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Abstract

Introduction. Methods for processing information contained in variations in the optical flow intensity during object
motion are widely used in numerous technical applications, including space research, technical diagnostics, machine
(technical) vision, object tracking in digital images, autonomous navigation of unmanned vehicles, etc. Among these
methods, monocular techniques for estimating the parameters of the video camera own motion have demonstrated the
greatest practical efficiency, both based on a cartographic analysis of the underlying surface and using various algorithms
for estimating optical flow (velocity field) parameters. Although existing velocity field estimation algorithms offer
advantages such as operability in the absence of terrain maps and computational costs easily implemented in onboard
processors, their practical application is significantly complicated by the inevitable noise in optical measurements, which
can have a wide variety of physical origins and reduce dramatically the accuracy of optical flow parameter estimation.
Therefore, the objective of the research discussed in this paper is to address the problem of simultaneous high-precision
estimation of the intensity of optical flow and identification of its parameters under conditions of measurement noise with
unknown probabilistic characteristics. A theoretical solution to this problem enables the development of a new general
approach to the synthesis of robust algorithms for high-precision optical flow processing in video monitoring systems.
This, when applied in practice, will ensure noise immunity and the required accuracy characteristics for machine vision
systems, autonomous navigation systems of unmanned vehicles, and other applications.

Materials and Methods. The solution was obtained by monocular methods for determining the camera proper motion and
minimizing a regularized quadratic criterion. The starting-point for the solution was the formulation of the problem as one
of stochastic estimation and parametric identification of a discrete linear nonstationary system while observing its state vector
under interference with an unknown probability distribution. The synthesis of the “estimation-identification” algorithm in
this formulation was implemented as a procedure that guaranteed the highest accuracy in the minimax sense. Minimizing
the resulting minimax criterion allowed us to construct an algorithm for estimating and parametrically identifying the optical
flow as a stable vector recurrent procedure, easily implemented in onboard computers of moving objects.

Results. The problem of simultaneous high-precision estimation of the optical flow intensity and identification of its
parameters under measurement noise with unknown probabilistic characteristics is solved. This problem has not been
considered in the scientific literature to date. The solution will enable the development of an approach to the synthesis of
robust algorithms for high-precision processing of optical flows in video monitoring system. In practical use, it will ensure
noise immunity and the required accuracy characteristics of machine vision systems, autonomous navigation systems of
unmanned vehicles, etc. The assessment of the practical applicability of the developed algorithm for estimating and
identifying optical flow parameters was performed under conditions of non-Gaussian measurement noise through
numerical simulation. Despite the specified high level of measurement noise, the errors in estimating the optical flow
intensity at all tested coordinate points proved to be both rapidly converging to steady-state values and very small in the
steady-state mode (a few percent of the maximum value of the optical flow intensity).

© Sokolov SV, Marshakov DV, Reshetnikova IV, 2026

Information Technology, Computer Science and Management


https://doi.org/10.23947/2687-1653-2026-26-1-2220
mailto:daniil_marshakov@mail.ru
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2687-1653-2026-26-1-2220%20%20&domain=pdf&date_stamp=2026-03-30
https://orcid.org/0000-0002-5246-841X
https://orcid.org/0000-0001-5795-8146
https://orcid.org/0000-0001-7318-7396

https://vestnik-donstu.ru

Sokolov SV, et al. Optical Flow Parameter Identification in Vision Systems ...

Discussion. The obtained data confirm that the proposed algorithm has such advantages over known optical flow
processing algorithms as the ability to estimate the intensity of the optical flow and identify its parameters under noise
conditions, whose probability distributions are a priori unknown. It is characterized by high accuracy and robustness, and
it does not require high computational costs.

Conclusion. The practical significance of the developed algorithm consists, firstly, in the possibility of high-precision
stable processing of the optical flow under the conditions of uncertain probabilistic nature of measurement errors, and
secondly, in the computational efficiency of the developed “estimation-identification” procedure. This, in turn, provides
its successful practical application in solving optical information processing problems in vision systems, navigation of
autonomous robotic systems, space exploration, technical diagnostics, and other fields.

Keywords: optical flow, optical flow parameters, measurement disturbances, uncertain probabilistic characteristics,
regularization, quadratic criterion
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AHHOTALINA

Beeoenue. Metosl 00pab0OTKH MHPOPMAITUH, COACPKAIICHCST B I3MCHCHIH HHTCHCHBHOCTU ONITHYECKOTO MOTOKA, pe-
THECTPHUPYEMOTO B IPOIIecce ABMKECHUSA 00BEKTa, IMUPOKO BOCTPEOOBAHEI B Pa3INYHBIX cepax IesTeIbHOCTH: B KOCMH-
YECKHUX HCCIENOBAHMUIX, TEXHUIECKON NUATHOCTHKE, MAIIMHHOM (TEXHHYECKOM) 3pCHUH, OTCICKUBAHUN OOBEKTOB Ha
U(GPOBBIX H300pAKEHUIX, AaBTOHOMHOM HABUTAIIMH OCCITMIIOTHBIX OOBEKTOB U Ap. B Kilacce JaHHBIX METOI0B HAUOOIIb-
myro 3¢ (HEeKTHBHOCTh HA TPAKTHKE JEMOHCTPUPYIOT MOHOKYJISIPHBIE METOBI OIEHKH MapaMeTpPOB COOCTBEHHOTO JBH-
JKEHUS BUJIEOKaMephl, Kak TIOCTPOCHHBIE Ha KapTorpaduueckoM aHaIM3e TOCTHIIAIONIEH TOBEPXHOCTH, TaK U UCTIOIb-
3YIOIIHE Pa3IMYHbIC allTOPUTMBI OLICHKH MMapaMEeTPOB ONTHYECKOT0 OTOKA (TI0JIs ckopocteit). HecMoTps Ha TO, 9TO Cy-
IIECTBYOIUE allTOPUTMBI OLIEHKHU TOJISI CKOPOCTEH 001aIal0T TAKMMH MPEUMYIIECTBAMH, KaK pabOTOCIIOCOOHOCTE IpH
OTCYTCTBUU KapT MECTHOCTH M BEIYUCIIUTEILHBIC 3aTPATHI, JIETKO Peajn3yeMble B OOPTOBBIX MPOLECCOPAX, X IIPUMEHE-
HHUC Ha MPAKTHKE CYIIECTBCHHO OCJIOXHEHO HEM30C)KHBIMU MTOMEXaMHU ONITHYECKUX M3MEPEHHI, UMCIOIIUX CaMYI0 pa3-
HYI0 (H3UYECKYIO MPUPOY U PE3KO CHIKAIOUINX TOYHOCTH OIICHKH IMapaMEeTPOB ONTHYECKOTO MOTOKA. B CBs3M ¢ 3THM
1IeJb MPEICTaBICHHOTO UCCIEIOBAHUS — PEIICHUE 3a7a9i OJHOBPEMEHHOM BEICOKOTOUHOU OIIEHKH HHTEHCUBHOCTH OTI-
THYECKOTO MOTOKA M HACHTU()UKAIIUH €TO ITAPAMETPOB B YCIOBHSIX TOMEX H3MEPEHHS ¢ HEU3BECTHBIMHU BEPOSITHOCTHBIMHU
XapakTepUucTHKaMu. TeopeTHuecKoe pelieHre JaHHOH 3a1a4K MO3BOJUT C(HOPMUPOBATh OPUTHHAIBHBINA ITOIXOA K CHH-
Te3y poOACTHBIX AITOPUTMOB BHICOKOTOUHOM 00pabOTKH ONTHYECKUX TIOTOKOB B CUCTEMAaX BUJICOMOHUTOPUHTA, UTO PU
MIPaKTUYECKOM HCIOJB30BaHNHU JAHHBIX aJTOPUTMOB 00ECIEYUT MOMEXOYCTOMUHUBOCTh M TpeOyeMble TOUHOCTHBIE Xa-
PAKTEpUCTHKH CUCTEM TEXHHYECKOTO 3PCHUS, aBTOHOMHBIX HABUTAIIHOHHBIX CHCTEM OECIHIIIOTHBIX OOBEKTOB U JIp.
Mamepuanst u memoost. PerieHrie 0CHOBaHO Ha MOHOKYJISIPHBIX METOJIaX OIMpEeeNIeHUs COOCTBEHHOTO IBIKCHUS BU-
JIEOKaMepbl I MHHUMU3AINH PEryISIPU30BAHHOTO KBaJpaTHYHOTO Kputepusa. Ero oTmpaBHO# TouKoii cTama GopMyu-
POBKa IOCTaBICHHOW 3a[aul KaK 3aJadd CTOXAaCTHYECKOW OICHKH W TapaMeTpHYeCKON MACHTHU(HUKAINN AUCKPETHOM
TUHEWHOW HeCTaIlMOHAPHOH CHCTEMBI IPH HAOITIOJCHUN €€ BEKTOPa COCTOSHUS B YCIOBHUSIX TIOMEX C HEM3BECTHBIM BEPO-
SITHOCTHBIM pacnpezenacareM. CHHTE3 alropuTMa OlCHKH-UICHTU(DUKAIMK B TTOJJOOHOMH MMOCTAHOBKE OBbLI pealn30BaH B
BUJIC MPOIEAYPHI, FAPAHTUPYIOLICH HAUBBICIIYI0 TOYHOCTh B MUHUMAKCHOM CMBICIIC. MUHUMHU3AIIHS TOJYYCHHOTO MH-
HUMAaKCHOTO KPUTEPHsI TO3BOJIMIIA TOCTPOUTD AJITOPUTM OIICHKH M TAPaMETPHUCCKON HICHTH()UKAIIUN ONITHIECKOTO 0~
TOKa B BHJI€ YCTOMYHMBOIl BEKTOPHOW PEKYPPEHTHOH HpOLEAypHl, JEIKO peaan3yeMoil B OOPTOBBIX BBIUYMCIHUTEISX I10-
JIBIJKHBIX OOBEKTOB.
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Peszynvmamol uccnedosanusn. ABTopaMu pelieHa 3ajiladya OJJHOBPEMEHHON BBICOKOTOYHOM OI[EHKH WHTEHCUBHOCTH OII-
TUYECKOTO TIOTOKA ¥ HIACHTH(HUKAIIIH €TO ITAPaMETPOB B YCIOBHSIX ITOMEX H3MEPEHHS C HEN3BECTHBIMHU BEPOSITHOCTHBIMA
XapaKTEepPUCTUKAaMHM, KOTOPasi 10 HACTOSIIEr0 BpEMEHH HE pacCMaTpHUBaIach B HAYYHOH JINTEpaType. DTO pelieHue Mo3-
BOJIUT C(OPMUPOBATH MOIXO/ K CHHTE3Y POOACTHBIX alITOPUTMOB BBICOKOTOYHOH OOpaOOTKHM ONTHYECKHX IIOTOKOB B
cUcTeMax BHICOMOHUTOPHUHIA U 00ECTICUNTh NPHU MPAKTUUSCKOM HCIIOJIb30BAHUH TIOMEXO0YCTOHYMBOCTD U TpeOyeMble
TOYHOCTHBIE XapaKTEPUCTHKH CHCTEM TEXHUYECKOTO 3pEHHs], aBTOHOMHBIX HaBUT'AIIMOHHBIX CHCTEM OECITMIOTHBIX 00b-
eKkTOoB 1 Jp. OneHKa BO3MOXKHOCTH MPAKTHYECKOTO MPUMEHEHHs pa3pab0TaHHOTO ajJropuTMa OLEHKU-HACHTH()UKAINN
nmapaMeTpoOB ONTHYCCKOTO IMMOTOKA Obl1a IIPOBEACHA B YCIIOBUAX HETAYCCOBCKHUX IMMOMEX M3MEPCHHUA ITYTEM YHCIICHHOT'O
MOACINPOBAHUA. HeCMOTpﬂ Ha Sa)IaHHHﬁ BBICOKHH YPOBEHb MMOMEX U3MEPECHHUA, TOIPEUTHOCTU OLICHKU MHTCHCUBHOCTHU
OIITUYECKOIr0 MOTOKA BO BCEX MPOTECTUPOBAHHBIX KOOPAMHATHBIX TOYKAX OKa3aJIUCh KaK 6BICTpO CXOOAIIMMHUCA K CTa-
IIMOHAPHBIM 3HAYCHUAM, TaK 1 BECbMa MAJIbBIMHU B YCTAHOBUBIIEMCA PEKUME (CZ[I/IHI/IHI)I IMPOLEHTOB OT MAKCUMAJIbLHOT'O
3HAYCHUS UHTCHCHUBHOCTH OIITUYECKOI'O HOTOKa).

Oébcyscoenue. TlonydeHHBIC TaHHBIC MOATBEPKIAIOT, YTO MPEUIOKCHHBIN aNrOpUTM 00JalacT TaKHUMH IpeHUMYyIIe-
CTBaMH TIepe]l H3BECTHBIMHU ITOPUTMAMH 00pa0OTKH ONITHYECKOTO MOTOKA, KAK BO3MOXKHOCTh OLICHUBAHUS HHTCHCHB-
HOCTH ONTHYECKOTO IMOTOKA M UICHTH(PHUKALINHI €r0 ITapaMeTPOB B YCIOBHAX IIOMEX, BEPOSTHOCTHBIC pacIpeaeICHAS KO-
TOPBIX allPHOPH HEU3BECTHHI. EMy MpHUCyIIN BBICOKasi TOYHOCTD U YCTOMYMBOCTD, H OH HE TPEeOYeT OOJBIINX BBIYHCITH-
TENBHBIX 3aTparT.

3axntouenue. TpakTuyeckas 3HAYUMOCTh Pa3pabOTAHHOTO AJITOPUTMA COCTOMT, BO-TIEPBBIX, B BOBMOXKHOCTH BBICOKO-
TOYHON yCTOHYMBOI 00pabOTKH ONTHYECKOTO MTOTOKA B YCIOBUSAX HEONPEISIIEHHOTO BEPOSITHOCTHOTO XapaKTepa MoMex
W3MEpEHUs], BO-BTOPBIX, B BRIYUCIUTEIbHOM 3 (HEeKTUBHOCTH pa3paboTaHHOW NPOLIEAyphI OLICHKH-UACHTUUKALUH. DTO,
B CBOIO 04epe/ib, 00eCIenBaeT ee yCIEeNIHOE HCII0Ib30BaHUE TIPH PEIICHNH 33/1a4 00pabOTKH ONTHYECKOW HHPOpMaIUU
B CUCTEMAaX MAIIMHHOI'O 3pC€HUA, B 3ala4aX HaBUTralluhl aBTOHOMHBIX pO6OTOTeXHI/I‘IeCKI/IX KOMIIJICKCOB, B KOCMHYCCKHX
HCCIICIOBAaHUAX,, TCXHUIECKOHN TUATHOCTHKE U JIp.

KaioueBble c10Ba: ONTHYECKHH TOTOK, MAapaMeTphl ONTHYECKOTO IOTOKA, IIOMEXH H3MEPEHUs, HEONpEeNICHHbIC
BEPOSITHOCTHBIC XapaKTEPUCTHKH, PETYIIIPH3anis, KBaAPAaTUIHBIN KpUTEpUil

BaaronapHocTu. ABTOpB! BBIPXAIOT NPH3HATENHHOCTh 33 IIOMOINL KOJUIETaM, IPEIOCTABHUBIINM aKTYaJIbHYIO
nH(pOpManHIO 10 MPAKTHIECKOMY IPHUMEHEHHIO METOI0B 00pabOTKH ONTHIECKOH HH(YOPMALIH B PA3IHIHBIX 00IaCTIX
HAYKH U TEXHUKH.

s muruposanusi. Cokosno C.B., Mapriakos J1.B., Pemernukora U.B. MneHTndukanys napaMerpoB ONTHYESCKOTO MOTOKA B
CUCTEMaX TEXHUUYECKOTO 3pEHHS] B YCIIOBHSIX TIOMEX H3MEPEHMs C HEU3BECTHBIMH BEPOSTHOCTHBIMHM XapaKTEPUCTUKAMHU.
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Introduction. The rapid adoption of unmanned technologies has driven explosive growth in the global unmanned
aerial vehicle market. Forecasts indicate that it will increase more than triple or quadruple by 2030. For example,
according to GlobalData', the market will grow from $32.2 billion in 2024 to $89.8 billion by 2030. A report from
Research Nester?, in turn, provides an even more significant long-term forecast — growth from $42.39 billion in 2025 to
$191.89 billion by 2035.

At the same time, the adoption of autonomous systems across various industries is increasing by more than 10-20%
annually. Thus, according to Market Report Analytics®, as of January 2026, the market for autonomous agricultural
machinery is growing at a compound annual growth rate (CAGR) of nearly 18.5%, while the segment of autonomous
agricultural robots is showing a growth rate of 18-20%. According to forecasts from Fortune Business Insights and GM
Insights*, the market for automated logistics and autonomous mobile robots in 20252026 will grow by 12.8-17.9%, and
the market for autonomous construction equipment, according to estimates by The Business Research Company?®, will
show a steady CAGR growth of nearly 9.1% by 2026.

Such intensive use of unmanned technologies requires high precision in autonomous navigation systems, in which a
key role is played by estimating the parameters of the video camera own motion [1-3], associated with the linear and
angular velocities of the unmanned object [4, 5]. These parameters are used to determine its position and orientation in
space and to calculate the motion trajectory based on analyzing pixel displacement in the video stream. This provides
independence from external sensors and reference to visual landmarks on the underlying surface (which is critically

! Globaldata. URL: https://www.globaldata.com/store/report/drones-theme-analysis (accessed: 30.01.2026).

2 Research Nester. URL: https://www.researchnester.com/reports/unmanned-acrial-vehicle-market/6364 (accessed: 30.01.2026).

3 Market Report Analytics. URL: https://www.datainsightsmarket.com/reports/autonomous-agriculture-robots-283675 (accessed: 30.01.2026).

4 Fortune Business Insights and GM Insights. URL: https://www.thebusinessresearchcompany.com/report/autonomous-construction-equipment-global-
market-report (accessed: 30.01.2026).

5 Business Research Company. URL: https://www.fortunebusinessinsights.com/logistics-automation-market-105991 (accessed: 30.01.2026).
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important, for example, for the accuracy of hovering and landing), as well as instantaneous response to changes in the
vehicle motion. This is most significant for high-speed objects, where the slightest error in estimating self-motion leads
to a catastrophe. At the same time, the required error in determining optical flow parameters [6, 7] for modern autonomous
objects does not exceed 1-2%. Such accuracy indicators make it possible to maintain the trajectory within acceptable
limits over long distances, perform safe obstacle avoidance at high speed, and achieve a stable position at a single point
in hover mode without using satellite navigation. This demonstrates the reliability of operation under real, rather than
laboratory, conditions.

Achieving this level of accuracy requires advanced algorithms that are robust to various types of noise. In real-world
conditions, however, measurements of optical flow intensity are accompanied by noise with unknown probabilistic
characteristics, which significantly complicates the identification of these parameters, especially under conditions of
artificially induced noise.

Modern approaches to optical flow identification are primarily focused on estimating the velocity vector field under known
noise conditions. Thus, stochastic methods, which include the application of Kalman filters and Bayesian estimates [8, 9],
require apriori knowledge of the noise characteristics, which reduces their practical applicability. Robust methods [10, 11]
account for uncertainty but do not allow for the simultaneous estimation of the intensity and parameters of the velocity field.

Existing monocular methods for estimating the self-motion parameters of a video camera can be conditionally divided
into methods of cartographic analysis of the underlying surface [12] and methods of estimating optical flow parameters
(velocity field) [8].

Cartographic analysis methods involve comparing the current frame and a prior map stored in memory. This requires
preliminary geodetic survey of the terrain and significant computational resources, making them unsuitable for onboard
implementation.

Methods for estimating optical flow parameters are based either on the analysis of image features (for example, identifying
key points or scene edges [13]) or on the analysis of flow parameters across video frames using mathematical models.

The fundamental mathematical expression for constructing algorithms for the estimation and identification of optical
flow and its parameters u, v [2] is the so-called optical flow constraint equation [10]:

g+ug+vg:0, (1)
o Ox Oy

where u(x, y, £), v(x, y, t) — current components of the brightness pattern velocity at point (x, y);
ol(x, y, t) Ol(x,y, 1) Ol(x,y,1)
o’ ox
scanned scene.
The lack of a unique solution to equation (1) with respect to two unknown variables u, v has led to the creation of a
whole range of methods and algorithms that provide the required accuracy only in specific practical situations. Among
them, the most common are:

— partial derivatives of the brightness function 7 (x, y, f) (intensity of the optical flow) of the

— gradient methods, which allow for real-time calculation of the camera motion vector based on the analysis of
intensity gradients in each frame;

— correlation methods, which use a direct search for similar fragments among adjacent frames through a correlation
function or root-mean-square deviation;

— variational methods, based on various assumptions regarding the spatiotemporal dynamics of optical flow intensity.

The basic approach to constructing these algorithms is, as a rule, the introduction of various restrictions imposed on
the dynamics of changes in the intensity of the optical flow of the scanned underlying surface. Thus, for example, the
assumption of equal displacement of all points of the scanned surface, combined with the approximation of the intensity
in the neighborhood of each pixel by a quadratic form, provides the specified accuracy of optical flow parameter
identification for low-speed motion [4]. And the additional introduction of the assumption of constant scene brightness
along the object motion trajectory, using the minimization of the objective functional by the least squares method, allows
for even greater accuracy at small displacements (the Lucas-Kanade method) [3]. A more general assumption is that of
optical flow “smoothness” (the absence of abrupt changes in the velocity field), which provides, with accuracy acceptable
for a wide range of practical applications, the calculation of optical flow based on the so-called energy functional proposed
by Horn and Schunck [2]:

Jz + 7»(|Vu|2 + |Vv|2 )dxdy,

u
v

E(u,v) :I(%—i—VI
° t

where D — domain of existence of variables x, y; V— Hamilton operator; A — regularization parameter.
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But since this method uses optimization algorithms based either on discrete representations of the integral and partial
derivatives, or on the Euler-Lagrange equations with reflecting boundary conditions, the computational costs of such an
approach often prove to be unfeasible for onboard computers [2].

After analyzing the existing methods for estimating optical flow parameters, it can be summarized that their key
disadvantages are, firstly, the large amount of computational costs, which does not allow estimating optical flow
parameters in real time, and, secondly, critical sensitivity to measurement noise of optical flow intensity, which is
inevitable in real navigation systems.

The presence of such problems indicates the lack of a methodological approach capable of solving the problem of
joint stochastic estimation of intensity and identification of optical flow parameters under conditions of unknown noise,
which represents a significant gap in scientific knowledge.

The objective of this work is to solve the problem of simultaneous high-precision estimation of optical flow intensity
and identification of its parameters under conditions of measurement noise with unknown probabilistic characteristics.
The research tasks include:

1) development of an estimation-identification algorithm capable of operating without prior knowledge of the
underlying surface;

2) providing robustness and high accuracy of optical flow parameter estimation under conditions of unknown noise;

3) implementation of a method focused on minimal computational costs, making it suitable for onboard data
processing.

Materials and Methods. The solution to the stated problems is considered in the coordinate system of the video
camera image (x, y). Since the analyzed image is a matrix of pixels, by discretizing the coordinate plane, we obtain the
basic optical flow equation (1) in a discrete form with respect to the scene coordinates:

[ 1 1

Ao not) (x;’tyl’t) :—u(xl,yl,t){—(x;’ijl’t) —0}—v(x1,y1,t){—(x2yl’t) —0}
\y

ol (x1,y5.1) I(xl,yz,t)_v( t)l(xl,yZ,t)—I(xl,yl,t)
ot Ax Ay

[('xl’yi’t) [(xl:yi’t)_l(xllyi—l’t)
Ax Ay

)I(xl,yN,t)
Ax

= —u(xl,yz,t)

—v(xl,yl-,t)

Py :—u(xl,yN,t _V(xlryN’t

ol (x3,y1.1)
ot
al(xz,yz,t)
ot

)[(xz,yl,f)_l(xl’yl’t) ~
Ax
1(xy,92.) =1 (%1, 2,) —v(

=—u(x2,y1,t

=— , Vot
”(xz Y2 ) Ay

; 2

Ay

ol (x5, yy.1)
ot

:—u(xz,yN,t Ay

=—u(xj,y1,t)
I(xj,yi,t)—l(xj,yi,l,t)
Ay

—v(xj,yi,t)

Ax Ay

where j=1,....,N, (x;y;) — coordinates of ij-th point in the adopted coordinate system; /(x;);,f) — current intensity of the
optical flow at ij-th point; Ax, Ay — current intensity of the optical flow at axes Ox, Oy, respectively (pixel sizes of the
scanned scene in the corresponding directions).
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To simplify the subsequent notation, the following designations are introduced:

u(xp,y0) =gy (x0,9,0) = vy I (% y

e Ay

Equation (2) can be represented in vector form:

In the subsequent synthesis of the algorithm for estimating and identifying the optical flow intensity and its parameters,
we use a discrete description of all the above time functions, which is due to the digital nature of information processing
in onboard computers. In this case, the discrete form of equation (3) takes the form:

To simplify further discussion, we denote vector

in the form:
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where [, — value of the intensity vector of the optical flow at the k-th moment of time,; Uy, V; — values of the vectors of
the optical flow parameters at the £-th moment of time; Az — time sampling step.

as &, k=1...N, & = 0, and write the resulting discrete equation
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At each jj- th scanning point, the optical flow intensity is measured with error wy;, whose probabilistic characteristics
(particularly, type of distribution density) are generally unknown. Introducing the measurement noise vector analogously

W to the above:

T
Wk :|W11W12...W1NW21W22..‘WZN ..... WNIWNz...WNN 5

measurement vector Z; of the optical flow intensity /i, captured from the entire scanned scene, is represented as
Zy =1, +W,.

Thus, in the used definitions, the problem of estimating optical flow intensity and identifying its parameters represents
a problem of stochastic estimation and parametric identification of a discrete linear nonstationary system (4) when
observing its state vector under noise conditions with an uncertain probability distribution density.

It is important to note that the application of traditional discrete estimation methods, in particular Kalman filtering, is
impossible here due to, firstly, the presence of an unknown parameter vector &, and, secondly, the uncertainty of the
probabilistic distribution of the measurement noise W [14].

Assuming that in the problem under consideration, the probabilistic distribution of the measurement noise of the optical
flow intensity belongs to the class of distributions with bounded squares due to the limited power of real noise [14], the
estimate of the optical flow intensity 7, with simultaneous determination of the parameter vector &, will be sought as an
estimate that guarantees the highest estimation accuracy in the minimax sense (i.e., the minimum error in the most
unfavorable situation determined by the given class of distribution), selecting the quadratic function as the minimized
objective function: [Z; — 7k]T[Zk —1,]. To provide the robustness of the developed algorithm when forming the criterion for
optimal estimation (1) and identification (&), we use regularizing additive components: a Tikhonov regularization
component based on L, norm — a-élf A&, and a component that takes into account the natural constraint on the continuity of

changes in the parameter vector & over time: ﬁ-AE_,]fAék, AE, =&, —AE,_,, where a, B — are regularization parameters that
provide adaptation to the specific operating conditions of the dynamic system.
In accordance with the above, we formulate the minimax optimality criterion J in the following form:

i :|:Zk _ik:| T':Zk _ikj|+aék—l(ik:ik—l)T - (fkjk—1)+B'A§k—1 (ik:ik—l)T A&y (fk’ik—l)’
A&y (ik)ik—l):ék—l (ik’ik—l)_ék—Z (ik—l’fk—Z)-

For the subsequent definition of the vector function &k_l(7k, 1,,) that determines the current estimate of the intensity

(6))

of the optical flow 7;:
jkzjk—l"'At'D([Ak—l)&k—ls (6)
we differentiate J; (5) with respect to &i1:

d(|z, -1, "z, -1 ; . . L
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Equating the resulting expression to 0, we arrive at the equality:
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from which we determine the desired recurrent vector function &, (,,1, ) :

At
a+f
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a+f
Substituting the found expression &, (/,,/, |) into estimation equation (6), we have:
At?

i =i, +aA_fBD(f“)DT (7is) Ze =25 D (1,4 )D7 (71 ), +

a+p M D(fkfl)gk—z(ikq,fk,z).

a+f
Since the right side of the resulting equation depends on the current estimate, 7,, then for the final determination of 7,
we transform it as follows:
2

[EJraAfBD(iH ))DT (jk—l )]fk =1, +aAiB

D(7ia) D (Fia) 2 D (i i)

Information Technology, Computer Science and Management



https://vestnik-donstu.ru

Sokolov SV, et al. Optical Flow Parameter Identification in Vision Systems ...

where E — identity matrix of dimension N?, from which we finally obtain a stochastic estimate of the intensity of the
optical flow 7;:

2

-1
AtBD(fk_l)DT (i )] {1 +ffBD(ik_l)DT(ik_l)zk +$—$D(ik_l)§k_2(ik_l,ik_z )}, )

jk:(E‘{‘
o+

A

where the identification of the vector of optical flow parameters &, ,(/,,/, ) is carried out in accordance with the

expression:
At
a+p

D" (]Akz)[zkl_ikl]+aiwék3 =82 3

The key advantageous features of the estimation-identification algorithm (7), (8) are, firstly, the ability to construct
the velocity field not only for any part of the image scene but also for the entire scanned scene, and, secondly, the relatively
low computational costs due to the determination of vector recursion instead of implementing multidimensional nonlinear
optimization algorithms in known methods.

The efficiency evaluation of the proposed approach was obtained through a series of numerical experiments with
various nonlinear functions and different values of the mean and variance of the Laplace distribution, whose totality
revealed a consistent trend. As an illustration, we use one of the typical scenarios.

The modeling of the spatiotemporal change in the intensity of the optical flow /(x,y,k) was performed in the coordinate
grid {x:[0;5], y:[0;5]} with a uniform step equal to 0.5, on a time interval of [0;600] seconds with a step of Az = 0.1 in

accordance with the expression:
I(x,3,k) =033¢ 0270277 (05 (0.9kA1) +1) I, ©)

The formation of the measurement noise vector W was performed on the basis of modeling a spatiotemporal random
field described as

G(x,y,k) = (cos (1.3x)cos(0.97y)sin kAt + l)L, ,

where L, — random sequence with a Laplace distribution with zero mean and variance D= (8.7 - 102)* (Im)>.

The optical flow intensity estimation was performed in real time according to algorithm (7) with parallel
implementation of identification procedure (8) for the optical flow parameter vector & at regularization coefficient values
of a=0.033, 3 =0.0017. The accuracy analysis of the estimation-identification algorithm (7), (8) was performed through
comparing the values of the optical flow intensity estimation vector I, and the true optical flow intensity values determined
by expression (9).

Figures 1 and 2 show the graphs of changes in the optical flow parameters u, v, characteristic of the selected
spatiotemporal change in optical flow intensity (9) and presented for the point {x=4, y=3}, while Figures 3 and 4 show
the error graphs when estimating the components of the optical flow intensity vector for two arbitrarily selected points of
the coordinate grid {i,j}: {1,4},{5,2}.

u, m/s

0.1

0 100 200 300 400 500 600 s

Fig. 1. Graph of change in optical flow parameter u
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v, m/s
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Fig. 2. Graph of change in optical flow parameter v
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Fig. 3. Error graph for estimating optical flow intensity at coordinate point {1,4}
8:{5,2}, Im
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Fig. 4. Error graph for estimating optical flow intensity at coordinate point {5,2}

The presented results allow us to conclude that, despite a fairly high level of measurement noise, the errors in
estimating the optical flow intensity at all tested coordinate points turned out to be, firstly, rapidly converging to steady-
state values, and, secondly, very small in the steady-state mode: at point {1,4} — no more than 0.7% of the maximum
value of the optical flow intensity /;, and at point {5,2} — no more than 2,1 %.
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To analyze the computational efficiency of the developed algorithm, a comparative assessment of computational costs
was performed with the Lucas-Kanade method [3], for which the computational costs turned out to be 6.7 times higher.

Research Results. Thus, it can be concluded that the main objective of the work, which consisted in developing a
method to solve the problem of simultaneous stochastic estimation of optical flow intensity and identification of its
parameters under conditions of measurement noise with unknown probabilistic characteristics — a problem not
previously considered in the literature — has been achieved. The basic results of the work are:

— estimation-identification algorithm that implements an integrated approach to estimating optical flow parameters
and differs from previously known ones by its recurrent structure with regularization constraints;

— robust estimates of the optical flow parameters u(x,y,t), v(x,y,t) with an error level not exceeding 2.1% under
conditions of incomplete apriori information and without accurate knowledge of the noise distribution or the
characteristics of the underlying surface;

— efficient algorithmic implementation of the method, providing a reduction in computational resources to 17% (more
than six times) of the costs of known gradient methods.

Discussion. The obtained results confirm the feasibility of applying the method of simultaneous optical flow intensity
estimation and its parameter identification under conditions of unknown noise. The proposed solution provides the
robustness of optical flow parameter estimation even in the absence of accurate information about the probabilistic
characteristics of the noise, which is particularly important in real-world observation conditions where measurement noise
has unknown characteristics and traditional methods prove inapplicable.

The practical significance of the solution is in the absence of any need for preliminary geodetic survey of the terrain and
in ensuring high accuracy and robustness of optical flow parameter estimation under conditions of unknown noise, which is
consistent with the theoretical premises outlined in [10, 11]. The computational efficiency of the proposed algorithm meets
theoretical expectations, and its recurrent structure suggests minimal computational costs. This makes it suitable for on-board
implementation under limited resource conditions, thereby confirming the validity of the proposed approach.

A distinctive feature of the algorithm is the implementation of a minimax optimality criterion, which provides the
highest estimation accuracy in the most adverse situation determined by a given class of noise distribution. An important
element is the use of Tikhonov regularization and consideration of constraints on the continuity of the parameter vector
variation over time, which allows the algorithm to adapt to changing observation conditions. Moreover, the use of these
regularizing components and constraints on the continuity of parameter variation requires the selection and preliminary
estimation of regularization coefficients, which may somewhat increase the computational costs.

Conclusion. The conducted numerical experiments with various nonlinear functions, different values of the mean and
variance of the Laplace distribution, including the special case described in the paper with fixed noise conditions and a
limited number of points practically demonstrate the consistency of the proposed concept. Prospects for further research
in this area include testing the proposed solutions on real datasets [15], extending the algorithm synthesis framework for
practical implementation in specific autonomous navigation systems requiring high-precision and robust estimation of
optical flow parameters, including space exploration, machine vision [16], and technical diagnostics.
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