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Abstract. This paper presents an empirical investigation of adequacy criteria used for
evaluating image recognition methods based on artificially generated families of images.
The study aims to analyze the reproducibility, robustness, and interpretability of these
evaluation criteria within a strictly controlled computational experiment involving
predefined distortion parameters and systematically generated image transformations.
Artificial image families are constructed through sector-based partitioning of national
emblem images, followed by linearization and feature extraction using the continuous
wavelet transform. This procedure preserves the essential spatial and structural properties
of the images while enabling the construction of a consistent feature representation suitable
for quantitative analysis. Each image is subsequently transformed into a one-dimensional
signal representation, allowing the application of signal analysis techniques and enabling
systematic computation of similarity measures in the wavelet feature space. Euclidean
distances between feature vectors are used to construct distance matrices that form the basis
for quantitative analysis of recognition performance, algorithm stability, and localized
structural correspondence between images. The use of artificial image families makes it
possible to investigate the behavior of recognition methods under controlled structural
distortions and to analyze the sensitivity of evaluation criteria to systematic variations in
input data. Experimental results obtained for several artificial image families demonstrate
that the proposed evaluation framework consistently identifies structurally coherent
correspondences, adequately reflects the influence of controlled distortions, and reveals
limitations of conventional global similarity measures that rely solely on holistic
comparison of images. The study confirms the applicability of the considered adequacy
criteria to a new class of structurally complex images and demonstrates their reproducibility
across different experimental configurations. The results also indicate that the proposed
evaluation framework can serve as a reliable and interpretable tool for systematic and
objective assessment of image recognition methods in controlled experimental settings.
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1. Introduction

In image recognition tasks, one of the key and still unresolved challenges is
the objective assessment of the adequacy of the algorithms employed. Despite the
rapid development of machine learning and computer vision techniques [2, 4], the
problem of obtaining a reliable and reproducible evaluation of algorithm behavior
under varying conditions remains insufficiently formalized. In most studies, the
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performance of recognition methods is assessed using integral metrics such as
accuracy, sensitivity, and recall. Although these indicators characterize the final
classification results, they do not always provide insight into the internal behavior
of algorithms when input data undergo systematic transformations [12, 6, 1]. In
particular, such metrics typically reflect only the final performance of a method
and provide limited information about the stability of algorithms under controlled
geometric or structural modifications of input images. In order to address this
limitation, a set of formalized adequacy criteria for evaluating recognition methods
was proposed in [11]. These criteria are based on the analysis of artificially
generated families of signals and images and make it possible to investigate how
distances between patterns evolve in feature space when reference images undergo
sequential spatial displacements. The proposed criteria characterize several
important aspects of algorithm behavior, including the uniformity of distance
variation, sensitivity to perturbations, convergence dynamics, and overall stability
of recognition procedures. This approach enables a transition from predominantly
heuristic performance assessment toward a quantitatively justified analysis of
recognition algorithms under controlled distortions.

Previous studies have demonstrated the practical applicability of these
criteria in the analysis of recognition methods based on dynamic time warping,
wavelet transform, and Fourier transform [9, 7, 3]. The obtained results confirmed
that the proposed criteria can be used for the comparative evaluation of algorithms
of different nature and computational principles. However, the question of their
universali_This discrepancy indicates that the employed global comparison
procedurety and robustness when applied to different feature extraction strategies,
data representation schemes, and image classes remains open [5]. In particular, it is
still unclear whether these criteria retain their informativeness when applied to
images characterized by complex spatial structures and pronounced symmetry.

In the present work, an additional empirical verification of the adequacy
criteria is performed using a new artificial family of images constructed from
national emblem images. This class of objects was selected due to its high
structural complexity, the presence of both central and axial symmetry, and the
hierarchical organization of graphical elements. Such properties make national
emblems a convenient model for studying the sensitivity of recognition algorithms
to both local and global structural changes.

Unlike most existing studies that focus primarily on comparing specific
recognition algorithms, the emphasis of the present work is placed on the
reproducibility and robustness of the evaluation criteria themselves. Thus, the
object of investigation is not the efficiency of a particular recognition method but
the validity and universality of the evaluation framework used to analyze algorithm
behavior. Continuous wavelet transform is employed to construct feature
representations of images; however, within the context of this study it is treated
solely as a data processing tool that allows the extraction of informative features
rather than as a subject of comparative methodological analysis.

The experimental investigation is conducted using artificially generated
image series obtained through controlled spatial displacements of reference
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patterns. Such an approach ensures strict regulation of experimental conditions,
reproducibility of results, and the possibility of systematic analysis of adequacy
criteria under predefined distortions. Particular attention is devoted to examining
the behavior of the proposed criteria when varying the parameters used to construct
artificial image series, as well as the structural properties of the images and the
characteristics of the feature space.

The objective of this study is to perform an extended empirical validation of
adequacy criteria for image recognition methods using an artificial family of
national emblem images and continuous wavelet transform as a feature extraction
tool [9]. The scientific novelty of the work lies in the systematic experimental
verification of the universality and reproducibility of adequacy criteria on a new
class of structurally complex images. In addition, the study identifies the conditions
under which these criteria preserve their informativeness, interpretability, and
stability when the parameters of image representation and feature extraction are
varied [8].

2. Problem formulation

In the present study, the analysis of the adequacy of image recognition
methods is based on a system of formalized evaluation criteria that have been
previously proposed and experimentally validated in a number of studies. These
criteria are designed to provide a quantitative characterization of the behavior of
recognition algorithms when analyzing artificially generated families of signals and
images. Their use makes it possible to study how recognition methods respond to
controlled structural transformations of reference patterns and to assess the stability
of similarity measures in feature space.

Let an artificial family of signals S={si, S, ..., Sn} be given, constructed by
successive spatial displacements of a reference signal s, with a fixed step size h.
Denote by Di(s;, s;) the Euclidean distance between signals s; and s;, computed
using the k-th recognition method, where k=1, 2, ..., K is the index of the method.
For each signal s;, the distance to the reference signal s, is defined as
d® =D(s,,s,), i=L..,N,. Based on this notation, the following adequacy
evaluation criteria are introduced [6].

Criterion (Cy) (uniformity). The uniformity criterion reflects the requirement
that distances from the reference signal increase monotonically and in a regular
manner as the signals move away within the artificial family. Formally, a sequence
of increments is introduced

AD =d® —d® =1, N, -1. (1)

i i+l i

The mean value of the increments is defined as

TG T SN 2
AV = > AL, (2)

s L=
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The degree of uniformity is then estimated using the standard deviation

® I a0 R0\
O'c1 = mZ(AI —-A ) . (3)

i=1

Smaller values of this measure correspond to higher adequacy of the
recognition method with respect to criterion C;.

Criterion (C,) (symmetry). The symmetry criterion characterizes the
consistency of distances to neighboring signals within the artificial family. For
each internal element of the family, the following ratio is defined

pto _ Bil(Si8ia)

A ,i=2,..,N, 1. (4)
Dk (Silsi—l)
The average value of the ratio is
T Nf r®, (5)
N,-2"
The maximum deviation is
G, = max | -7 | (6)

Criterion C; is considered satisfied if the obtained values r® are close to
unity.

Criterion (Cs) (convergence rate). The convergence rate criterion reflects the
speed at which distances decrease as the signals approach the reference pattern. A
relative change indicator is introduced

i —d .
TR L ()

i+1

The average convergence rate is defined as
goo -1 > vl 8)
N L I

The standard deviation is

s

* 1 X5 (0 ot
ch = mZ(VI -V ) . (9)

i=1

Smaller values of this measure indicate a more stable convergence process
and, consequently, higher adequacy of the recognition method.
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Criterion (C4) (sensitivity). The sensitivity criterion characterizes the
robustness of recognition methods with respect to variations in the displacement
step size. Two artificial families of signals constructed with step sizes h;and h,
where h;<h,, are considered.

For each criterion C,, I=1, 2, 3, the following ratio is introduced

S % | (10)

where G, (h) denotes the deviation measure of the I-th criterion computed for step
size h. The generalized sensitivity coefficient is defined as

U, :Zg“u,k . (1)

A recognition method is considered to satisfy criterion C,, if the values uy do
not decrease when the displacement step size increases.

These criteria jointly capture complementary aspects of recognition
algorithm  behavior, including distance regularity, structural symmetry,
convergence dynamics, and sensitivity to controlled perturbations in the input data.

The objective of the present study is to empirically verify the robustness and
reproducibility of criteria C;—C,4 using a new artificial family of images constructed
from national emblems. To achieve this objective, the following tasks are
performed:

1. construction of artificial image series with predefined displacement parameters;
extraction of their feature representations;
computation of distances Dy;
evaluation of indicators (1)—(11);
analysis of the compliance of recognition methods with criteria C,—C,.

The obtained results are subsequently used to assess the universality of the
proposed adequacy criteria under new experimental conditions.

gagrwn

3. Empirical Validation of Adequacy Criteria Using Artificial Image
Families

In the present study, a truncated image of the State Emblem of the Republic
of Azerbaijan, denoted by lo, is used as the object of recognition (Fig. 1). The
truncation of the original emblem introduces partial structural distortions, which
makes the image suitable as a test case for evaluating the robustness of recognition
methods under incomplete structural information.

As a reference database, the set

Bz{ll, |2, Ceey Ig},

is used. This set consists of full, undistorted images of national emblems from
different countries. In particular, the element I, corresponds to the complete image
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of the State Emblem of the Republic of Azerbaijan and is used as the primary
reference pattern.

The reference image set B, illustrated in Fig. 2, serves as the basis for
constructing artificial image families and for performing subsequent comparative
analysis.
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Fig. 1. Truncated image of the State Emblem of the Republic of Azerbaijan I,.
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Fig. 2. Reference image set B={ly, I,, ..., lg}.
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0

The objective of the recognition procedure is to determine the degree of
similarity between the image o and each element of the reference database I;, j=1,
..., 9, using wavelet-based feature analysis. After preprocessing, wavelet
transformation, and feature vector construction for the image 1o and each reference
image 1, Euclidean distances between the corresponding feature vectors are
computed.

Based on these values, a distance matrix

D={D(l;, 1)} (i,j=0, 1, ..., 9),

is constructed, where D(l;, I;) characterizes the degree of similarity between images
li and I; represented in the wavelet feature space. The diagonal elements of the
matrix are equal to zero and correspond to the distance of an image to itself. The
remaining elements reflect the relative similarity between the query image I, and
the reference images.

The resulting distance matrix is presented in Table 1.
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Table 1. Relative similarity measures between image I, and reference images |;

(<10%

lo I P I3 I 5 ls I; Ig lg

0 215 291 279 |277 (218 |164 201 |241 |249
215 |0 291 279 |[277 [218 |164 201 [241 |249
215 1291 |0 279 277 218 164 201 241 |249
215 (291 279 |0 277 1218 |[164 201 [241 |249
215 291 279 277 |0 218 164 |201 |241 |249
215 291 279 |277 218 |0 164 201 241 |249
215 291 279 |277 (218 |164 |0 201 241 |249
215 291 279 |277 218 |164 |[201 |0 241 | 249
215 291 279 |277 218 |164 [201 (241 |O 2.49
215 291 279 |277 (218 |164 (201 |[241 (249 |0

In practice, it is sufficient to consider only the first row of the matrix, which
will be used in the subsequent analysis. The presented distance matrix is symmetric
because the Euclidean metric is employed, for which D(l;, 1))=D(l;, I;). In fact, the
matrix is constructed from the base distance vector

d = {D(lo, 1), D(lp, 12), ..., D(lo, 10)},
while the remaining elements are obtained by symmetric reflection of this vector
with respect to the main diagonal.

According to Table 1, the minimum distance from image |, is achieved for
image ls and equals D(lo, lg)=1.64x10°. This value is significantly smaller than the
remaining elements of the distance vector d.

Thus, within the adopted global similarity measure, image Il appears to be
the closest match to the query image l,. However, visual inspection of the
corresponding images reveals the absence of pronounced structural correspondence
between I, and lg. This discrepancy indicates that the employed global comparison
procedure may in certain cases be insufficiently sensitive to semantically
significant structural elements of images. Similar limitations of global similarity
measures have been discussed in the literature on image quality assessment and
structural similarity metrics [12].

To overcome this limitation, an alternative matching approach is introduced
that takes into account the spatial organization of structural components. For this
purpose, each reference image is partitioned into ten non-overlapping sectors with
respect to its geometric center. Such partitioning enables the transition from global
comparison to local analysis of spatially aligned regions and allows a more
sensitive comparison of structural elements.

As an initial example, the reference image |, is selected. Partitioning this
image into sectors generates an artificial family of shifted images Fi={F11, F12, ...,
F110}, illustrated in Fig. 3.
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Fig. 3. Artificial image family Fi={F 1, F1,, ..., F110}-

The images of the family F; are first normalized and segmented. For each
segment, a local feature is computed to form a reduced two-dimensional
representation. The resulting feature matrices are then linearized according to a
fixed rule, transforming each image into a corresponding one-dimensional signal
representation.

The obtained family of one-dimensional signals S;={Si1, S12, ..., S110}
shown in Fig. 4, is used for subsequent wavelet analysis and for evaluating
adequacy criteria C—C,.
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Fig. 4. Family of one-dimensional signals S;={S1 1, S1, ..., S1.10} corresponding to
F.

The Euclidean distances between the feature vector of the one-dimensional
representation s, of image lo and the signals from the set S; are summarized in
Table 2.

Table 2. Similarity measures between image |, and images Fyx (k=1-10)

So S11 S12 S13 S14 S15 S16 S17 S1s S19
336.1 | 339.3 | 301.3 | 177.8 176.8 | 2249 | 256.4 | 253.7
0.00 5 3 5 6 0.00 4 6 7 4

From Table 2 it can be observed that the minimal distance corresponds to
image F; s, which is consistent with visual inspection.

In a similar manner, using the reference image |,, another artificial image
family F={F,1, F2, ..., Fa10} is constructed (Fig. 5). After linearization of the
images F,y, k=1, 2, ..., 10, this family is transformed into the corresponding set of
one-dimensional signals S;={s,1, S22, ..., S2.10} Shown in Fig. 6.
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Fig. 5. Artificial image family F,={F,1, F2,, ..., F210}.
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Fig. 6. Family of one-dimensional signals S,={S,1, S22, ..., S2.10}, corresponding to

F,.

The Euclidean distances between the signal s and the elements of the set S,
are presented in Table 3.

Table 3. Similarity measures between image 1, and images F,

So S21 S22 Sa3 S24 S5 S26 So7 Sog S29
326.8 | 341.6 | 303.0 | 262.9 | 251.1 | 266.1 | 281.2 | 287.5 | 295.6

0.00 6 2 9 2 0 3 9 4 3

Using the data presented in Tables 2 and 3, the adequacy criteria C,—C, were
evaluated according to formulas (1)—(11) for the artificial image families lo;={lo,
Fl,l; F1,2’ ceey Fl,lO} and |02:{|0, FZ,ly Fzyz, ceey F2,10}- The obtained results are
summarized in Table 4.

Table 4. Results of applying criteria C;—C, to families lo; and lg,.

Family Criteria
C; C, Cs C,
lo1 0.0081 0.5902 0 0.5983
lo2 0.0249 0.8674 0.8674 1.7598

The comparative analysis shows that the final score for family 1y, according
to criterion C, (0.5983) is significantly smaller than the corresponding value for
family lg, (1.7598). This indicates a higher adequacy of the recognition results for
family lo;.

The same procedure was applied to the remaining artificial families los={lo,
Fs1 Fs2, ...y Faaod loa={lo, Far, Fag, ... Faso}s ooy loo={lo, Fo1, Fop, ..., Fo10. The
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aggregated results obtained using criteria C;—C, for all families are summarized in
Table 5.

Table 5. Results of applying criteria C;—C, to families lo; 1 log

Family Criteria
C, C, Cs C,
log 0.0081 0.5902 0 0.5983
lo 0.0249 0.8674 0.8674 1.7598
los 0.0149 0.7674 0.7674 1.5498
log 0.022 0.8464 0.8464 1.7148
los 0.011 0.6771 0.6771 1.3651
los 0.0079 0.6351 0.6351 1.278
lo7 0.0168 0.8132 0.8132 1.6433
log 0.009 0.5975 0.5975 1.2041
log 0.0111 0.7371 0.7371 1.4852

As can be seen from Table 5, the smallest aggregated score is obtained for
family ly;. The fact that the recognition object belongs to this family further
confirms the adequacy and reliability of the proposed evaluation criteria.

4. Conclusion

This paper presents an extended empirical verification of adequacy criteria
for evaluating image recognition methods using artificially generated families of
national emblem images. The study was aimed at analyzing the reproducibility,
robustness, and universality of criteria C,—C, under conditions of a strictly
controlled computational experiment. Artificial image families and their
corresponding one-dimensional signal representations were constructed using a
sector-based partitioning strategy combined with signal linearization and feature
extraction based on the continuous wavelet transform. Such an approach enables
systematic analysis of algorithm behavior under controlled spatial displacements
and structural variations.

The experimental results obtained for several artificial image families
demonstrate that the proposed criteria consistently identify the most adequate
recognition outcomes. In particular, the lowest aggregated scores are observed for
families corresponding to visually and structurally consistent patterns, which
confirms the reliability of the proposed evaluation framework. The conducted
analysis also reveals limitations of conventional global similarity measures, which
in some cases fail to capture semantically significant structural correspondences
between images. The proposed sector-based matching scheme mitigates this
limitation by incorporating local spatial information into the recognition process.

Overall, the obtained results confirm the applicability of the adequacy
criteria to a new class of structurally complex images and demonstrate their
robustness with respect to variations in feature extraction and image representation
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procedures. The developed experimental framework provides a reproducible and
interpretable tool for systematic evaluation of image recognition methods.

Future research will focus on extending the proposed approach to larger and

more diverse image datasets, exploring alternative feature representations, and
integrating statistical significance analysis in order to further strengthen the
methodological foundation of adequacy evaluation.
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