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Annomayusn. PaccMoTpena 3a7a4a aBTOHOMHO# JIOKaIM3aiiy OCCIMIOTHOTO JICTATEILHOTO arniapara U MOCTPOCHHS
KapThl €ro OKpykeHus. [lokazaHa HU3Kast yCTOMYUBOCTD AETEKTOPOB KIFOYECBBIX TOYECK K H3MCHEHHUIO ITOTOIHBIX i BPDEMEH-
HBIX YCJIOBUH (hOPMUPOBAHHSI H300paKEHHUH OKPYIKAIOIIETO MPOCTPAHCTBA M0 CPABHEHHUIO C YCTOWYHBOCTHIO JIETEKTOPOB
JUHAN. J1J1s1 TOBBIIIEHHS YCTOMYNBOCTH JIOKATHU3AIUK OCCITUIIOTHBIX JIETATENbHBIX AlMapaToB B KaueCTBE KIFOYEBBIX
00BEKTOB MACHTU(DHUKAIINH MIPEIOKEHO MUCIIOIH30BAaTh OMHOPOIHBIC TIO SIPKOCTH 00IaCTH M300paKeHUH (CETMEHTEHI).
Pa3paboTaH anroputM CErMEeHTAIUH 10 JTOKAIbHBIM MUHIUMYyMaM IPaJIMCHTA SIPKOCTH MOJTYTOHOBBIX H300paXKeHUH, 1M0-
JIY4aeMbIX U3 MCXOJHBIX BETHBIX H300PKEHUI OKPYKAMOIIETO MPOCTPAHCTBA OECIUIOTHOTO JIETATEILHOTO allapara.
J11is BBIpaBHUBAHUS CKOPOCTEH poCTa 00NIaCTeH JOKATHHBIX MIHIMYMOB TIPEIIOKEH aJTOPUTM BOJTHOBOM CErMEHTAIINU
C aBTOMAaTHYCCKUM OCTAaHOBOM, OCHOBAHHBIN Ha OTPE/ICIICHUU HOBBIX HAYAIBHBIX U JOMOJIHUTEIEHBIX TOUYCK POCTa 00-
JIACTEH C MOMOIIBI0 MOHOTOHHO M3MCHSIIOIICTOCS TIOPOTa, a TAKIKE HA YUETe CKOPOCTH U3MCHEHUS I'PAJMCHTA SIPKOCTH
BJI0JIb TPACKTOPUH POCTA OOIACTH B KPUTEPUH OCcTaHOBA. [I0Ka3aHo, UTO MPEIOKCHHBIC aITOPUTMBI 00SCIICUNBAIOT Oosiee
YCTOMYMBYIO JIOKJIHM3AILUIO 00NacTell TPH M3MEHEHHH MOTOJJHBIX ¥ BPEMEHHBIX YCIOBHI (POPMUPOBaHUS N300pakeHUN
10 CpaBHeHI/I}O C N3BCCTHBIMHU aJ'IFOpI/ITMaMI/I BBIACIICHUS HI/IHIflﬁ 1 KJIFOYCBLIX TOYCK.

Kniouegvie cnosa: omHOBpeMeHHas JIOKAIM3alHs U KapTorpadpoBaHKe; BOJIHOBAs CETMEHTALU M300paskeHUI; BbI-
patBaHue obaacTeil; uaeHTUPUKALHS 00BEKTOB H300paKEHUH; IETEKTOPBI TOYEK; ETEKTOPBI JIMHUH.
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Abstract. The problem of autonomous localisation of an unmanned aerial vehicle and construction of a map of its envi-
ronment is considered. The low stability of keypoint detectors to changing weather and time conditions of image formation
in the surrounding space is demonstrated compared to the stability of line detectors. To improve the stability of unmanned
aerial vehicles localisation it is proposed to use image regions (segments) with uniform brightness as key identification
objects. An algorithm for segmentation based on local minima of the brightness gradient of halftone images obtained
from the original colour images of the unmanned aerial vehicle’s surrounding space has been developed. To equalise the
growth rates of local minima a wave segmentation algorithm with automatic stopping is proposed. This algorithm is based
on identifying new initial and additional growth points of regions using a monotonically varying threshold and taking
into account the rate of change of the brightness gradient along the region growth trajectory in the stopping criterion. It is
shown that the proposed algorithms provide more stable localisation of areas, when changing weather and time conditions
for image formation in comparison with known algorithms for extracting lines and key points.

Keywords: simultancous localisation and mapping; SLAM; wave segmentation of images; region growing; image
object identification; point detectors; line detectors.
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Introduction

Simultaneous localisation and mapping (SLAM) technology is widely used in autonomous mobile robot
systems, allowing for the construction of a map of the environment and spatial orientation [ 1-6]. This technology
is based on the comparison of images generated at different points in time during the mobile robot’s movement,
the binding of objects identified in the images to a digital map of the area, and the identification of objects in the
images and the map. A pressing challenge is to ensure the operation of such systems in open space conditions
with significant changes in weather and time conditions for image recording.

The aim of the work is to increase the stability of localisation of key objects under changing weather and
time conditions for image formation.

Statement of the problem

Basic SLAM methods utilise low-level geometric objects — points extracted by analysing the brightness
gradient of images — for identification [1-6]. Newer SLAM methods [7-9] typically utilise semantic objects,
whose intrinsic identification parameters are less dependent on weather and time conditions during image
formation. However, detecting semantic objects requires significant computational effort. Therefore, relatively
simple detectors that extract less complex, high-level geometric objects — lines and segments — are of interest.
These objects exhibit reduced localisation stability in response to changing weather and time conditions, while
the computational complexity of detection is reduced compared to semantic segmentation.

Segmentation by local minima
of the brightness gradient of grayscale images

To identify areas of uniform brightness that are resilient to changes in weather and time conditions during
image formation we propose a segmentation algorithm based on local minima of the brightness gradient, MinLGS
(minimum local gradient segmentation). This algorithm is based on growing neighbourhoods of local minima
of the brightness gradients of grayscale images obtained from the original colour images of the unmanned aerial
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vehicles (UAV) surroundings using standard colour transformations. This algorithm differs from known segmen-
tation algorithms by taking into account the maximum brightness difference in the neighbourhood of a 3 x 3 pi-
xel as the gradient value for thresholding the smoothest image areas; by identifying not only point-based but
also the most stable area-based local minima as the starting point for segmentation; by ensuring consistency in
the growth rates of the local gradient minima regions. The algorithm consists of the following steps:

1) converting a colour image Ipgs = ||iRGB( ¥, x)”(y: ) of Y x X pixels into a grayscale image

0,Y—1,x=0,X—1
Ly = ”iHT (y’ x)”(y:O,Y—l,x:O,X—l);

2) formation of a gradient image /; = ||z'G (y, x)”(y e e

5 whose pixel values i ( v, x) are calculated

using the expression ig (v, x) = max (|iHT (y+m,x+n)—iyr (v, x)

),mz—l,l,nzT,l;

3) cycle through brightness levels ¢ =0, 255. This step includes search for local minima of gradients in the
gradient image /; at level ¢ using the algorithm proposed in work [10], which identifies not only point but
also stable area local minima, and coordinated growth of regions of local gradient minima by joining existing
regions of pixels, whose brightness gradient value corresponds to the ¢ level;

4) merging adjacent segments with close brightness gradient boundary values. The merged segment inherits
the smallest number among the merged segments;

5) reassigning numbers to segments to ensure continuity and reduce the maximum number row value.

Gradient-wave segmentation of halftone images

In order to improve the accuracy of division into regions of halftone images, containing objects on a uni-
form background, and to simplify the processing by eliminating the stage of preliminary determination of the
initial growth points a Gradient-Wave Region Growing (GWRG) algorithm is proposed. This algorithm is based
on wave growing of regions of local maxima with their selection in the order of decreasing values according
to a monotonically changing threshold and analysis of the intensity gradient in the direction of region growth.
The algorithm differs from known segmentation algorithms in the following way:

1) defining as initial growth points of regions single or groups of adjacent pixels, whose intensities coincide
with the value of a threshold that monotonically changes from the maximum value to the minimum and deter-
mines the iteration of processing new pixels selected for joining to existing regions or forming new regions;

2) matching the growth rates of regions (joining new pixels to regions) by taking into account the values of
the first derivative with respect to intensity;

3) cessation of region growth upon a decrease relative to the threshold of the local value of the second
derivative with respect to intensity, calculated along the growth chain of the region connecting adjacent pi-
xels, namely the base pixel located inside the region, the boundary pixel of the region joined to it at the pre-
vious iteration and the candidate pixel processed at the current iteration for joining to the boundary pixel of
the region.

The algorithm is built on a cycle through brightness levels ¢ (¢ =2% -1, 0) in which the following is per-
formed:

1) determination of significant elements in a matrix of M, = ||m P ( ¥, x)” (y=07 T x=071) pixels (m, (y, x) e

€ [O, 28— IJ , where B is the pixel bit depth) with the size of the ¥ x X relative to the threshold ¢ (function Fy);

2) growing regions (function Fy ) is the formation of a segmentation matrix Mg = ||mS ( v, x)” (v =071 x =0 X

the values of whose elements indicate the numbers of segments ng to which they belong (ng € [1, NS], where
Ny is the number of segments);

3) selection of growth grains of regions — single-pixel and multi-pixel (areal) local maxima (function Fgp ) —
pixels that were not connected to any region at the threshold value g;
4) initial growth of the region (function Fpp(;).

The function F,; is defined by the expression

qSmp(y,x)<q—Aq:>mS(y,x)<—1,y=0,Y—l,sz,X—l.
The function F is defined by the expressions
y<ye (nS’ pc(ns)),xexc(ns, Pc(”s))’ Pc(”s)“pc(ns)_l
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vj, i,k,l(ms(y +j,x+i)=1)/\(m2(k,l,y, X, J, i) >g):
D{ms(y+j,x+i)<—ms(y,x),yc(ns,pc(ns))ey +j,xc(ns,pc(ns))<—x+i,
mD(y +j9x+i)(_m1(ya X, J, i),pc(”s)kpc(”s)ﬁq,
je{-1,0,1},ie{-1,0,1}, ||+ = 0}, ng=2, Ny,

where y. and x, are coordinates of adjacent pixels in matrix M, from the stack sets {Yc(ns)z

o) ot {0l )

(Pc(”s)_ospc(”s)‘l)}( ;

ng =0, Ns)

(Pc(ns)=0. Re(ns) - 1)}(

my(k, 1, y,x, j,i)=m(k,1, j,i)—m(y,x, j,i) is the second derivative with respect to intensity calculated
on the basis of the first derivatives with respect to intensity for pixels mp(y +j, x+i), mp(y, x) and the

ng =0, Ny)

base pixel mp (k,1);my (v, x, j,i)=mp(y, x)—mp(y +j, x+i)is the first derivative with respect to intensity
for the boundary pixel mj (v, x) and the candidate pixel m, (y + j, x+i); m; (k, 1, y, x) is the first derivative
with respect to intensity for the base pixel mp(k,!) and the boundary pixel m,(y, x). For all boundary
mp(y, x) and attached mp(y + j, x +i) pixels m, (y, x, j,i) > Aq is performed.

The function Fgp is defined by the expression

mS(y,x)zlz{NS<—NS+l,mS(y,x)<—NS,yS(0)<—y,xS(O)<—x,pS<—1,

Ve (Ng,0) <y, xc(Ng,0) <= x, pe(Ng) =1, Fopg }, ¥=0,Y =1, x=0, X -1,
where yg(0) and x; (0) are coordinates of the initial point of growth of the local maximum from the stacks of

coordinates Yy = ||yg (s )”( »

and X = |xg (pg )”( o7y Ps is the pointer to stacks Yy and Xj.

s=0=Ps—1) ps=0,Ps—1

The function Fpyg is executed, while pg > 0 and is defined by the expressions
Ps < Ps =1,y < ys(ps) x x5 (ps) Vi, i(my (v, x. . i) = 0) A (mp (., %) = q) =
:{ms(y+j,x+i)<—NS,yS(pS)<—y-|—j,xS(pS)<—x+i,pS <« pg+1,
v (Ns» pe(Ng)) < v+ j.xc(Ns, pe(Ng)) « x+i,
pe(Ng) < pe(Ng)+1, je{-1,0,1},ie{-1,0,1}, | j|+]i+0}.

In contrast to the conventional Region Growing (RG) algorithm [11], which uses sequential segment pro-
cessing, the proposed algorithm expands the boundaries of all regions in a wave-like manner by adding un-
processed adjacent significant pixels, whose brightness satisfies a threshold that is lowered after all significant
pixels have been processed. In contrast to the conventional wave Seed Region Growing (SRG) algorithm and
its modifications [12—14], which determine all growth points during initialisation, the proposed algorithm se-
lects the initial growth points during the segmentation process and is associated with a threshold value that is
gradually reduced from maximum to minimum.

The GWRG algorithm provides incomplete image segmentation into Ng non-overlapping regions, corre-
sponding to objects and the background. The number of regions is unknown in advance and is refined during

the segmentation process by gradually lowering the brightness threshold ¢ (¢ = 2% — 1, 0) with each cycle and
detecting new local maxima, which can be single-pixel or multi-pixel (areal). New local maxima and subsequent
pixels added to existing regions are detected by comparing with the threshold g. Wave-like growth of regions
and weighted separation of regions with smooth boundaries are ensured by monitoring the values of the first and
second derivatives of intensity.

The GWRG algorithm can be effectively used as part of the MinLGS algorithm for segmentation based on
local minima of the brightness gradient to identify homogeneous regions with high localisation stability under
changing weather and time conditions. In this case the initial pixel matrix M, for the GWRG algorithm should

be an inverse gradient image m, ( ¥, x) =255-ig ( ¥, x), calculating the pixel values of the matrix M using the

expression mp (y, x)=255—ig(y, x)for y=0,Y -1, x=0, X - L.
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Evaluation of the stability of geometric objects
to changes in weather and time conditions for image formation

The examples of test halftone images /; and 7, generated from the same angle but at different times are
showed in fig. 1. The images differ in brightness, contrast, shadow distribution and the positions of dynamic
objects. Differences in image generation conditions lead to changes in the number and positions of key objects
identified by the detectors. As a result, many objects in one image are missing at corresponding coordinates in
the other image. As an example, fig. 2 shows the lines identified in images /; and 7, by the Sobel detector [11]
and the developed MinLGS algorithm (based on GWRG).

a

S

V4

L, 1"'

Fig. 2. Lines highlighted in images /, and 7, by the Sobel detector

To assess the stability of geometric objects to changes in weather and time conditions for image formation
dependencies were obtained for the values of the weighted number Ny, of non-conforming objects calculated by
reducing the number Ny = N (1, 2) + N; (2, 1) of non-conforming objects in one N (1, 2) and another Ny (2,1)
images to the total number Ny = N, (1) + N, (2) of objects in one N, (1) and another N, (2) images using the
expression Ny = —&.

The weighted characteristics of the detection results are presented in table 1. The table shows that segments
extracted by the MinLGS algorithm (based on GWRG) are significantly more resistant to changes in weather
and time conditions of image formation compared to points.
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Fig. 3. Segments extracted from images /, and /,
using the MinLGS algorithm (based on GWRG)

Weighted characteristics of the results
of detection of points and lines of images /; and /I,

Detectors N, NE Source
SIFT 1861 0.960 [15]
SURF 626 0.965 [16]
Sobel 1251 0.951
[11]
Canny 1005 0.961
MinLGS ‘
(based on GWRG) 849 0.124 This work
Conclusions

Algorithms for segmenting grayscale images based on local brightness gradient minima and gradient-wave
region growing of local maxima have been developed. It has been established that the developed segmentation
algorithms provide more stable region localisation under changing weather and time conditions for image forma-
tion, compared to existing line and keypoint extraction algorithms, albeit with higher computational complexity.

References

1. Ince OF, Kim J-S. TIMA SLAM: tracking independently and mapping alto-gether for an uncalibrated multi-camera system.
Sensors. 2021;21(2):409. DOI: 10.3390/s21020409.2.

2. Hu Z, Fang H, Zhong R, Wei S, Xu B, Dou L. GMP-SLAM: a real-time RGB-D SLAM in dynamic environments using GPU
dynamic points detection method. /FAC-PapersOnLine. 2023;56(2):5033—-5040. DOI: 10.1016/j.ifacol.2023.10.1282.

3. LiD, Shi X, Long Q, Liu S, Yang W, Wang F. DXSLAM: a robust and efficient visual SLAM system with deep features. In: In-
stitute of Electrical and Electronics Engineers. 2020 IEEE/RSJ International conference on intelligent robots and systems (IROS); 2020
October 24 — 2021 January 24; Las Vegas, USA. [S. 1.]: Institute of Electrical and Electronics Engineers; 2020. p. 4958—4965. DOI:
10.1109/IROS45743.2020.9340907.

4. Matsuki H, Scona R, Czarnowski J, Davison AJ. CodeMapping: real-time dense mapping for sparse SLAM using compact scene
representations. [EEE Robotics and Automation Letters. 2021;6(4):7105-7112. DOI: 10.1109/LRA.2021.3097258.

5. Dai W, Zhang Y, Li P, Fang Z, Scherer S. RGB-D SLAM in dynamic environments using point correlations. /EEE Transactions
on Pattern Analysis & Machine Intelligence. 2022;44(1):373-389. DOI: 10.1109/TPAMI.2020.3010942.

6. Favorskaya MN. Deep learning for visual SLAM: the state-of-the-art and future trends. Electronics. 2023;12(9):1-29. DOI:
10.3390/electronics12092006.

7. Wang S, Hu Q, Zhang X, Li W, Wang Y, Zheng E. LVID-SLAM: a lightweight visual-inertial SLAM for dynamic scenes based
on semantic information. Sensors. 2025;25(13):4117. DOI: 10.3390/s25134117.

Chrevmansmbii ‘r}ﬂm / <<Cm&/cacwwéw w anadug goannies 161
98/%%0/ oW’ﬁ:SfMérfﬁo a«n/ @a{*w mi{é >



Kypuaa Besopycckoro rocynaperseHnoro ynusepcurera. Maremaruka. Ungopmaruka. 2026;1:156-162
Journal of the Belarusian State University. Mathematics and Informatics. 2026;1:156-162

8. Sun Y, Wang Q, Yan C, Feng Y, Tan R, Shi X, et al. D-VINS: dynamic adaptive visual-inertial SLAM with IMU prior and se-
mantic constraints in dynamic scenes. Remote Sensing. 2023;15(15):3881. DOI: 10.3390/rs15153881.
9. Zhu D, Liu P, Qiu Q, Wei J, Gong R. BY-SLAM: dynamic visual SLAM system based on BEBLID and semantic information
extraction. Sensors. 2024;24(14):4693. DOI: 10.3390/s24144693.
10. Al-Furaiji OJM, Nguyen AT, Tsviatkou VYu. A new approach of finding local extrema in grayscale images based on space-
oriented masks. Engineering Letters. 2020;28(2):586—-593.
11. Gonzalez RC, Woods RE. Digital image processing. 3 edition. Delhi: Pearson; 2008. 976 p.
12. Adams R, Bischof L. Seeded region growing. [EEE Transactions on Pattern Analysis and Machine Intelligence. 1994;16(6):
641-647. DOI: 10.1109/34.295913.
13. Fan M, Lee TCM. Variants of seeded region growing. /[ET Image Processing. 2015;9(6):478—485. DOI: 10.1049/iet-ipr.2014.0490.
14. Fan J, Zeng G, Body M, Hacid MS. Seeded region growing: an extensive and comparative study. Pattern Recognition Letters.
2005;26(8):1139—-1156.
15. Lowe DG. Distinctive image features from scale-invariant keypoints. International Journal of Computer Vision. 2004;60(2):
91-110.
16. Bay H, Tuytelaars T, van Gool L. SURF: speeded up robust features. In: Leonardis A, Bischof H, Pinz A, editors. Proceedings
of the 9" European conference on computer vision; 2006 May 7—-13; Graz, Austria. Part 1. Berlin: Springer Verlag; 2006. p. 404—417
(Lecture notes in computer science; volume 3951).

Received 24.12.2025 / revised 19.01.2026 / accepted 29.01.2026.

Cwywﬁwnﬁ, buﬁ/,é «mewumwéw w Mwwwg/ ﬁw/b»
(S)/oww/ ifgne <« ?&oﬁxfﬁomog@wfa cience >



