Ul MOP(OIOTHIECKUX
oreparii ¥ QuibTpanuyu OWHAPHOTO HW300pAKEHMS
MOJINCH, a TaKkKe Noporu trl m tr2 HacTpamBaroTCs
B COOTBETCTBUHM C 0a30ii mM300pakeHUil U 0cCOOCH-
HOCTSIMH paOOTBhl alTOPUTMOB, HCHOJIB3YEMbIX JUIs
JanpHedmero anaiauza noanucd. CTOUT OTMETHTh,
YTO MOJMUCH MOTYT OBITh BBIITOJHEHBI Pa3HbIMU IH-
HIYIIUMH TpeIMETaMH MpH PasHOOOPa3HBIX YCIOBUSX

u cmocobaXx ONMU(PPOBKH CTATUYECKOH  IOMIHUCH.
B pesynbrate yero, Bapbupyercs (OH Ha H300pake-
HUSIX, TOJILMHA JIMHUU U ApyTHUe XapakrepucTuku. Kpo-
M€ TOro, JJIMHAa U O0Ilee KOJMYECTBO CBS3HBIX KOM-
[IOHEHT MOJIMUCH MOTYT HM3MEHSThCS B 3aBUCHUMOCTH
OT 3THUYECKOT0 MPOUCXOXKIEHHUSI YEJIOBEKA U €ro S3bl-
koBo# rpynnsl [1,2,24]. Ha pucynke 9 npexncrasie-
Hbl OMHApHBIC M300paKeHUs U3 TpeX 0a3, B KOTOPBIX
MpeACTaBIEHbl MOJAMUCH C Pa3HOM TOJIIMHON JIMHUH.
B Tabnuie coOpaHbl TaHHBIE TSI HECKOJIBKUX HAaOOpOB
M300paKeHUI U MOXKHO 3aMETUTh, YTO 3HAYCHHS Tapa-
METPOB (KOJUYECTBO CBSI3HBIX KOMIIOHCHT M WX IUIO-

3t 2

D ) O
. wuju movVi L

1a/1b) BAPBUPYIOTCS.
Y / /MA

a

6 8

Pucynok 9. [Ipumepsr OnHapHBIX H300paxkeHnit n3 pasHex 6a3: a — BHSig260-Bengali, 6 — SigComp2009, 6 - CEDAR

Tabnuua. CBogHas Tabnuua il HECKOJIBKUX 0a3 M300paXKeHU noancei

Bbaza BHSig260-Bengali baza SigComp2009 baza CEDAR Benopycckast 6a3a
Hapamerpsr MOAJICNIKA | TIOJTMHHBIC MOJICIKA MOJUTUHHBIE JULA BEEX MOAJIMHHBIE
HU300paXeHUit cpazy
min | max | min | max | min | max | min | max min max min max
Mean (area) 579 | 8464 | 80 | 5366 | 1156 | 95049 | 999 | 91548 125 14231 1143 57934
Median (area) 186 | 8464 | 27 | 5366 | 49 |95049 | 51 |[91548 10 14231 9 57934
KonmuectBo
CPASHBIX KOMIOHCHT |5 1y | | 44 | 1 28 1 20 1 31 1 28
MNOAIINCEH, count
comp

Ipumeuanue: cpennee (mean) n Mmeauanaoe (median) 3Ha4eHWsT OBUTH BBIYMCIICHBI JUTS BCeW Oa3bl.

Hampumep, MakcHMajbHOE KOJMYECTBO CBS3-
HBIX KOMITOHEHT OJHOW TOATHMCH (count comp) B 6a3e
BHSig260-Bengali cocraisietr 44, B TO BpeMs Kak IS
6a3e1 CEDAR — 31. B 6aze SigComp2009 nums 2,6 %
M300paKEHUI UMEIOT KOJIMYECTBO CBSA3HBIX KOMIIOHEHT,
npesermarormee 10. dns 6a3sr BHSig260-Bengali mou-
TH TPETh BCEX IOUIMHHBIX HOANHMCEH COAEPKUT OOIIb-
mre 10 kommonenToB. Kpome Toro, B 6a3e SigComp2009
MaKCUMaJIbHOE 3HA4YCHHE CPeIHEH IUIOLIAH Ul OpH-
THHATBHBIX ToAnucei Oompime B 17 pa3, ueM B 0ase
BHSig260-Bengali, 9To cBHAETENBECTBYET O TOM, HYTO
IUIOIIA/b CBSI3HBIX KOMIIOHEHT OJHOM IMOIIUCH MOXKET
3HAUUTENILHO OTJIMYATHCA Y Pa3IMYHBIX 0a3.

OKCIIepUMEHTaIBHBIN aHAIN3 MOKa3aj, 4To IOJ-
IHCh OJIHOTO YEJIOBEKA, BBIOJHCHHAs HECKOJIBKO pas,

MOXET UMETh Pa3HOE KOJIMUYECTBO CBS3HBIX KOMITOHEHT.
Ha pucynke 10 mokazaHO HECKOIBKO H300pakeHUH O
HOH noanucu. Mo>XHO 3aMETUTh, YTO KOJIMYECTBO KOM-
MIOHEHT — Pa3HOE M 4eM OOJIbIle Pa3pbIBOB, TEM XYXKe
KadecTBO M300paxeHus. OmHAKO ITPOCTOE MOPOrOBOE
paszeneHne n300pakeHMH Ha JBa Kjlacca KadecTBa
10 KOJIMYECTBY KOMIIOHEHT HE IIEJI€CO00Pa3HO HCTIOINb-
30Bath, T. K. HE Ia€T CTAOMIIBHBIX PE3YJIbTATOB.

y-a

&

7"3'_)

Pucynok 10. Bunapubie n300paxeHUs1 OHOU MOAIIHCH,
BBINOJHEHHOM Ba’Kbl
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Ha srane OGunapuzauny n300pakeHHs IOAIUCH
B2)XKHO aBTOMAaTHYECKH OLIEHUTh KAa4eCTBO MOJy4aeMo-
ro pe3ysbTara Ha IpeJIMET €ro MPUTOAHOCTH JUIS Jlallb-
Helinrero ananu3a. Ecim kadecTBO OKasbIBaeTcs Hey-
JIOBJIETBOPUTEILHBIM, HEOOXOIUMO H3MEHHTh METOJ
WIN TapamMeTpbl OWHapHu3aluH, a 3aTeM IOBTOPHUTH
npoueaypy. Ecau monnuce Ha M300payKeHUM 4YeTKas 1
pacrosoxeHa Ha OJHOPOJHOM, JIOCTaTOYHO KOHTPAcT-
HOM (oHEe, peKOMeHayeTcsi NMpUMeHATh Merox Otcy
C pacueToM TIJI00aJIbHOrO Mopora (PUCYHOK 7), KO-
TOPBIl J1aeT XOpOIIWE pe3yJibTaTbl B ATOM Ciydae.
B nporuBHOM ciy4ae CTOMT HCIOJIb30BaTh METOJ
a/IalITUBHON OMHApU3aLNK.

[Tocne BeIOIHEHWs OWHapH3alMKM Ha H300pa-
JKEHUH MOTYT TIOSIBUTHCS IIYMBI, KOTOpBIE MOYKHO
YIQIUTh C TIOMOIIBI0 MOP(OJIOTHYECKHUX Ollepanui,
¢wpTpannu M ApYrux MerojaoB. B xone uccienoBa-
HUsI OBUIO BBISIBIICHO, YTO HAa BTOPOM dTalle, ONHCaH-
HOTO BBIIIE IOAXOAA OLECHKH KayecTBa M300pakeHMs
MOJIUCH, LEeNeco00pa3sHo IOCIEN0BATENBHO HCIIOIb-

30BaTh (QYHKIMU bwareaopen (IIpUMEHSICTCS B Cpefe
MATLAB s ynanenusi 00beKTOB Ha OWHAPHOM H30-
Opa’keHNH, Co/IepKalMX MEHEee 33aJJaHHOTO KOJIMYEeCTBa
nukceneit P), imclose (Mopdoioruyeckas oOmepanus
3aKpBITUS C UCTONBb30BAaHUEM 3aJJaHHOM MacKu, MpHUMe-
HSICTCSI IS 3QITOJTHSISI OTBEPCTUH M CIIIaKUBast TPAHMIL),
a 3areM MeauaHHyro ¢wibTpannio. Ha pucynke 11
MIPE/CTAaBICH pe3yJIbTaT BBIIOJHEHUS MOpQosornye-
cKux omepanuii bwareaopen u imclose (pucyHox 110)),
a TaKke MeJuaHHol ¢unbTpanuu (pucyHok 11g)). Dxe-
MEPUMEHTHI TOKAa3ald, YTO JUIl ONEpalM OTKPBITHS
ClIeZyeT UCIOJIb30BaTh P paBHOE § C UCIOJIB30BaHHEM
8-CBSI3HOU CTPYKTYpBbI, a A ONEpaluH 3aKpbITHS —
Kpyr pazmepomM 1. [Ipumenenue sTux onepanuii odecre-
YyuBaeT OoJiee TIIaKU KOHTYp U OoJiee TOUHBIH CKEJIeT.
Ha pucynke 11 mepBbIx Tpu ¢parmenrta — 3To u300pa-
KEHUs1 Oeopycckoil 0asbl, cienyromue Tpu (parMeH-
Ta — n3obpaxenus 6a3p1 BHSig260-Bengali. Ha npen-
CTaBJICHHBIX ()parMEeHTaxX MOKHO 3aMETHTh, YTO TOJIIH-
Ha JINHUH y MoJnucel pa3Has.

S
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Pucynoxk 11. Pe3ynsrar Mopdoorudeckux onepaunuii u MeAnaHHOH GuiIbTpannu: a — pparMeHT OMHApHOTO H300pakeHNs
HOJIIUCH, 6 — Pe3ysbTaT MOP(OIIOTHIECKUX ONEepalii, 8 — pe3yabraT MOp(OIOrnuecKuX olepanuii 1 MeMaHHON (GUIIbTpaln
(3x3)

IIr .
3 .

Pucynox 12. PesynpraT MOpdoIornuecknx oneparui
Y MeJMaHHOH QribTpanun: @ — GpparMeHT OHHAPHOTO
n3zo0paxenus nmoanucu (6aza CEDAR) mocne mopdomorude-
CKHUX OIepalyid, 6 — pe3yabTaT MOPPOTOTUIECKUX ONepAIUi
1 MeauaHHOH (unbTpanuu (3x3), 6 — pesysbrar

MOP(HOJIOTHYECKUX ONepaluii 1 MeauaHHoi GpuibTparmu (5x5)

W36pITOUHOE  TIpIMEHEHHE MOP(HOIOTHIECKUX
ormepanuii W METUaHHOW (QWIBTpAIli Ha IHPPOBBIX
OMHAPHBIX M300paKEHHUSIX MOXKET MPHUBECTH K HEXKela-
TENBHBIM PE3yJibTaTaM, TAaKHM KaK CIHMSHHE WIH pa3be-
JMHEHUE 3HAYMMBIX ()ParMEHTOB M DJIEMEHTOB ITOAIIICH.

MenuaHHbI GUIBTP OONBIIOTO pa3Mepa HE SBISCTCS
OIITHMAJILHBIM BBIOOPOM [UIsi M300paKEHHH, Ha KOTO-
PBIX TIOANUCH BBHINOJHEHA TOHKOW DPYYKOH, Harpumep,
nzobpaxennss 6a3el CEDAR  (pucynok 12). [lannas
(GUIBTpALUsT MOKET BBI3BIBATH PA3PHIBBI TOHKUX JIMHUN
1 YBEIMUCHHE KOJIMYECTBA CBSI3HBIX KOMIIOHEHT, 4YTO,
B CBOIO OYEpEIlb, CO3/1ACT JIOKHBIC KOHTYPHI U SJIEMEH-
TBl CKEJIeTa, HEraTUBHO BIIMSS HAa KaueCTBO M300pake-
Hust. Hanporus, 11t 6a3 1aHHBIX, COEPIKAIIUX MOAIIH-
CH, BBITIOJIHEHHBIC TOJICTHIM CTEP>KHEM, HCIIOIB30BAHNE
MEIHaHHON (WIBTPAlMK MOXKET OBITh OIPaBAAHHBIM
(pucynok 11 Bepxmmi psn m3zoOpaxkenuit). ns m3o-
OpakeHHI OENopyccKOil 0a3bl MOXKHO HCIOIL30BaTh
MeIUaHHbIl  QUIBTp, pasMep KOTOPOro IpeBbIlla-
er pasmep, npumensieMmerii g 6azer CEDAR. 3to
MOXKHO OTMETUTh Ha pucyHkax 11-12, a Takxke aHanu-
3Upys CpEIHWE 3HA4YCHUs IUIOMAAEH CBSI3HBIX KOMIIO-
HEHT U 3THX HaOOpoB MaHHBIX B Tabmmie 1. B wact-
HOCTH, MaKCHMAaJIbHOE 3HAYCHUE TUIOIAIN pa3InyaeTcs
B ueThipe pasza. [loaTomy BbIOOp MeToma 00pabOTKU
N300paXEHUH  JIOJDKEH OCHOBBIBATBCS HA  Xapak-
TEPUCTHUKAX MONUCEH M YCIOBUSIX UX BHITOJIHEHHSI.
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3akjoueHue

B pamkax maHHOTO WHCCIeOBaHUS ObLTa TIO-
CTaBJIeHa 3a/Ja4a OIEHKH KadecTBa CTATHYECKHX MOJ-
mucel 6e3 MCIOMB30BaHUS ATAJOHHBIX 00pa3mnoB. Ecim
Ha W300paKeHNH OBIIM MHOXKECTBEHHBIE Ppa3pHIBBI
MOJNHCH WM JUIIHUHN IIyM, OHO CYHUTAIOCh HEYIOB-
JIETBOPUTENFHBIM HU3-32 HEBO3MOXKHOCTH JasbHEHIIe-
TO TOYHOTO aHaIM3a. JKCIEPUMEHTHI TPOBOIMIICH
C WCIOJIb30BaHWEM HecKoibkuxX 0a3 maHHbiX (CEDAR,
BHSig260-Bengali, SigComp2009 wu wu300paxenus,
MOJTyYeHHBIE B PaMKax TaHHOTO HCCIEIOBAaHUS), B KO-
TOPBIX COAEP)KAINCH TOJINCH, BBIIIOJHEHHBIE B pas-
HBIX YCIIOBHSIX M Pa3HBIMH pydkamu. J[ms omeHkH Ka-
yecTBa OBIT TPEUIOKEH HOBBIM TOIXOI, COCTOSIIHIA
W3 HECKONBKHX JTamloB: IpeoOpa3oBaHne H300paxke-
HUS B OMHapHOE TpeACTaBICHUE, YAAJICHHUE IIyMa, I10-
HWCK CBSI3HBIX KOMITOHEHT W aHaju3 ux Iuromanaei. Mc-
CIIEJIOBAaHUS TIOKA3ajH, YTO TPHUMEHEHHE Ppa3THMIHBIX
METOZOB OWHapm3anuu ¥ QuiabTpammu u300paxke-
HUM MOXXET TPUBECTH K HEXeNaTeTbHBIM pe3yJsbTa-
Tam, HalpUMep, CIMSHUIO WM YIAJCHUIO HEKOTOPBIX

AJIEMEHTOB IOMMUCH. Ba)KHO BBIOMPATH IMOIXOISIIUC
nmapaMeTpel OOpabOTKH B COOTBETCTBHH C YCIOBHS-
MU co3fgaHus noanuceil. IlpeasiokeHHbI MoaXoa Mo-
KET OBITh MPUMCHUM IS YCTPAHCHHS H300paKeHHIA
HU3KOTO KadecTBa Ha JTale PErHCTPAlUU TIOAIHUCH,
mpu BbIOOpEe Meroja ee 00pabOTKM WM YJTyqIIEeHUs,
€CIIH Ka4YeCTBO IOJIyYCHHOTO O0paslia HEYIOBICTBO-
putenbHOe. [lomydeHHBIE pPE3yNBTATHl IMOIYCPKUBAIOT
HEOOXOAUMOCTh JalbHEHINNX pPa3pabdoTOK B IaHHOW
00J1acTH, HAIPABJICHHBIX HA YCOBEPIICHCTBOBAHUC -
TOPUTMOB OIICHKH Ka4yeCTBAa WM MOBBIIICHHE TOYHOCTH
pacrio3HaBaHHS ITOAINKCEH, YTO B UTOTE ITO3BOJUT aBTO-
MaTH3UPOBATh TPYJOEMKUH U OPOTOCTOSIIHNA ITPOIIECC
SKCIEPTU3bI, MHHUMHU3UPYS BIHMSHHE YEIOBEUYCCKOTO
(dakTopa W TOBBIMAs HAJACKHOCTH OHOMETPHUCCKON
UICHTU(DUKAIIMA W BEPU(PHUKAINU B TOCYIAaPCTBEHHBIX

HJIM KOMMEPYCCKUX OpraHnu3anusix.
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GOLUB Y.I

NO-REFERENCE DIGITAL IMAGE QUALITY ASSESSMENT OF OFFLINE
SIGNATURE

United institute of informatics problems of the National Academy of Sciences of Belarus
Minsk, Republic of Belarus

The purpose of this paper is to develop a simple criterion for image quality assessment of a signature
scanned from a paper (i. e., a static or offline signature). A new approach to no-reference assessment of the quality
of a binary signature image is proposed, which can be useful as a tool for monitoring signature samples in biometric
recognition systems to control data quality. For example, it can be used during image registration, selection
of processing methods and its parameters adjustment, after performing various operations (such as rotation
or scaling) and the need to evaluate and analyze the obtained signature images. The paper also describes factors
that can negatively affect the quality of a static signature. The experimental analysis was performed on digital
images of signatures available in the CEDAR, BHSig260-Bengali, SigComp2009 databases and images collected
during the research.

Keywords: biometric system, binary image, digital image of human signature, image quality assessment
of binary image, handwriting signature
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