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INTRODUCTION

The process of obtaining digital images is the first and
critically important stage in the operation of any com-
puter vision system. It is at this stage that the physical
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BBEAEHUE

ITpoliecc monyyeHUs: LUPPOBOro HM306pakeHUs — IIep-
BRI KM KPUTHYECKH BLKHBIM 3Taml paboTsl 1060m
CHCTeMBl KOMIIBIOTEPHOIO 3peHHs. KMeHHo Ha
3TOM 3Talle IPOHUCXOOUT H3HUecKas perrhcTpalus
3/1IeKTPOMarHUTHOIO U3/Iy4eHHUsI, OTPaKeHHOIO0 HIU
HCIIYIIeHHOro 0bbeKTaMH CLieHBI, U ero Ipeobpaso-
BaHHEe B IHCKPETHBIM MacCHB IHMKCEeJbHBIX 3Haue-
HUM. KadecTBo 3Toro npeobpasoBaHus (paspelleHue,
OUHAMHYeCKHUN [HUAIla30H, reoMeTpUYecKas Tod-
HOCTb, YpPOBEeHb ILIYMOB) OIlpefie/sieT BepXHIOK Ipa-
HUIy BO3MOKHOCTEH BCeX IOCIeAyIOUHX aJITOPUT-
MOB - OT BblJeJIeHUSI IIPU3HAKOB [0 CeMaHTHYeCKOM
HHTepIpeTaluuH [1, 2].

OnTHvecKre OCHOBBI KOMIIBIOTEPHOIO 3peHMsT $op-
MMPYIOTCS Ha IlepecedyeHHH TeoMeTPHYeCKOM ONTHKH,
doTomMeTpHUH U Teopum 06paboTKU curHaIOB. Kitio-
yeBasi IpobiemMa 3aK/IIOYAeTCSI B TOM, UTO IIPOEKIIHs
TPEeXMEPHOI0 MHpa Ha [IBYMEPHYIO IIJIOCKOCTb SIBJISI-
eTCsl HeKOPPeKTHOK 0BpaTHOM 3ajaueri: becKOHeUHoe
MHOeCTBO TO4eK IIPOCTPAaHCTBA 0TOOpaskaeTcs B OOHY
M Ty Ke TOYKy H300paskeHHsI. [IJI1 BOCCTAHOBJIEHHS
IIPOCTPAHCTBEHHOM CTPYKTYPhl HEOOXOAMMBI aIrlpHOp-
Hble MOfie/Iu (KeCTKHe reoMeTpUYecKre OrPaHHYeHU )
Y TOYHAsl KUTUOPOBKA OIITHYECKOM CHCTEMEI [3].

Llenp Hacrosimer paboThl - CHCTEeMaTH3UPOBATb
ONTHYeCKHe MOJeNH, HCIIONb3yeMble B KOMIIBIOTEpP-
HOM 3peHHH, GOPMalM30BaTh METOAbl KaJTHUOPOBKHU
1 KOPPeKIHU HCKKeHUH, a TaKkKe I10Ka3aTh HUX BIIU-
sHHe Ha TOYHOCTb IIOC/IeAYyIOLlero aHaausa. CTaThbs
OTKPBIBAeT LUKJI IY6IHMKALMH O MaTeMaTHYeCKOM
arrmapare (rpomoiskeHue B [4]), poboToTeXHUYECKUX
IIpUMeHeHHUSIX KOMIIBIOTEPHOIO 3PeHHSI M MeTolax
[IOBBIIIeHUS ero 3pGeKTUBHOCTHU.

1. MATEMATUYECKUE MOJE/IN

®OPMUPOBAHUA U3OBPAXEHUSA
1.1. Mogaenb Kamepbl-06CKypblI

N NMNUHXO0JIbHasA annpokcnMmauusa
[TpocTerIel MoeNblo GOPMHUPOBAHUS U300paskeHUS
SIBJISIeTCS. KaMepa-00CKypa - TEMHBIH SIIHUK C TOdeu-
HBIM OTBEPCTHEM. B 3TOM MoJenu KaKAas TOUKa
CLIeHBI HCITyCKaeT JIyd, KOTOPHIM IIPOXOAUT uepe3
OTBepCTHe U II0Ia/iaeT Ha IIPOTHBOIIONIOKHYIO CTEHKY,
dopmupys ImepeBepHyToe H300paxkeHue (puc. 1).
MaTeMaTH4YeCKH TaKasi MOJeNTb SKBHBAJIEHTHA LIeH-
TPa/IbHOM ITPOEKLIMH: BCe JIYYH ITPOXOASAT Uepe3 efu-
HBIM OIITUYEeCKUH LIeHTP [5].

[IMHXONbHASL MOJE/Nb OIMCHIBAET CBSI3b MEXKIY

MHPOBBIMH KOOpAHHaTaMHu To4uku X=(X,Y,Z)T u ee
npoekijyer x=(x, y)T Ha MI0CKOCTH KM3006paskeHUS:

s:[x,y, 1}T=K~[R|t]~[X,Y,Z,1]T,
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registration of electromagnetic radiation reflected or
emitted by the objects occurs, along with its transfor-
mation into a discrete array of pixel values. The qual-
ity of this transformation (resolution, dynamic range,
geometric accuracy, noise level) determines the upper
limit of capabilities for all subsequent algorithms:
from the feature detection to semantic interpreta-
tion [1, 2].

The optical foundations of computer vision are
formed at the intersection of geometric optics, pho-
tometry, and signal processing theory. The key prob-
lem lies in the fact that the projection of the three-
dimensional world onto a two-dimensional plane is
an ill-posed inverse problem, since an infinite number
of spatial points are mapped to the same image point.
Reconstruction of the spatial structure requires a pri-
ori models (rigid geometric constraints) and precise
calibration of the optical system [3].

The purpose of this paper is to systematize the opti-
cal models used in the field of computer vision, for-
malize the calibration and distortion correction meth-
ods, and demonstrate their impact on the subsequent
analysis accuracy. This article opens a series of pub-
lications related to the mathematical apparatus [4],
robotic applications of computer vision, and methods
for improving computer vision efficiency.

IlepeBepHYyTOE
n306paKeHUe
X Inverted image

Puc. 1. Teomempus nuHxonbHoU modeau: X — moyka

8 Mupogom npocmpaHcmee, O — onmuyeckull yeHmp,

X = NPOEKUUSI MOYKU HA NAOCKOCMb U306pa>keHusl,

f - doxyctoe paccmostue, (c,, c,) - KoOpduHambl 2aaeHoLk
mouKu

Fig. 1. Geometry of the pinhole model: X is a point in world
space, O is the optical center, x is the point projection on the
image plane, fis the focal length, (c,, cy) are the coordinates
of the principal point
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rge: KeR3*3 - MaTpulla KaJuOpoBKU (BHYTpeHHHe
rapameTpsl), ReSO(3) - maTpula BpameHus, teR3 -
BEKTOp IlepeHoca (BHeNIHMe IIapaMeTphl), S - Mac-
mTabHeIH K03ddUITHEHT [3, 6]. MaTpuLia KaTUOPOBKHU
MMeeT BUJ:

i v &
K=|0 f, ¢ |
0 0 1

rae: fy, fy ~ GOKyCHBIE PACCTOSAHUS B MIUKCENAX; Cy, ) ~
KOOpPIMHATHI IJITABHOM TOUKHU (OIITHYECKOTO LIEHTPa);
Y - K03pOULIMEHT CKOMEHHOCTH (06BbIUHO IIPUHHMA-
€TCSI PABHBIM HYJIIO).

[TonyueHHoe wnUdpoBoe u306paskeHHe Ipen-
CTaBisieT COOOM [UCKPEeTU3UPOBAHHYIO (QYHKIIHIO

HUHTEeHCHUBHOCTH .
I:Q-RE,

roe: QcZ? - [UCKpeTHas IIPOCTPAHCTBeHHasl 06/1acTh
(MaTpuIa nHUKcener pasmepHocty HxW); C - uucio
CIIeKTPaJIbHBIX KaHaIoB (C=1 171 MOHOXPOM-
HeiX, C=3 mig RCB, C>3 mig TUIOepCcreKTPajbHBIX
IAHHBIX) [2].

1.2. YpaBHeHMe TOHKOM JINH3bI

PeasibHBIE ONTHYECKHE CHCTEMBI HCIIONB3YIOT JTHMH3BI
s cbopa 6omblIero KoIMYecTBa CBeTa. YpaBHEHHe
TOHKO¥ JIMH3bl YCTAHABIHUBAET CBSI3b MEK/IY PaccTosi-
HHeM /10 06beKTa U, PAaCCTOSTHHEM 10 U300pasKeHUs v
U QOKYCHBIM pacCTOsTHHeM 06beKTHBA f:

1 1 1
—_—— =

u v f°

IIpH yCIOBUM, YTO PACCTOSIHHE [0 00BEKTa 3HAYH-
TeJIbHO MpeBblnaeT GpokycHoe (u>>f), BBIIOTHSIETCS
npubnvskeHHe v~f, YTO OMpPaBABIBAET KCIIOIb30Ba-
HHe [HMHXOJIBHOM MOJENH JUls OGOMBIIMHCTBA 33/ad
MaIIHHHOTO 3peHusi. OGHAKO MpH paboTe HA MaJbIX
AMCTAHUMAX (HApUMep, B MakKpOCheMKe) Heobxo-
AMIMO YUUTHIBATH KOHEUHOE 3HAUeHME V.

1.3. AuckpeTusauus u KBAHTOBaHUue

I[Ipoliecc peruCTpalluy BKIIOYAeT aHAIOro-IudpoBoe
npeobpa3oBaHMUe: HEIPepBIBHBIM 10 KOOPAMHATAM
U MHTEHCHUBHOCTH ONTHUYECKUN CHUTHAT 3aMeHSeTcs
JUCKPEeTHOU MaTpHILEeHN IUKCeleH ¢ KOHEeYHBIM YMC-
JIOM YpoBHeH SIpKOCTH (06bIYHO 8 O6UT Ha KaHAN).
Ilar AucKpeTH3alMHK (pa3mep IMHKCessl) U IIybHHA
KBAaHTOBAHMUS SB/SIIOTCS HCTOUHHUKAMHU IIPUHIIUIIN-
AJIPHBIX IIOIPEIIHOCTEl: II0TePsI BBICOKOYACTOTHBIX
netanent (aliasing) m orpaHHYeHHe TUHAMHYECKOTO
OuarasoHa [1].
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1. MATHEMATICAL IMAGE FORMATION
MODELS

1.1. Model of Camera Obscura and Pinhole
Approximation

The simplest image formation model is a camera

obscura, namely a dark box with a pinhole aperture.

In this model, each scene point emits a ray that

passes through the aperture and strikes the oppo-

site wall, thus forming an inverted image (Fig. 1).

Mathematically, this model is equivalent to the cen-

tral projection: all rays pass through a single optical

center [5].

The pinhole model describes the relations between
the world coordinates of a point X=(X,Y,Z)T and its
projection x=(x, y)T on the image plane:

s:[x,y,1]"=K[R]t]-[X,Y,Z,1]",

where: KeR3*3 is the calibration matrix (intrinsic
parameters), ReSO(3) is the rotation matrix, teR3 is
the translation vector (external parameters), and s is
a scale factor [3, 6]. The calibration matrix has the fol-
lowing form:

i v &
K=|0 f, ¢ |
0 0 1

where: f,, f, are focal lengths in pixels, c,, ¢, are the
coordinates of the principal point (optical center),
and y is the skew coefficient (usually assumed to be
Zero).

The resulting digital image represents a discretized
intensity function:

I:Q-RE,

where: QcZ?is a discrete spatial domain (pixel matrix
with the dimensions HxW), and C is the number of
spectral channels (C=1 for monochrome, C=3 for RCB,
C>3 for hyperspectral data) [2].

1.2. Thin Lens Equation
Real optical systems include lenses to condense more
light. The thin lens equation establishes the relations
between the object distance u, the image distance v,
and the focal length f:

1 1 1

W fr

Having assumed that the object distance signifi-

cantly exceeds the focal length (u>f), the approxima-
tion v~f holds is maintained that justifies the pinhole
model application for most machine vision tasks.
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2. TEOMETPUYECKUE NCKAXEHWA
N NX KOPPEKL WA
2.1. PapguanbHasa v TaHreHumassabHas
aucropcusa
PeasipHBIE Oﬁ’bEKTI/IBbI BHOCAT HEJ'II/IHeI;IHI:Ie HCKaKe-
HHA, HaH6onee CYHLECTBEHHBIMI/I nus3 KOTOPLIX SIBJISI-
I0TCA pa,zmaana;{ N TaHTeHIOHWaJIbHAS ,E[I/ICTOPCI/IH
(puc. 2). PamuanpHash AUCTOPCHS BbI3BaHA cdepHye-
cKo¥ abeppanyier IMH3 U MOJEIUPYeTCs IIOTMHOMOM
YeTHBIX CTeIIeHeH OT paauyca rP=x2+y? [3]:

Xeorrected = X(L+ Ky 2+ K, r* + k5 16)
Ycorrected = V(l + kl rr+ kZ rt+ k3 r6) ’

rae: ki, ky, ky - K03ddHULIMIEHTBI pagHaTBHOMN AUCTOP-
cuu. Js 60NBIIMHCTBA 06BEKTUBOB JOCTATOYHO ABYX
K03bPUITHMEHTOB; TPETHI HCIIONIb3yeTCsl IIPHU CHJIBHBIX
HCKKeHUSIX (PBIOKH I1a3).

TaHTeHIIMa/NbHAs [OUCTOPCHUS BO3HHMKAaeT K3-3a
HECOOCHOCTH JIMH3 U OITHChIBAETCS ABYMS JOIIONHU-
TeJIbHBIMU IIapaMeTPaMH py, p,:

Xcorrected =X +(2P1XV +p, (r2+ ZXZ)) R

Yeorrected =Y + (pl (f2+2y2) +2p2xy) .

[TonmHast Mofjenb KOPPeKIUH KOMOWHHUPyeT oba
TUIIA UCKaSKeHUH.

2.2. Tomorpaguyeckme npeobpasoBaHus
IIpu cbeMKe IIJIOCKOCTH C Pa3sHBIX PaKypCoOB CBS3b
MeXay TO4YKaMH Ha I/I306pa)KEHI/IHX OIIHCBIBAETCA
roMorpaduer - IIPOEKTHUBHBIM IIpeobpa3oBaHHEM
IIJIOCKOCTH Ha IUIOCKOCTh. [oMorpadus HeP? 3ama-
€TCsT MaTpPHULEH 3X3 C TOUHOCTHIO 0 MacIuTaba [5]:

[x’,y’,w’}T=H~ [X, v, l}T,

rme KOOPAMHATHI M300paskeHHs mocie mpeobpaso-
BaHHUS IONYy4alTCd Kak x'=x'/w', y'=y'/w'. ToMo-
rpadus uMeeT 8 CTelleHer CBOOOABI U MOKeT OBITh
BBIUMC/IEHA II0 YeTBIpeM COOTBETCTBHUSM TOUYEK
(He MeHee ueThlpex). OHa HCIIOJIb3yeTCs MAJIA
BBIIIPSIM/IEHHUSI QPOHTAIBHBIX IUIOCKOCTEH (HAIIpH-
Mep, MCIIpaBJIeHHEe IIePCIeKTUBHBIX MCKaxke-
HUN IpU $oTorpadHpoBaHUU AOKYMeHTa) U IS
CKJIEHKHU [TaHOPaAM.

2.3. Kannbposka kamepbil

KanubpoBKa KaMepsl - IIPOLIECC OIpefie/IeHHsI BHY-
TPeHHUX IHapaMeTpoB (Matpuia K, ko3dduiireHTs
OUCTOPCHUM) M, IPU HEOOXOLHUMOCTH, BHELIHHUX

Syl 4

However, when working at short distances (e.g., in
macro photography), the finite value of v must be
considered.

1.3. Discretization and Quantization

The registration process includes the analog-to-digital
conversion: the optical signal that is continuous in
coordinates and intensity, is replaced by a discrete
pixel matrix with a finite number of brightness levels
(typically 8 bits per channel). The discretization step
(pixel size) and quantization depth are the sources of
fundamental errors: loss of high-frequency details
(aliasing) and dynamic range limitation [1].

2. GEOMETRIC DISTORTIONS
AND THEIR CORRECTION
(ADJUSTMENT)
2.1. Radial and Tangential Distortion
The real lenses introduce nonlinear distortions, the
most significant of which are radial and tangential
distortions (Fig. 2). The radial distortion is caused by
the spherical aberration of lenses and is modeled by an
degree polynomial of the radius rP=x?+y? [3]:

Xeorrected = X(L+ Ky 2+ ky 14+ k5 19),
Yeorrected = V(l + kl r2+ kz rt+ k3 ) ’

where: k;, k;, k; are the radial distortion coefficients.
For most lenses, two coefficients are sufficient; the
third one is used for severe distortions (fisheye).

The tangential distortion occurs due to the lens mis-
alignment and is described by two additional param-
eters p;, p,:

a) b) 0

Puc. 2. Busyaau3zayus 2eomMempu4eckux UCKaxeHuu:

a) obvekm 6e3 uckaxkeHull; b) paduanbHas ducmopcusi;

C) maHzeHuuanbHas ducmopcus

Fig. 2. Visualization of geometric distortions: a) object
without any distortions; b) radial distortion; c) tangential
distortion

PHoToONICs vOL. 20 NO.6 2026 4
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napaMeTpoB (R, t) IyIsi KOHKpeTHON KaMepbl. Hambo-
Jlee pacrpocTpaHeH Meton WkaHa (Zhang, 2000) [6],
HCIIO/IB3YIOMUK HEeCKOJIbKO HM300paskeHHUH IIJIO-
CKOTO KaJIM6POBOYHOro 06beKTa (IIaXMATHOM JOCKH)
C U3BeCTHOM reoMeTpHeH.

ANTOPUTM MHHHMH3UPYET PeIPOeKLHOHHYIO
OomMOKy - CpelHeKBaJIpPaTUYHOE OTKIOHEHHE MEeXKIY
HabofaeMbIMH yIJIaMHK IIaXMaTHOM JOCKH Ha H30-
OpaskeHHSIX M HX IeperpoeKkIHSIMHU COIJIACHO TeKy-
MM OIleHKaM I1apaMeTpOB:

mm
E=Y 3 |- n(K R, )],
i=1Jj=1
rme T - QYHKUMS IPOEKLIHM, BKIIOYAIONIAs KOPpeK-
LIMIO JUCTOPCHH. ONTHUMM3ALKS BBIIIONHSETCS METO-
oM JleBenbepra - MapKBapara.

ANbTepHATUBOM SBJSIETCSL IIpsiMas JIMHeHHas
TpaHchopmanus (DLT), Kortopast He TpebyeT HTepa-
U, HO MeHee TouHa [5].

3. ®OTOMETPUYECKHME ACMEKTbI

N KOPPEKLU WA OCBELWWEHNA
3.1. Mogenb ocBeweHHOCTH JlambepTa
PacmipenenieHre SPKOCTH Ha H300paskeHUM OIIpefie-
JIS1eTCsA TpeMsl (baKTOpaMI/I: OCBeIlleHHOCThIO CILIeHBI,
OTpa’kKaTeJIbHbIMH CBOHMCTBaAMMU HOBerHOCTefI (am;-
bemo) u yIJIOM MaJIeHHs CBeTa. Hpoueﬁmaﬂ MOe/lb
HaM6epTa OITHMCBhIBAeT HMHTEHCHBHOCTBb ITHKCeJIs KakK
ITpOH3BeJeHHe:

I(x, y)=R(x, y)-L(x, y),

roe: R(x,y) - ansbemo (oTpaskaTenbHast CIIOCOOHOCTB);
L(x,y) - dyHKUMS ocBemeHHOCTH [1]. Takoe mpen-
CTaBJIeHHEe MYJbTHUIUIMKATUBHO WU HEIHHEHNHO, YTO
3aTpynHsSeT pasfie/leHHe KOMIIOHEHT.

3.2. PETUHEKC-KOMIMEHCALUA

HEPABHOMEPHOIO OCBELLLEHNA
Metop, peTuHekca (Retinex) oCHOBaH Ha IIpe[II0Jo-
SKEHHUM, YTO OCBeLIeHHOCTb L(x,y) sSBIseTCS HHU3KO-
YaCTOTHOM KOMIIOHEHTOH, a anbsbeno R(x,y) BBICOKO-
YaCTOTHOU. Ilepexons K ysoraprdMHUecKoN obmacTH,
Iosy4aeM aJIUTHBHOe pa3leeHHe:

logI(x, y)=logR(x,y) +logL(x, y).

KoMITOHeHTa OCBeIleHHOCTH OLIeHHBAeTCsl Iaycco-
BBIM CIJI&KHBaHHEM HCXOLHOro u3obpakenus [1, 2]:

L(x,y)=I(x,y)*C(x,y,0),

5  ®OTOHUKA TOM 20 N2 6 2026

Xcorrected =X +(2P1XV +p, (r+ ZXZ)) s

Yeorrected =Y (pl (rP+2 yz) + szxy) .

The complete correction model combines both types
of distortions.

2.2. Homographic Transformations

When imaging a plane from various viewpoints, the
relationship between points in the images is described
by a homography, which is a projective transforma-
tion from plane to plane. Homography HeP? is deter-
mined by a 3x3 matrix up to scale [5]:

[x’,y’,w'}T=H' [x, y, l]T,

where: the image coordinates after transformation
are obtained as x'=x'/w’, y'=y'/w’. Homography has
8 degrees of freedom and can be computed based on
four point correspondences (at least four). It is used
for rectifying the frontal planes (e.g., adjustment of
perspective distortions when photographing the docu-
ments) and for panorama stitching.

2.3. CAMERA CALIBRATION

Camera calibration is the process of determining
intrinsic parameters (matrix K, distortion coefficients)
and, if necessary, external parameters (R, t) for a spe-
cific camera. The most common method is the Zhang
method (Zhang, 2000) [6] that uses multiple images
of a planar calibration object (checkerboard) with the
well-known geometry.

The algorithm minimizes the reprojection error
that is the root mean square deviation between the
observed checkerboard corners in the images and their
reprojections current parameter estimates:

E=) 3 [xy-nK R, £, X)),
i=1i=

where m is the projection function, including any dis-
tortion correction. Optimization is performed using
the Levenberg-Marquardt method.

An alternative method is direct linear transforma-
tion (DLT) that does not require any iterations but is
less accurate [5].

3. PHOTOMETRIC ASPECTS

AND ILLUMINATION CORRECTION
3.1. Lambertian Illumination Model
The brightness distribution in an image is determined
by three factors, such as scene illumination, surface
reflective properties (albedo), and the angle of light
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roe G(x,y,0) - rayccoBo siIpo C IapaMeTpoM Mac-
mrTaba 0. BoccTaHOBIeHHOe anbbeno (KOMIIEHCHPO-
BaHHOe H300paskeHHe) BEIUUC/ISIETCS KaK:

R(x,y)= exp(logl(x, y)-logL(x, y)).

Ha mpakTHKe NPUMeHSI0T MHOIOIIKA/IBHBIA PeTH-
Hekc (MSR), yCpenHSIOIIUN pe3y/lbTaThl JJISI HECKOJIb-
KHX 0, YTO II03BOJISIeT IIOAAB/ATH HEPABHOMEDPHOCTh
Ha pasHBIX ITPOCTPAHCTBEHHBIX YaCTOTaX.

3.3. TMCTONrPAMMHASA 3KBAJIU3ALNA

[l ynydlleHHs KOHTpacTa M KOPPeKLUH I7106asb-
HOTO pacIpefie/leHUsl SIPKOCTH IMPHUMEHSIOT THCTO-
rpaMMHY0 3KkBanusaunuio [1]. IlpeobpasoBanue T
mepepacrpesiesisieT HWHTEHCHUBHOCTU TaK, YTOOHI
THCTOTPaMMa BBIXOJHOIO H300paskeHHsI CTpeMHIach
K PAaBHOMEPHOM

k
si=T(r)=(L- 1)j:20p,(rj) )

rae: pr) - QYHKUHMS IJIOTHOCTH BEPOSITHOCTH HCXO[-
HOM MHTEHCHUBHOCTH, L - YMC/I0 ypOBHeIH KBaHTOBA-
HUs (Hanpumep, 256 As 8-6UTHOro M300paskeHUs).
AfanTHBHAs TMCTOrpaMMHasl 3KBalHU3allUs (CLAHE)
IIpHUMeHsieT JIOKaJIbHOe Ipeobpa3oBaHue B OKHAX pas-
Mepa MxN c orpaHH4YeHHeM HaKJIOHAa, 4YTO IIpefoT-
BpalllaeT Ype3MepHoOe yCuIeHHe myMa [2].

4. TNMOAABJIEHUE LULYMOB

B ONTUYECKNX CUCTEMAX
4.1. Mopenu wwymos
OCHOBHBIM HCTOYHMKOM IIyMa B LIMQPOBBIX KaMepax
SIBJISIeTCSI TeIJIOBOM IyM MaTpuiiel (CCD/CMOS), mozne-
JTUPYeMBbIH KaK aAJUTHBHBIN FayCCOBCKUM IIPOLIECC:

Inoisy(x’ y) :Itrue(x’ y) + '](X, V), n ~N(0, a?).

IIpy HHU3KOM OCBeIleHHOCTH JOMHHHUPYeT pobo-
BoM myMm (pacmpefeneHue IlyaccoHa), ofHaKoO B 60/b-
IIMHCTBE IPAKTHYeCKUX 3a/ay JIOCTATOUHO IayCCOB-
CKOH allIIpOKCHMaluH [1, 2].

4.2. ayccoBo crnaxuBaHue
ITpocTeHMIINK MeTO[, IIOJaB/lIeHHs UIyMa — JIHHeMHas
GUIBTPALIS C TAyCCOBBIM SIPOM:

I’(x,y)=z > G(u,v,0)-I(x+u, y+v).

TayccoBo criaskvuBaHue 3GeKTHBHO yMeHbIIaeT
BBICOKOYACTOTHBIE IIYMBI, HO OJHOBPEMEHHO Pa3MBl-
BaeT I'PAaHHULIBI 0OBEKTOB, UTO HeKelIaTelIbHO IIepen
OIepalUsIMU JeTeKIUH [1].
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incidence. The simplest Lambertian model describes
pixel intensity as the following product:

I(x,y)=R(x, y)-L(x,y),

where: R(x,y) is albedo (reflectance), and L(x,y) is
the illumination function [1]. This representation is
multiplicative and nonlinear, making the component
separation process difficult.

3.2. RETINEX COMPENSATION

FOR NON-UNIFORM ILLUMINATION
The Retinex method is based on the assumption that
illumination L(x,y) is a low-frequency component,
while albedo R(x,y) is a high-frequency component.
Transitioning to the logarithmic domain yields the
additive separation:

logI(x,y)=logR(x, y)+1logL(x, y).

The illumination component is estimated by Gauss-
ian smoothing of the original image [1,2]:

L(x,y)=I(x,y)*G(x, y,0),

where G(x,y,0) is a Gaussian kernel with the scale
parameter . The recovered albedo (compensated
image) is computed as follows:

Rx,y)= exp(logl(x, y)-logL(x, y)),

In practice, the multi-scale Retinex (MSR) is used,
which averages the results for several o values that
allows suppression of non-uniformity at different spa-
tial frequencies.

3.3. HISTOGRAM EQUALIZATION

The histogram equalization method is applied to
improve contrast and adjust the global brightness dis-
tribution [1]. The transformation T redistributes inten-
sities so that the output image histogram approaches
uniformity:

k
si=T(r)=(L- 1)j§0pr(rj) )

where: p,(r) is the probability density function of the
original intensity, and L is the number of quantiza-
tion levels (e.g., 256 for an 8-bit image). The adaptive
histogram equalization (CLAHE) applies local transfor-
mation in MxN windows with slope limitation that
prevents excessive noise amplification [2].
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m OBPABOTKA U30OBPAXXEHMW U MALULMHHOE 3PEHVE Il

i g

4.3. bunaTtepanbHas punbTpauus
ILJISI COXpaHEeHHSs I'paHHIL, IIpH IIOAABJIE€HHH IIyMa
HCIonb3yeTcs: bunaTepanpHas uibTpanus [7]:

1'<x>=WipX;I<xi>~ﬁ(|ll<xi>—I<X>||)'9s(||><rx )

rge: f, - SOpo IO PasHOCTH spKocTed (06BIYHO Tayc-
CHaHa), g, - IPOCTPAHCTBEHHOE A/po, W, ~ HOpMHUPO-
BOYHBIN KO3QOHUILIMEHT. brarogapsi COMHOXKHUTENO f,
IIUKCEeIH C CHIPHO OTIMYAIOIIEeNCsS NHTeHCHBHOCTBIO
He y4YacTBYIOT B yCpelHEHHH, UTO COXpaHseT Ilepe-
/bl SIPKOCTH.

4.4. HenokanbHoe cpepHee

Bornee coBpeMeHHBIM METOIOM SBISETCS QUIBTP
HeJIoKaIpHOro cpenHero (NLM) [8], KOTOPBIF KCIIONB
3yeT CXOACTBO He OTHeIbHBIX ITHKCeIeH, a Le/IbIX Mat-
4yel (OKpecTHOCTeHN):

, L1 R(BW),BY))
I(x)—y;)w(x,y)l(y), w(x,y)—z(x)exp( 5 ),
rae: d> - KBagpaT eBKJIM/I0BA PACCTOSIHUS MeXKIy Iat-
yamu B(x) u B(y); h - mapamerp dumnprpanpu. NLM
I103BOJISIeT IIOAABJIATh IIYM, COXPAHSS Haske TOHKHE
TeKCTypHBIe IeTAIH, OGHAKO obasaeT 6o/1ee BHICOKOK

BBIYHCJIUTEIBHOM CJIOSKHOCTBIO.

5. MPAKTUYECKWME ACMEKTDbI
KAJTMBPOBKW
N METPOJIOTMYECKOW TOYHOCTU
5.1. CyébnukcenbHas nokanmsaums
JJisi TIpeIM3HOHHBIX HM3MepeHUH (HallpuMep, Kalu-
6p0131<a KaMepr )%9)8%8 KOHTpOJIL reOMeTpI/I‘{eCKHX
pa3MepoB) HeOOXOIHMO OMIpPeNensiTh II0NOKeHHe
XapaKTeprIX TO4YeK C TOYHOCTBIO 0 ,uoneﬁ ITUKCesd.
[IPOKO HCIIOJAb3yeTCsl IapabonuyecKas HHTEpPIIO-
AU 110 TPEM TOYKaM (HI/IKCEJ‘IB‘K&HD}I/IH&T u ero
cocenu) [5]:

T 5 s 2
subpixel = Xpixel Z(IX_1_21X+IX+1) '

AHanorru4yHas Gopmysia IIPUMEHSeTCS )1 KOOPAH-
HaThBL J.

5.2. TemnepaTypHada KoMmneHcauus

@OKYCHOG PpaccTosiHHe 00BeKTHUBA U reomerpuydeckue
ImapamMeTphl KaMephl 3aBUCAT OT TeMIlepaTyphl. Mg
CHUCTeM, paGOTaIOLL[I/IX B INIMPOKOM [OHAlld30HE TeMIIe-
patyp (HampuMep, Ha OTKPLITOM BO3JyXe MU B IIPO-
MBIIIJIEHHBIX uexax), HeOGXO,E[I/IMa TeMIlepaTypHas
KOMIIeHCALlHs:

f(T)=fo- (1+a(T-Tp)),
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4. NOISE SUPPRESSION

IN THE OPTICAL SYSTEMS
4.1. Noise Models
The main source of noise in digital cameras is the ther-
mal noise of the sensor (CCD/CMOS), modeled as an
additive Caussian process:

LnoisyX, ) =Iirue(x, ¥) +0(x, y), n~N(0, 0?).

Under low-light conditions, the shot noise (Poisson
distribution) dominates, but in most practical tasks,
the Caussian approximation is sufficient [1,2].

4.2. Gaussian Smoothing
The simplest noise suppression method is linear filter-
ing with a Gaussian kernel:

I’(x,y)=z > Glu,v,0)-I(x+u,y+v).

The Gaussian smoothing method efficiently reduces
the high-frequency noise but simultaneously blurs
object boundaries, which is undesirable prior to any
detection operations [1].

4.3. Bilateral Filtering
To preserve the edges during the noise suppression
procedure, bilateral filtering is used [7]:

I’(x)=Wipxﬁzol(xi)ﬁ(||I(xi)—I(X)||)'gs(||xi—x ),

where: f, is the intensity difference kernel (usually
Gaussian), g; is the spatial kernel, and W, is a normal-
ization factor. Due to the multiplier f, , the pixels with
significantly different intensities do not participate
in the averaging procedure that preserves brightness
edges.

4.4, Non-Local Means

A more modern method is the non-local means (NLM)
filter [8] that applies similarity not of individual pix-
els but of entire patches (neighborhoods):

1 (_dZ(B(x),B(y)))

I(0=) wlx,y)1y); wix,y)=

yeQ Z(X) e hZ

where: d? is the squared Euclidean distance between
the patches B(x) and B(y), and h is the filtering param-
eter. NLM allows noise suppression while preserving
even fine texture details, but has higher computa-
tional complexity.



Bl IMAGE PROCESSING AND MACHINE VISION m

[fie  Of-TeMIIePaTypHBIH Ko3QPULIMEHT [perda
dokyca, ompefenseMbIl 3KCIIePHMeHTaIbHO. AHAJIO-
TMYHbIe 3aBUCHMOCTH BBOASATCS )1 IIapaMeTPOB M C-
TOPCHHU U TI0JIO’KEHH A [VIABHOM TOUKH.

5.3. MHorokaapoBoe ycpeaHeHue

JIJIsT CTaTU4eCcKUX CLeH WK Ipu paboTe ¢ Herop-
BIDKHOM KaMepoH C/IydyalHble IIOIPelIHOCTH (LIyM,
GIYKTyallMX OCBEINEHMS) MOTYT OBITh YMeHBIIEHBI
IyTeM yCpefHEeHMs HeCKOJIbKHX II0CTIel0BaTeIbHBIX
Kazapos [2]:

T, )= e, s 0=
Y Mk=1k »Y)5 01 \/1\_/[

dtoT MeTox ocobeHHO 3deKTHBEH IIPH HKCIIONb-
30BAHHMH B 3aJadyaX aBTOMAaTH4YeCKOI0 KOHTPOJIS
KauecTBa Ha KOHBerepe, rae 06BEKT MOXKET OCTa-
BaThCS HETIOABUKHBIM B TeUeHUe HeCKOIbKUX ITUKIIOB
CcheMKH [4].

BbIBO/ bl

[IpoBefleHHBIM CHCTeMaTH4YeCKHH aHa/M3 ONTHYe-
CKHX OCHOB KOMITBIOTEPHOTO 3peHH I10Ka3bIBaeT, YTO
TOYHOCTb U HaeXHOCTb JIF06Or0 ajropuTMa BH3Y-
AJILHOTO aHa/IM3a Hepa3phIBHO CBS3aHBI C Ka4eCTBOM
Mozenu GopMHUPOBaHHUS H300paskeHHs M KOPPeKLHH
HMCKKeHUH. MaTemaTH4decKHe Mofend (IHHXOMb-
Has KaMepa, YpaBHeHHE TOHKOH JIMH3BI, IOTHHOMEI
OUCTOPCHH) IIO3BOJISIIOT KOJIKMYEeCTBEHHO OIIHMCATh
rpeobpa3oBaHUe «MUP - H300pasKeHHe», a MEeTOIBI
KaJII/I6pOBKI/I (aJII‘OpI/ITM UskaHa, DLT) - OLIeHUTD HeH3-
BeCTHBIe [IapaMeTphl.

Ocoboe BHHMaHHe yJeleHO (PpOTOMETPHUUECKHM
aprepakTaM: HEpPaBHOMEPHOMY OCBeIeHHI0, Orpa-
HUYeHHOMY JHHAMHYeCKOMY [HaIla30Hy, IIyMaM
perucTpanyu. s UX KOMIIeHCALlUH YCIIeIIHO IIpH-
MEHSIOTCS PeTHHEeKC-a/ITOPUTMBbI, [HMCTOTpaMMHas
3KBaJIM3aLUs U 6raTepanbHast QUIbTpALIS.

[TpakTHYecKre MeTOJbI IIOBLIIIeHM S MeTPOIoOTHYe-
CKOM TOYHOCTH (CYOIMKCeNbHAs JIOKAJIM3aLHsl, TeM-
IepaTypHasl KOMIIeHCAIlMsl, MHOTOKapOBOe yCpeqHe-
HHUe) I03BOJISIOT JOCTUYb CYOIMKCETBHOM TOUHOCTH
JIOKaJIM3alluKd U CTabUIPHOCTH HM3MEPEeHUI B peasib-
HBIX [IPOMBIIIJICHHBIX YC/IOBHAX.

JllaHHast paboTa sIBIseTCs MepBOM B LIUK/Ie IMybIu-
KauuH. B cremyomux paboTrax aBTOPHI IUIAHHUPYIOT
JeTaJIBHO PAacCMOTpPeTh MaTeMaTHYeCcKHH aIlmapat
KOMITBIOTEPHOI'O 3peHHsI, MEeTOJbl OLIeHKH PacCTOos-
HUSI B MOHOKYJISIPHBIX CHCTeMaxX U poboToTeXHH4e-
CKHe IpPUIOKeHUs (MO3ULIMOHKMPOBaHHe, HaBMIa-
LIMsl, yIpaB/leHHe Ha OCHOBe BH3ya/JbHOM 0OpaTHOI
CBSI3H).
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5. PRACTICAL ASPECTS OF CALIBRATION
AND METROLOGICAL ACCURACY

5.1. Subpixel Localization

For high-precision measurements (e.g., camera cali-

bration or geometric dimension control), it is neces-

sary to determine the position of feature points with

subpixel accuracy. The parabolic interpolation method

applying three points (candidate pixel and its neigh-

bors) is widely used [5]:

X, coa=Xo a1+ &
subpixel ~ *pixel Z(Ix—1_21x+1x+1) .

A similar formula is applied for the y-coordinate.

5.2. Temperature compensation

The lens focal length and geometric parameters of the
camera depend on temperature. For the systems oper-
ating over a wide temperature range (e. g., outdoors or
in industrial workshops), the temperature compensa-
tion is necessary:

AT)=fo-(1+a(T-Ty)),

where: of is the temperature coefficient of focal drift
that is determined experimentally. Similar dependen-
cies are introduced for the distortion parameters and
principal point position.

5.3. MULTI-FRAME AVERAGING

For static scenes or when working with a stationary
camera, the random errors (noise, illumination fluc-
tuations) can be reduced by averaging several consecu-
tive frames [2]:

1(x, y) 1§M1< ); gl= 1
x,V)=—) Lx,y); oj=—F=.
VR MY =y

This method is particularly effective when used in
automated quality-control tasks on conveyors, where
the object may remain stationary for several imaging
cycles [4].

CONCLUSIONS

The conducted systematic analysis of computer vision
optical foundations shows that the accuracy and reli-
ability of any visual analysis algorithm are inextrica-
bly linked to the quality of the image formation model
and distortion correction. The mathematical mod-
els (pinhole camera, thin lens equation, distortion
polynomials) allow quantitative description of the
“world -» image” transformation, while calibration
methods (Zhang’s algorithm, DLT) enable estimation
of the unknown parameters.
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Particular attention is paid to the photometric
artifacts, such as non-uniform illumination, lim-
ited dynamic range, and registration noise. The
Retinex algorithms, histogram equalization, and
bilateral filtering are successfully applied for their
compensation.

Practical methods for improving metrological
accuracy (subpixel localization, temperature compen-
sation, multi-frame averaging) make it possible to
achieve subpixel localization accuracy and measure-
ment stability in the real industrial conditions.

In subsequent papers, the authors plan to examine
in detail the mathematical apparatus of computer
vision [4], distance estimation methods in the mon-
ocular systems, and robotic applications (positioning,
navigation, control based on visual feedback).
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