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Abstract—The paper considers the problem of establishing correspondences between images based on the
analysis of local structural features. A stochastic model for establishing correspondences between images is
proposed in this study. The model is based on the statistical representation of keypoint descriptors and the
use of probabilistic criteria for evaluating their similarity. Within the proposed approach, descriptors are
considered as random feature vectors characterized by specific statistical parameters. Descriptor
comparison is performed using a statistical similarity measure that accounts for the variability and
distribution of features. To describe the geometric relationship between corresponding points of the images,
a spatial transformation model is introduced. The parameters of this transformation are estimated using a
likelihood-based approach. Within the stochastic framework, the alignment errors between corresponding
points are treated as random variables, which allows the parameter estimation process to be formulated as
a statistical optimization problem. The developed mathematical framework provides a formal representation
of the image correspondence estimation process and enables parameter estimation using maximum
likelihood or maximum a posteriori criteria. The modeling results demonstrate that the use of a stochastic
approach improves the robustness of the correspondence estimation procedure under noise and other
destabilizing factors. The obtained results confirm the feasibility of applying stochastic models to image
analysis tasks and can be used in computer vision systems, automated video analysis, and other applied
information systems.

Keywords—Computer vision, stochastic model, keypoints, image descriptors, feature matching, statistic

analysis.
I. INTRODUCTION

In modern image processing information systems,
one of the key tasks is establishing correspondence
between structural elements of different images of a
scene. This problem arises in a wide range of
application areas, including image registration, scene
change  analysis, three-dimensional model
reconstruction, machine vision systems, and
automated video data analysis. Most existing
methods are based on identifying correspondences
between keypoints or local features that characterise
the structure of an image.

However, the process of  establishing
correspondences in real-world conditions is
complicated by the presence of noise, illumination
variations, geometric distortions, scale changes, and
partial occlusions of the scene. Under such
conditions, descriptors of local features may vary
significantly, which reduces the effectiveness of
deterministic comparison methods. Therefore, there
is a need for approaches that take into account the
stochastic nature of feature formation and the
uncertainty involved in the comparison process.

One promising direction for solving this problem
is the use of probabilistic models that describe image
descriptors as random variables and evaluate their
correspondence by considering statistical
characteristics. Such an approach improves the
robustness of correspondence estimation algorithms
to noise and other destabilising factors.

Despite the large number of existing methods for
comparing local features, the problem of formalising
the correspondence estimation process within a
unified stochastic framework remains relevant. In
particular, it is important to develop a mathematical
apparatus that allows the statistical properties of
descriptors, geometric transformations between
images, and matching errors to be taken into account.

In this regard, the aim of this study is to develop a
stochastic model for establishing correspondence
between images based on the statistical representation
of keypoint descriptors and the estimation of spatial
transformation parameters between images.

Il. LITERATURE ANALYSIS

The rapid development of intelligent information
systems, computer vision methods, cybersecurity
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technologies, and stochastic data processing
approaches has led to the emergence of a wide range
of studies devoted to mathematical support for
decision-making, recognition, classification, and
secure data transmission. At the same time, the
problem of constructing formalized models capable
of ensuring robust correspondence estimation under
uncertainty remains relevant.

The general mathematical foundation for the
development of decision-support and intelligent
analysis systems is presented in the monograph [1],
where considerable attention is paid to mathematical
support, formalization principles, and model-based
decision-making in complex systems. This work
forms the conceptual basis for further development
of probabilistic and stochastic approaches to data
analysis.

A significant contribution to the assessment of
complex organizational and technical systems was
made in [2], [3], where a methodological approach
to condition assessment was developed. These
studies demonstrate the feasibility of combining
formalized indicators, multi-parameter evaluation,
and structured analysis in conditions of uncertainty.
In a related direction, global optimization and
population-based search procedures were studied in
[4], where a solution search method using a

population algorithm was proposed. Such
approaches are important when considering
parameter estimation problems in  complex

multidimensional models.

A separate group of studies is devoted to the
reliability and security of critical information
infrastructures. In article [5], an FMECA-based
assessment of aviation critical information
infrastructure importance was carried out, which
confirmed the effectiveness of structured risk-based
analysis. Threat management for critical information
infrastructure facilities was further developed in [6],
while a method for determining the cybersecurity
level of state critical information infrastructure was
proposed in [7]. These works emphasize the
importance of formal models for the analysis of
complex systems operating under destabilizing
influences.

Modern studies also actively investigate machine
learning and neural-network-based approaches. In
article [8], machine learning algorithms for intrusion
detection in 5G and beyond maobile networks were
analyzed, confirming the practical value of adaptive
data-driven models. One of the classical foundations
for sequence modeling is the work of Sutskever,
Vinyals, and Le [9], where sequence learning with
neural networks was presented. These results

illustrate the potential of probabilistic and neural
methods for extracting informative dependencies
from complex data.

A number of studies address information
protection and cryptographic methods. In article
[10], ECC and RSA algorithms combined with DNA
encoding were compared for loT security
applications. Integrated photonic technologies for
QKD and QRNG were investigated in [11], and
neural cryptography based on complex-valued
neural networks was proposed in [12]. In turn, [13]
analyzed the transition from continuous-time chaotic
systems to pseudorandom number generators. These
works confirm the growing role of stochastic and
probabilistic mechanisms in secure information
processing.

The application of intelligent analysis methods to
classification problems was considered in [14],
where a scalar metric for choosing a classification
algorithm in machine learning tasks was proposed.
In the context of UAV-related data protection, [15]
analyzed methods for ensuring the confidentiality of
data transmitted from unmanned aerial vehicles.
This study is particularly important because it
highlights the need to combine data processing
efficiency with robustness and reliability under real
transmission conditions.

Thus, the analysis of the literature shows that the
existing studies mainly focus either on mathematical
support for decision-making in complex systems, or
on optimization, cybersecurity, and machine
learning methods. However, the issue of
constructing a unified stochastic model for robust
correspondence estimation based on statistical
representation of descriptors and probabilistic
evaluation of matching quality remains insufficiently
studied. This determines the relevance of further
research aimed at developing a mathematical
apparatus for correspondence analysis under
uncertainty.

I1l. PROBLEM STATEMENT

In  computer vision tasks, establishing
correspondence  between images is typically
performed based on the analysis of local features that
describe the structure of an image. The most widely
used approach involves the use of keypoints and their
descriptors, which represent the local neighbourhood
of a point in the form of a feature vector.

Keypoints are detected wusing specialised
detection algorithms that ensure invariance to scale
and geometric transformations.

For each detected point, a descriptor is
constructed that contains numerical characteristics
describing the local structure of the image.
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Comparison of descriptors makes it possible to
determine potential correspondences between points
in different images.

However, under real-world conditions, descriptor
values may vary due to various factors such as
sensor noise, illumination changes, or image
deformations. As a result, descriptors can be treated
as random vectors characterised by specific
statistical properties.

The use of stochastic models allows descriptors
to be described using probability distributions and
enables the degree of similarity between them to be
evaluated based on statistical criteria.

Such an approach makes it possible to formalise
the uncertainty in the feature comparison process
and to increase the reliability of establishing
correspondences between images.

In addition, establishing correspondence between
images requires taking into account the geometric
relationship  between  the  coordinates  of
corresponding points.

To  describe this  relationship,  spatial
transformation models are used, which make it
possible to estimate the transformation parameters
between image coordinate systems.

The problem of image correspondence estimation
is formulated as determining a mapping between
keypoints of two images and estimating the
parameters of spatial transformation under
uncertainty. Descriptors are represented as random
variables with statistical parameters:

d ~N(w.%).

The matching error
points is defined as:

& =Y, —-T(x).

The optimal correspondence and transformation
parameters are determined by maximizing the
likelihood function:

(C',T")=argmaxL.

IVV. ELEMENTS OF THE METHODOLOGICAL
FRAMEWORK

between corresponding

The proposed approach to establishing
correspondence between images is based on the
stochastic representation of keypoint descriptors and
the use of statistical criteria to evaluate their
similarity.

At the initial stage, two images of a scene are
considered — a reference image and a current image.
For each image, a keypoint detection procedure is

performed, resulting in sets of local structural
elements.

For each keypoint, a descriptor is constructed that
describes the local characteristics of the image in the
corresponding neighbourhood. Within the proposed
approach, descriptors are treated as random vectors,
which makes it possible to take into account the
statistical nature of their formation.

To describe the statistical properties of
descriptors, a multidimensional probabilistic model
is employed, the parameters of which are the mean
vector and the covariance matrix. This makes it
possible to account for correlation dependencies
between individual components of the descriptor.

Descriptor comparison is performed using a
statistical similarity measure that takes into account
the covariance structure of the random vectors.
Based on the obtained similarity values, a set of
potential correspondences between the keypoints of
the two images is formed.

To incorporate the geometric relationship
between images, a spatial transformation model is
introduced, describing the relationship between the
coordinates of corresponding points in different
images. The parameters of this transformation are
estimated based on the analysis of the obtained
correspondences.

Within the stochastic framework, matching errors
between corresponding points are treated as random
variables. This makes it possible to construct a
likelihood function that characterises the probability
of observing a given set of correspondences under
specific model parameters.

Optimal parameter values are determined by
maximising the likelihood function or its logarithmic
form. If prior information about the model parameters
is available, a Bayesian approach may be applied,
which involves maximising the posterior probability.

Based on the presented theoretical principles, the
process of establishing correspondence between
images can be formalised as a stochastic
mathematical model.

The proposed model describes the statistical
properties of keypoint descriptors, the geometric
transformation between images, and the matching
errors of corresponding points.

The mathematical framework of the model is
based on the use of multidimensional probability
distributions, statistical similarity measures, and
parameter estimation methods based on the
maximum likelihood criterion.

Step 1. Input data and observation area. The
reference and current images and the analysis area
are specified:
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Step 2. Key point detection. Sets of key points
are formed in the corresponding images:

P :{pir}inzl’
pP* :{p(j:}T:l’
P p? e Q.

Step 3. Stochastic formation of descriptors. For
each point, a descriptor is formed as a random vector:

x TR, X?TR" .
Step 4. Parametric covariance model of
descriptors. Descriptors are modelled by a
multidimensional ~ normal  distribution  with

covariance:
X ~ N Z), Xj~N(u,Z5).

Step 5. Normalisation and invariant
representation. A mapping to invariant space is
introduced (generalised):

i =9(x), z;=9(x)),

Step 6. Probabilistic measure of descriptor
similarity. A statistical distance is introduced, taking
into account covariances:

zi’,zj?ele.

Aij = “ir - P«ij
S; =Zi +Z5,
Pij = AiTj Si;lAij'

Step 7. Formation of a set of correspondences. The
rule for assigning correspondences is determined:

n(i) =argmin ity Pij
C={(@,=@i)li=1...,n}

Step 8. Model of spatial transformation. A

projective  transformation in  homogeneous
coordinates is introduced:
=r pir =C p‘]: =C = 3x3
= . Pi= : ~Hp', HeR
P { 1 } P; { 1 } Y Y

Step 9. Stochastic model of matching error. A
mismatch vector is specified for each match and its
distribution:

e =P, —0(HP), e eR? e~N(OR)

Step 10. Plausibility function. The plausibility of
a set of correspondences is constructed according to
the parameter H :

L(H) =1_l[exp(—%eiT Ri‘leij.

Step 11. Optimisation (MLE) in log form.
Estimation H as a solution to the log-likelihood
maximisation problem (equivalent to minimising a
quadratic functional):

H =argmax,, log £(H) =argmin,, > e R..
i=1
Step 12. Optimisation (MAP) with prior
information. If there is a prior distribution of
parameters, a MAP estimate is introduced:

H =argmax,, (log £(H) +log p(H)).

Step 13. Integrated scene matching criterion. An
aggregated matching index based on the optimised is
introduced H .

1 n
J==>e'R,.
Nz

Step 14. Decision rule. Decision on scene
compliance through the threshold:

§=1(J <1).

The resulting mathematical model formalises the
process of establishing correspondence between
images based on stochastic representation of key
point descriptors and statistical estimation of
geometric  transformation  parameters.  Unlike
deterministic approaches to descriptor comparison,
the proposed model allows for the random nature of
local image features and the uncertainty that arises
when comparing them.

V. PROSPECTIVE ISSUES OF THE THEORY AND
PRACTICE OF AMS DESIGN

The wuse of a multidimensional statistical
representation  of  descriptors  enables  the
consideration of correlation dependencies between
their components, thereby improving the accuracy of
similarity estimation for local structures. The
introduction of a covariance-based descriptor model
allows the application of statistical distance
measures that are more robust to illumination
variations, sensor noise, and other factors
influencing feature formation.

Figure 1 illustrates the dependence of the
correspondence criterion value on the noise level in
the input data. The results show that the stochastic
model provides more stable criterion values
compared with the deterministic approach.
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Figure 2 illustrates the dependence of the
probability of correct correspondence estimation on
the noise level. As shown in the graph, the proposed
stochastic model provides a higher probability of
correctly identifying corresponding points.

Figure 3 presents the surface of the logarithmic
likelihood function of the stochastic image
correspondence model in the space of the estimated
parameters. The presence of a pronounced global
maximum indicates the possibility of uniquely
determining the transformation parameters that
provide the best alignment between the
corresponding structural elements of the images.

The shape of the obtained surface demonstrates
the sensitivity of the model to parameter variations
and confirms the feasibility of using a probabilistic
optimisation criterion. Local irregularities of the
surface reflect the influence of feature variability
and matching errors, while the global maximum
determines the most probable correspondence
configuration.

Quantitative evaluation of the proposed approach
was performed using the following metrics:
probability of correct correspondence P_correct,
mean matching error E, stability of the likelihood
function.

For noise variance o> = 0.01: P_correct = 0.92
(stochastic) vs 0.78 (deterministic).

For 62=0.05: P_correct = 0.85 vs 0.61.

For 62=0.1: P_correct = 0.76 vs 0.48.

104 ’\
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Fig. 1. Comparison of deterministic and stochastic
conformity criteria
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Fig. 2. Dependence of the probability of correct matching
on the noise level

@ Optimal estimate

-
Log-likelihood

Fig. 3. 3D surface of the logarithmic likelihood function

Mean matching error: E = 1.8 px (stochastic) vs
3.2 px (deterministic).

The proposed stochastic model demonstrates a
15-30% improvement in correspondence accuracy
under noise conditions.

The analysis of the obtained dependencies
indicates that the use of a stochastic representation
of descriptors makes it possible to significantly
reduce the sensitivity of the correspondence
estimation procedure to random distortions in the
input data. In contrast to deterministic feature
comparison, which demonstrates a sharp degradation
in performance as the noise level increases, the
stochastic model provides a smoother variation of
the correspondence criterion value.

The obtained graphs demonstrate that taking into
account the statistical characteristics of descriptors
allows a more accurate evaluation of the similarity
between local image structures. Within the proposed
approach, feature comparison is performed not only
based on the values of their components but also by
considering their covariance structure, which
increases the reliability of correspondence
estimation under challenging observation conditions.

In addition, the simulation results confirm that the
use of a probabilistic matching function stabilises the
procedure for estimating the parameters of the
geometric transformation between images.

This indicates the feasibility of applying
stochastic models in correspondence estimation
problems where classical deterministic criteria show
insufficient robustness to random variations of
features.

VI. CONCLUSIONS

In this study, the effectiveness of the stochastic
approach to image correspondence estimation has
been investigated under conditions of uncertainty
and noise. The obtained results demonstrate that
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taking into account the statistical properties of
descriptors significantly improves the stability of the
matching procedure compared to deterministic
methods.

The analysis of the modelling results shows that
the proposed approach ensures a higher probability
of correct correspondence detection and reduces the
sensitivity of the matching process to distortions
caused by noise, illumination changes, and
geometric transformations.

In particular, the use of covariance-based
descriptor representation allows more accurate
similarity evaluation by incorporating correlations
between descriptor components.

It has been established that the application of a
probabilistic similarity measure and likelihood-
based optimisation provides a more reliable
estimation of spatial transformation parameters, as
confirmed by the behaviour of the likelihood
function and the presence of a stable global
optimum.

The proposed approach can be effectively applied
in computer vision systems that operate under
uncertain conditions, including image registration,
video analysis, and scene reconstruction tasks,
where robustness to noise and variability of input
data is critical.

Further research should be aimed at extending
the proposed model to dynamic scenes, integrating it
with machine learning methods, and improving
computational efficiency for real-time applications.
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JI. T'. FOaina. CroxacTH4Ha MoJieJIb BCTAHOBJICHHS BiANOBIAHOCTI MiXk 300pakeHHSIMH HA OCHOBI CTATHCTHYHOI O
aHaJIi3y AeCKpUITOPiB

Y po0oTi 3ampoIOHOBAHO CTOXACTHYHY MOJICIh BCTAHOBJICHHS BiIMOBIIHOCTI MiXK 300pa)KCHHSAMHU, sika 0a3yeThCs Ha
CTATUCTUYHOMY TIPEACTABJICHHI JECKPHUNTOPIB KIFOYOBHX TOYOK Ta BHKOPHCTAHHI WMOBIpHICHUX KpHUTEpiiB
OI[IHIOBAHHSI X MOJIOHOCTI. Y paMKax 3ampOrOHOBAHOTO MiX01Y AECKPHIITOPH PO3TISAAIOTHCS SK BUMAJAKOBI BEKTOPH
O3HaK, 1o XapaKTEepU3yrOTbCA IIEBHUMU CTaTUCTUYHUMMU napaMeTpamMmu. ]1.]'[5[ onucy ix BJIACTUBOCTEMN
BUKOPUCTOBYETHLCS OaraToBUMipHa MOBIpHICHa MOJIENb, IO JIO3BOJISIE BPaXOBYBATH KOBapialliiiHy CTPYKTYpPY O3HaK Ta
KOPEJISILIMHI 3aJIe)KHOCTI MiXK KOMIIOHEHTaMH JecKpunTopa. [IOopiBHSHHS JECKpUNTOPIB 3IIMCHIOEThCS HAa OCHOBI
CTATHCTHYHOI MipH MOAIOHOCTI, sIKa BPaxOBYE BapiaTUBHICTh O3HAK Ta 1X po3nofi. [[is onucy reoMeTpuuHOro 3B’ 3Ky
MDK BIZMOBITHUMH TOYKaMHU 300paK€Hb BUKOPHUCTOBYETHCS MOJENb MPOCTOPOBOTO IMEPETBOPEHHS, IMapaMeTpH SKOi
OLIIHIOIOTHCS HA OCHOBI (DyHKIIi NpaBAonogiOHoCTi. Y paMKax CTOXAaCTUYHOTO MiJXOJY MOXHUOKH Y3TOMKEHHS MiX
BIJIMOBITHUMH TOYKAMH PO3TJISIAIOTHCS SIK BUIIQJKOBI BETMYWHM, 10 J03BOJsIE (hopMali3yBaTH MPOLIEC OI[IHIOBAHHS
rnapamerpiB Mojeni SK 3ajady CTATHCTHMYHOI ONTHMi3auii. 3anmponoHOBaHMH MaTeMaTHYHUI amapar JJ03BOJISIE
(opMaizyBaTi MpoIeC BCTAHOBJICHHS BiJIOBIIHOCTI MiX 300pa)KCHHSIMHU Ta 3a0e3reuye MOXKJIHMBICTh OI[IHIOBAHHS
rnapamerpiB MoOJeJl Ha OCHOBI KpPHUTEPiIl0 MaKCHMAaJIBbHOI MpPaBIONOMIOHOCTI abo amocTepiopHoi HMOBIPHOCTI.
Pe3ynbTaTi MOZENIOBaHHS AEMOHCTPYIOTh, 110 BUKOPUCTAHHS CTOXaCTMYHOIO MiJXOMY JO3BOJISE MiABULIUTH CTIHKICTh
MPOLIEAAYPH BCTAHOBJICHHS BIJIOBIHOCTEH 10 HIyMiB Ta IHIIMX AecTabinizytouux QakropiB. OTpumani pe3ynbraTu
MATBEPAXKYIOTh JOUUIBHICTh BUKOPUCTAHHS CTOXAaCTUYHUX MOJEJIeH y 3ajadax aHaiizy 300pa)KeHb Ta MOXYTbh OyTH
BUKOPHCTaHI Yy CHCTEMax KOMII'IOTEPHOrO 30py, aBTOMATH30BAHOI'O aHAJI3y BIJICOJAHMX Ta IHIIMX TMPHKIATHUX
iHpOpMAaIIHHIX CUCTEMAX.

KoarouoBi ciioBa: koM 10TepHHI 3ip, CTOXaCTHYHA MOJIENb, KIIFOUOBI TOYKH, IECKPUNTOPH 300paKeHb, BCTAHOBJICHHS
BIAIIOBIIHOCTEHN, CTATUCTUYHUI aHAII3.
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