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The appearance of "blurred” digi-
tal images is a consequence of the vio-
lation of the immobility of the cam-
era during the shooting of the objects
under study. To this end, a procedure
was devised for matched filtering of
the blurred digital image of the object
using its typical image form in a series
of frames.

This procedure is based on the
automated formation of a typical form
of a digital image, as well as on the
choice of special parameters for the
transfer function of the matched filter.
Adapting the procedure specifically to
the typical form makes it possible to
perform a more accurate assessment of
the required parameters of the blurred
digital image compared to the analyti-
cally set profile.

The formation of a typical form
makes it possible to take into account
the features of the very formation of
the blurred image on each frame of
the original series. Based on this, a
more accurate assessment of the initial
approximation of the parameters of all
Gaussians of the object image is per-
formed. In practice, matched filtering
makes it possible to highlight blurred
images of objects against the back-
ground of substrate noise. Also, using
the matched filtering procedure makes
it possible to improve the segmenta-
tion of images of reference objects and
reduce the number of false detections.

The devised procedure for the
matched filtering of a blurred digi-
tal image using its typical form has
been tested in practice as part of
the research in the framework of the
CoLiTec project. It was implement-
ed in the intraframe processing unit
of the Lemur software for the auto-
mated detection of new and tracking
of known objects. Owing to the use of
Lemur software and the proposed com-
putational procedure introduced into
it, more than 700,000 measurements of
various objects under study were suc-
cessfully processed and identified
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1. Introduction

Related to the issue of asteroid-comet danger [1], the
leading direction for the use of astrometry [2] and photome-
try [3] methods is the automatic processing of the results of
asteroid surveys. Huge astronomical catalogs [4] and archi-
val big data [5] make it possible to accumulate, gain knowl-
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edge [6], and analyze accumulated data and measurements
in the public domain [7] for the entire period of observation
of specific celestial objects of the Solar System (SSO) [8].
However, the quality of conditions during filming direct-
ly proportionally affects the quality of SSO images on the
frames generated by the charge-coupled device (CCD) [9].
This applies both to old images from archival data when




CCD matrices were of lower resolution and quality and to
freshly formed frames, during the formation of which the shoot-
ing conditions were violated. A similar effect on the shooting
conditions can be exerted by an incorrectly chosen mode of
telescope guidance, a mechanical failure of daily observation, a
side wind, and the weather in general. This means that images
of individual SSOs or of the entire frame/series of frames as a
whole may be blurred. These unfavorable conditions signifi-
cantly reduce the quality of detection of the objects under study
using known computational methods.

Therefore, it is relevant to devise a procedure for the
matched filtering of a blurred digital image of an object us-
ing its standard shape on a series of frames. This procedure
will make it possible to more accurately assess the image
parameters [10] of such “blurred” objects, which will allow
them to be identified with those already known from the
list of cataloged ones [4]. Also, this procedure improves the
conditional probability of correct detection (CPCD) of real
objects and reduces the number of false detections [11].

2. Literature review and problem statement

In the presence of significant synchronous displacements
of all objects of a CCD frame for the entire time of exposure,
such a CCD frame in the work is considered completely
blurred. In this case, such a synchronous displacement can-
not be neglected categorically. There is also a blur of images
of SSOs (asteroids, meteors, comets) due to their natural
motion. Such a blur is not considered in the work.

Various blurs or synchronous displacements of images
of the objects under study on CCD frames affect the qual-
ity and accuracy of various imaging and machine vision
tasks [12]. Namely, they affect the accuracy of detection
and recognition of images of objects [13], parameter evalu-
ation [14]. All of these methods are based on the analysis of
only those pixels that potentially belong to the object under
study. Their disadvantage is that when the image is blurred,
it is completely impossible to initially identify specific pix-
els and reject those whose intensity exceeds the specified
limit value [2, 15]. Paper [16] discusses the classification of
images of various objects. It is based on machine learning
and analytical models that have a preset classification and
templates. The disadvantage of such a classification is that
all templates have a clear typical shape and in the case of
blurring the boundaries of the object image will not be rec-
ognized.

Works [17, 18] consider pixelation and segmentation of
only point images of objects but it is not possible to process
blurred images. The disadvantage of these methods is the
impossibility of accurate processing of images of objects with
an ambiguous number of brightness peaks.

Blurred images of objects affect the detection and evalu-
ation of motion [10]. They also affect various methods for an-
alyzing large data sets such as wavelet transformation (anal-
ysis) [19] and time series analysis [20]. The disadvantage
of such methods is that they are adapted to work only with
“pure” measurements, so blurred images will greatly spoil
the overall indicator and give “outliers”.

The disadvantage of the methods of frame addition [21]
and machine vision [22] is the impossibility of application
when the image of the object under study does not have clear
boundaries on all CCD frames of the series. Other numerical
methods that use the Hough, Radon transformations or their

modifications [23, 24] are not able to detect the image of the
object with the required CPCD under conditions of blurring
of the image itself.

As practice shows, it is the matched filter that has the
best efficiency in relation to CPCD [25]. It is a linear filter
that minimizes the signal-to-noise ratio (SNR), thereby
increasing the likelihood of detecting objects whose images
have random additive noise with a normal Gaussian distri-
bution embedded [26]. The method of matched filtering [27]
is already known, but it uses an analytical image model. The
main disadvantage of this method is the fact that the tech-
nique will not work correctly in the case when the image on
different frames of the series is blurred differently.

Therefore, it is necessary to devise a procedure for the
matched filtering of a blurred digital image of an object us-
ing its standard shape [28] on a series of frames.

3. The aim and objectives of the study

The aim of this study is to perform matched filtering of
the blurred digital image of the object using its typical form
on a series of frames. It is the formation of a typical image
shape based on the frames of the original series that makes it
possible to perform a more accurate assessment of the param-
eters compared to the analytically set profile.

To accomplish the aim, the following tasks have been set:

— to select single images of objects and form their rect-
angular areas with subsequent assessment of displacement
and normalization;

— to form a typical form of the blurred image of the object
and clarify it based on the frames in series;

— to determine the number of Gaussians of the obtained
typical image of the object and estimate the initial approxi-
mation of the parameters of their form;

— to select the form and parameters of the transfer func-
tion of the matched filter with the subsequent evaluation of
the image parameters;

— to devise a procedure for the matched filtering of the
blurred digital image of the object using its typical form on
a series of frames.

4. The study materials and methods

The object of our study is blurred digital images of
various objects on CCD frames. Within the framework of
this study, the main hypothesis was put forward that the
use of matched filtering of the original blurred image would
significantly increase the CPCD of objects. This can only
be achieved if the devised method is used as a preliminary
preparatory technique of image processing. Also, matched
filtering will increase the accuracy of evaluating the param-
eters of objects when further performing the main tasks of
image processing by already known methods.

The original data is a blurred digital frame A;, the
size of Neepy*Neepy. The image of the j-th object is really
blurred, present on the frame, and is also in the area of in-
tra-frame processing (AIFP), which is a set of Qy,p; pixels.

The obtained research results, as well as the devised
method of matched filtering, were converted into a software
code using the C++ programming language. This code was
integrated into the system unit of intra-frame processing of
the Lemur software package (Ukraine) [29] for the automat-



ed detection of new and tracking of known objects within
the framework of the CoLiTec research project [30].

As an initial test information, various data obtained from
different telescopes installed at observatories in Ukraine and
the world were used. Namely, the ISON-Uzhgorod Observato-
ry (Uzhgorod, Ukraine), the quantum optical system (QOS)
“Sazhen-S” (Dunaivtsi, Ukraine), and the telescopes AZT8
(Dunaivtsi, Ukraine) and Takahashi BRC-250M (Uzhgo-
rod, Ukraine); Mayaki Astronomical Observatory (Mayaki,
Ukraine), the telescope OMT-800 [31]; Vihorlat Observatory
(Humenné, Slovakia) [32]; National Astronomical Research
Institute of Thailand (NARIT, Thailand) [33].

The observational conditions were specially selected so
that the initial test series of CCD frames contained blurred
images of the studied SSOs [8] of different standard shapes.

The devised computational method, implemented in the
Lemur software package (Ukraine) as a pre-processing tech-
nique, assisted to the successful identification of more than
700,000 measurements of various SSOs. With this fact, the
matched filtering method confirmed its practical significance
within the framework of the main hypothesis put forward.

3. Results of studying the matched filtering of the blurred
image using its typical form

5. 1. Selection of single images and formation of their
rectangular areas, followed by bias estimation and nor-
malization

On any blurred frame, there are single images of objects,
which can have a completely different image shape from
frame to frame in the series. Thus, in order to determine the
typical shape of the image of a certain object on the entire
frame, or the typical shape as the average of all objects in a
series of frames, it is first necessary to select single images
of all objects. Single blurred images of objects, especially
during long exposure times, have the shape of a hill that
stretches along the direction of their visible movement. A
model is used in which the centers of all Ny.g, segments of
the image lie on the same line. It passes through the anchor
point of the blurred image of the j-th object with coordinates
Xy (G)Zj”‘”) and ytj(Gj;’") at angle w; to the abscissa axis in
the coordinate system (CS) of the frame. @7 is the vector
of the parameters of the blurred image of the j-th object.

To select single images, we form a list of bright images of
objects. Next, it is ordered in ascending order of the shape
parameter og,,. This shape parameter is based on the shape
parameters o, of each £-th segment of the image from Ny,gp
segments of Ax,., pixels wide into which the image is split
along the semi-major axis. This segmentation is carried out
in the CS associated with the blurred image of the object
itself where the center of the CS coincides with the center
of the image itself. Thus, it is believed that all the pixels
belonging to each segment also belong to the single image
of the object itself. Next, the list of bright images excludes
those images in which the o4, shape parameter exceeds the
median value of o, throughout the frame.

From the selected single images of objects Qg,,, a rectan-
gular area of Ng.xNy, pixels is formed. The size of such an
area is determined by twice the sum of the maximum size
of Ngmaxr; Nsmaxy AIFP of the frame and the value of the
border size Njopr, Npory 0n the axis of abscissa and ordinate,
respectively [27].

To obtain an average image of an object from selected
single images, the offsets between those images are pre-cal-
culated. Mutual bias is estimated relative to a single image of
an object with maximum intra-frame correlation. The offset
between the selected single images is calculated from the co-
ordinates of the maximum linear correlation coefficient [34].
The value of the linear correlation coefficient of two single
images of an object depends on their mutual displacement.
The maximum coefficient is reached at the full combination
of single images, and the maximum value characterizes the
degree of linear similarity of the studied images.

To determine the typical shape of a single image of an
object, it is necessary to normalize the resulting images.
Normalization is necessary to eliminate differences in the
aperture (PSF) brightness of object images when calculat-
ing the average or median of selected single images.

3. 2. Formation of a typical form of a blurred image of an
object and its refinement based on the frames of the series

The typical form of the blurred image of the object on
the frame is evaluated by Ny, pre-selected single images. For
this purpose, a list of single images is formed with the ap-
erture (total) brightness of the pixels of the objects’ images
A;,, that satisfies the condition:

A;m 2(10+20)Gnoise’ (1)

where 6,5 is a preliminary estimate of the standard devia-
tion (RMS) of the brightness of the background of the frame;

Nsm

A, ZZ(A;(i,k)m -C fm) is the aperture brightness of the

pixels of t“tlﬁe1 m-th single image of the object;
Ay 18 the brightness of the [ (i, k)-th pixel of the set
Qg of the m-th single image of the object;

[ (i, k) is the pixel number /in the set Q,,, which is a func-
tion of the numbers of the ik-th pixel on the frame;

Cpn is the previously obtained average brightness value of
the background of the frame.

For each single image, the eccentricity €, of the object

image is calculated [35]:
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Mmoo, M2, M1y — second-order moments;

Xo and Y are first-order moments;

Xikym, Yictkym are the coordinates of the (i, k)-th pixel of
the m-th single image of the object.

Next, the length L,, of a single image of the object is
calculated [28]. After that, single images of objects from the
list are rejected. The rejection is based on a comparison with
the following criteria:

— estimation of the eccentricity g, of a single image with
a boundary allowable eccentricity value of y,=0.6;

—estimation of the length L, of a single image with a
valid relative deviation of the length of the image of objects
YL=0.1.

After this, a refined list of bright single images of objects
is ordered in descending order of aperture brightness. The
final step is to exclude 10+20 % of images of objects with the
highest brightness.

5. 3. Determination of the number of Gaussians of
the obtained typical form and estimation of the initial
approximation of the parameters

Each single blurred image can be represented by a cer-
tain number of Gaussians [28]. The number of Gaussians of a
single image of the j-th object should be estimated separately
from the Levenberg-Marquardt algorithm (ALM) [36]. The
desired number of Gaussians Ng; is selected from the range of
values Nirsir N enas- Initial Ngfiry and final Nge,qj values are
determined based on the following parameters:

— the maximum size of the blurred image of the j-th ob-
ject dcopj, which is equal to the maximum distance between
two pixels belonging to the outline of the image of the j-th
object;

— coefficients kg5 and ke,q, which set the minimum and
maximum number of Gaussians, respectively;

— initial approximation of the Gaussian shape parameter
o¢;jo corresponding to the blurred image of the j-th object:

1 N‘wg/-71
Oaio =N > G- (®)

segi m=0

The desired number of Gaussians Ngjui, of a single
blurred image of the j-th object is chosen that at which the
sum of the squares of deviations F,,, (@;‘]’;’) is minimal. Next,
the initial approximation of the gaussian shape parameters is
estimated from the vector @7 of estimated parameters of a
single blurred image of the j-th object. To do this, the sum of
the squares of deviations between the experimental A,kj and
model Agigmi(Qc) brightness of the pixels of the m-th seg-
ment of the single blurred image of the j-th object is applied
to the ALM procedure [36]:

FAAG (Gsm) = z (Al*kj _ASikmj (Gcm ) )2 G:Z IIliIl, (9)
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where 04, =(0Gjm: Agjm: Yojm) is the vector of estimated pa-
rameters of the m-th segment of the blurred image of the j-th
object;

1 271 .
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el brightness of the pixels of the m-th segment of the blurred
image of the j-th object;

ogjm — estimates of the initial approximation of the
gaussian shape parameter in the m-th segment;

Agjm — gaussian model amplitude in the m-th segment;
Yojm is the coordinate of the reference center of the
Gaussian in the m-th segment along the ordinate axis.

3. 4. Selecting the form and parameters of the
matched filter transfer function and evaluating the im-
age parameters

To select the form and parameters of the matched filter
transfer function, it is necessary to determine the model
brightness of each single blurred image obtained after the
formation of a typical form.

The model brightness A, (xi].,yij,QZ;’") of the ik-th pixel
for a single blurred image of the j-th object is determined by
the following expression [27]:
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where Cj is the average brightness of the background sub-
strate of a single blurred image of the j-th object;

x5 yij — coordinates of the ik-th pixel of the blurred image
of the j-th object;

Ag;jis the model amplitude of gaussians corresponding to
a single blurred image of the j-th object;

£,; is the position of the n-th Gaussian of Ng; used to ap-
proximate a single blurred image of j-th objects.

It is also necessary to determine the spectrum of the re-
sulting typical image, which is subject to matched filtering.
It follows that the value of the uo harmonic of the discrete
spectrum Sy, of a single blurred image of the j-th object is
determined by the following expression [37]:
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where u=0,N¢,, —1, ©=0,N,, —1 are the harmonic num-
bers of the discrete spectrum of a single blurred image.

It is known that the transfer function Hyr of the
matched filter is equal to the complex-conjugate spectrum
S.,.; of the object image [25]. To ensure the position of the
maximum response of the matched filter in the center of
the blurred images of objects in the CS of the frame, it is
necessary to set zero values for the coordinates of the image
binding center [27]. Also, to match the aperture brightness
of the pixels of the image of the j-th object on the original
frame and on the frame after the matched filter, the com-
plex-conjugate spectrum S, is multiplied by its normaliz-
ing coefficient [38].



Thus, the Hyr transfer function of the matched filter for
the entire single blurred image of the j-th object is as follows:

9 2
1 u v
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o NG] “ NCCDX NCCDy

Ng-1 { .CoSm; f .sinm,
x ) exp|—i2n| u—~ Lyt L, (12)
) P[ [ N N,

n=0 CCDx CCDy

where Hyr,, is the uo harmonic of the transfer function of
the matched filter.

After that, you need to evaluate the image parameters
using the gaussian pixel model of the blurred image of the
object. The quality criterion for assessing the parameters
of the blurred image of the j-th object is the minimum sum
of the squares of deviations between the experimental A,
and model A, (@) brightness of the pixels of the blurred
image of the j-th object:

FAAI (GZJ{W’) = 2 (A;kj _Aik'rj (G’T)JZW))Z - mina

) o
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(13)

where @7 = (ijxrj (957).u5 (ggw)’AGw%"‘)ﬂd.f) is the
vector of estimated parameters of the blurred image of the
Jj-th object.

The estimated parameters of the image of the j-th object are:

— the average brightness of the background substrate Cj;

—position x; (@i_;’”), Yy (@2;’” );

— model amplitude of Gaussian Ag;;

— shape parameter ogj;

— the angle between the direction of the blur of the object
image and the abscissa axis wj;

— the distance of movement of the object relative to the
frame of the abscissa d; = (ch ~-1)og;.

To calculate all the parameters listed above from the
vector of estimated parameters of the blurred image of the
Jj-th object, it is necessary to submit the sum of the squares of
deviations (13) to ALM [36].

5. 5. Procedure for the matched filtering of a blurred
image using its typical form

The devised procedure for the matched filtering of the
blurred digital image of the object using its typical form on a
series of frames is a sequence of actions:

1. Select Ny single blurred images of objects and form
their rectangular areas with the subsequent calculation of
linear correlation coefficients.

2. Determine offsets Ny;—1 of selected single blurred
images of objects relative to a single image of an object with
maximum intra-frame correlation.

3. Normalize Ny selected single images of objects.

4. Form a list of single blurred images with the aper-
ture (total) brightness of the pixels of the images of objects
A;,, in accordance with condition (1).

5. Calculate the eccentricity e, and the length L, of
each single blurred image of the object (2) based on the
calculations of the moments of the second (3) to (5) and
first (6), (7) orders.

6. Reject and refine the obtained single blurred images of
objects from the list.

7. Determine the number of Gaussians Ng; of each single
image from a range of values N, ., N,

firstj?* Y Gendj *

8. Estimate the initial approximation of the gaussian shape
parameters from the vector @7 of estimated parameters of
each single blurred image using the ALM procedure (9).

9. Determine the model brightness A, (xy,yij,@;’”) of
the ik pixel for a single blurred image of the j-th object using
expression (10).

10. Determine the discrete spectrum Sy, of a single
blurred image of a j-th object using expression (11).

11. Determine the transfer function Hyr of the matched
filter for a single blurred image of the j-th object according
to expression (12).

12. Evaluate the parameters of the blurred image of
the j-th object by feeding the sum of the squares of devia-
tions (13) into ALM.

We studied the effectiveness of using a typical image of
the object on the frames of the SAZHEN-S QOS (Dunaivtsi),
and the telescopes AZT8 (Dunaevtsy), OMT-800 (Mayaki),
and Takahashi BRC-250M (Uzhgorod). Below, Fig. 1-4,a
show the typical examples of images blurred by the natural
movement of objects found on the frames from these obser-
vatories. As well as images of a frame formed by the devised
method of a typical form (Fig. 1-4, b) [28] and an analytical
model of a blurred image of an object [27] (Fig. 1-4, ¢).

b c

Fig. 1. Fragment of the frame of the telescope “Sazhen-S”:
a — the original image; b — the generated typical image;
¢ — analytical image model

a

a b c

Fig. 2. Fragment of the frame of the OMT-800 telescope:
a — the original image; b — the generated typical image;
¢ — analytical image model

b c

Fig. 3. Fragment of the frame of the AZT8 telescope:
a — the original image; b — the generated typical image;
¢ — analytical image model

a



To evaluate the effectiveness of the matched filters,
the signal-to-noise ratio (SNR) on frames was calculated
after matched filtering with analytical and non-analytical
image form. The SNR Q,; for the j-th image of the object
on the nth frame was calculated according to the expres-
sion:

A

7j max

n n noise

4, (14)

where Ajmax is the maximum brightness of the pixel of the
j-th object on the nth frame after matched filtering;

1 NeotNod
k,= \/N—N 2 2 |HFMuv

AVy u=0 220
RMS background substrate of the nth frame after matched
filtering;

Hryno s the value of the wo coefficient of the transfer
function of the matched filter;

u=0,N -1, v=0,N,~1 — harmonic numbers of the
spectrum of the rectangular region of the typical image of
the digital frame;

O noise 18 the RMS of the background substrate of the
nth frame.

Table 1 gives the quintiles of the signal-to-noise ratio
distribution on images of objects on test frame series after
matched filtering with analytical and non-analytical typical
form of object images.

Fig. 5-8 show histograms of the relative frequencies of
the signal-to-noise ratio on the frames of the series after
matched filtering with the analytical (orange translu-
cent) and non-analytical (blue translucent) typical image
form.

* _ the conversion factor of the

a b c

Fig. 4. Fragment of the frame of the telescope Takahashi
BRC-250M: @ — the original image; b — the generated typical
image; ¢ — analytical image model

Table 1
Quantiles of signal-to-noise ratios on series frames

Series frames Matched SNR quintiles on a series of frames
filter type | 0.025 | 0.25 | 0.5 | 0.75 | 0975

QOS Analytical | 4.07 |11.66 |20.83[40.69| 104.6
«Sazhen S» Non-analytic | 3.94 |14.54 |33.98 [61.53| 172.23
Analytical | 3.52 [12.26 |25.73 | 50.4 | 108.35

OMT-800 -

Non-analytic| 3.79 |13.91 [26.78|54.91| 138.6

AZTS Analytical | 4.71 |[19.45|41.15(79.22| 218.3
Non-analytic | 4.45 | 18.64 [42.29 | 91.0 | 253.91

Takahashi Analytical 33 | 6.84 | 1251|2248 | 52.7
BRC-250M | Non-analytic | 3.69 |10.02 [19.77 | 37.2 | 101.25

The indicators in Table 1, as well as histograms of the
relative frequencies of the signal-to-noise ratio in Fig. 5-8,
indicate the successful application of the devised computa-
tional method.
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Fig. 5. Signal-to-noise ratio histogram on the frames of the “Sazhen-S” series after matched filtering
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transfer function of the filtered matched
filter as the reverse DPF [41] of its spec-
trum (12).

The limitation of this study is the
variety of typical shapes of images of
objects due to unfavorable shooting con-
ditions, which leads to variability of the
typical shape from frame to frame. Also,
a limitation is the computing power of
the equipment involved in the process-
ing. The issue of security [42] of frames,
namely encryption of input data, is also
important. In this case, an additional
decryption algorithm will be required
before using the method devised.

0.1
N
0.05
0
0 50 100 150 200 250 300
q
Fig. 7. Signal-to-noise ratio histogram on AZT8 series frames after
matched filtering
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7 The disadvantage of the study is
precisely the fact that the application of
+4  the devised method is impossible imme-
diately after receiving the first frame of
4  the series. This means that the standard
shape is based on the data on all images
4 of the same object on each frame of the
series. This leads to the fact that the se-
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Fig. 8. Signal-to-noise ratio histogram on Takahashi BRC-250M series frames after

matched filtering

6. Discussion of the results of studying the matched
filtering of a blurred image using its typical form

The possibility of processing blurred digital images of
objects on a series of frames was investigated. In the pro-
cess, typical conditions for the appearance of such blurred
images were investigated (Fig. 1-4, a). Existing methods of
basic image processing and machine vision were also ana-
lyzed [12]. However, the accuracy and quality of processing
by existing techniques directly depended on the accuracy
and quality of the original image of the object itself on a
series of frames.

Therefore, in order to develop a procedure for the matched
filtering of a blurred digital image, it was proposed to use an
automated formation of a standard image shape form instead
of the classical use of an analytical form [27].

Within the framework of the CoLiTec project [39],
studies were conducted on the application of the devised
procedure of matched filtering. As the study showed, after
the application of matched filtering, images of cataloged (ref-
erence) objects [4] in 92 % of cases began to clearly demon-
strate only one brightness peak (Fig. 6, 7). This significantly
affects the quality and accuracy of a number of tasks of data
acquisition [40], image processing, and machine vision [16].
Also, the use of the devised procedure allows us to reduce the
number of false detections due to the formation of a clear-
er typical shape of the image of the object. This indicator
clearly indicates that the tasks set have been successfully
completed.

These results are determined by the formation and refine-
ment of the typical shape of the blurred image of the object
based on the frames of the entire series. And also, defining the

150 ly before applying our method. And this
leads to a delay in processing and to idle
computing power.

Further research should be concen-
trated on the application of the de-
vised method of matched filtering as
a pre-treatment before the main task
of image processing. To this end, it is necessary to use the
method/service sampling procedure for the processing pipe-
line [43]. It is also necessary to evaluate the quantitative
and qualitative indicators of the main processing methods
that will be used in the future. To do this, it is also possible
to analyze (including machine learning [16], Wavelet anal-
ysis [44], forecasting procedure [45] and time series anal-
ysis [20]) the effect of matched filtering on the basic image
processing methods.

7. Conclusions

1. On a series of blurred images, a selection of single im-
ages of objects on each frame of the series was made. For each
image, image parameters such as eccentricity €,, length L,
and the criterion of distortion by coma o, were calculated.
Based on these parameters, defective single object images
were filtered out and excluded from the list. For the remain-
ing single images of objects, rectangular areas were formed,
which made it possible to perform the most accurate assess-
ment of their displacement. The calculations performed have
made it possible to carry out normalization, which is neces-
sary to eliminate the differences between the median and
aperture (PSF) brightness of the images of objects.

2. For the blurred image of the object, a typical form was
formed, which made it possible to determine the coordinates
Xeimg Yeimg Of the reference center. Also, the obtained typical
form of the blurred image of the object on each frame of the
series was refined. Refinement was achieved by calculating
the linear correlation coefficients of the normalized selected
single images of objects.



3. To more accurately estimate the initial approximation
of the Gaussian shape parameters for the blurred image of
the object, their number was determined. It is calculated
by dividing the image into Ny segments Ax,,, pixels wide
along the semi-major axis of the image itself.

4. To prepare a matched filtering of blurred images, the
shape and special parameters of the matched filter transfer
function were selected. Based on them, the transfer function
Hyr of the matched filter was built. An OLS-evaluation of
the blurred digital image parameters was also carried out.

5. Owing to preliminary calculations, a procedure for
the matched filtering of a blurred digital image of the
object using its typical form on a series of frames was de-
vised. The use of matched filtering for a blurred image in
94 % of cases allows only one brightness peak to be clearly
identified. This also significantly affects the quality and
accuracy (an improvement of 20-25 %) of the subsequent
execution of a number of image processing and machine
vision tasks. Our studies, when comparing the use of an
analytical image model and a calculated typical form,

have shown a significant advantage of using a typical
form (up to 72 %).
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