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accumulate, obtain knowledge [6] and analyze accumulated 
publicly available data [7] and measurements. Basically, they 
were acquired over a long period of observation of specific 
celestial objects of the Solar System (SSO) [8] (for example, 
asteroids [9] or comets), as well as artificial satellites [10]. 
This analysis may also include calculation of the period and 
shape of rotations of such SSOs [11].

When carrying out photometric measurements on a 
series of digital frames, strict requirements are put for-
ward for the uniform distribution of the brightness of 
the background component of the image over the entire 
digital frame. This is necessary for a more accurate com-
parison of a specific image of a potential SSO with its 
real image from astronomical catalogs during the frame 
identification procedure. Traditionally, background align-
ment of astronomical frames is performed using hardware 
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The object of this study is the background 
substrate of astronomical frames. To detect 
and compare the image of an object in a frame 
with its real image from astronomical catalogs, 
it is necessary to uniformly distribute the 
brightness of the background image substrate. 
Most often, the background alignment of 
astronomical frames is performed using the 
hardware calibration method applying the 
construction of service frames. However, it 
does not make it possible to eliminate the 
background from temporary stray light. 
Therefore, to solve this problem, a procedure 
has been proposed for brightness alignment 
of the background frame using high-pass 
filtering.

For high-pass filtering of images, 
three high-pass filters were considered – 
an ideal filter, a Butterworth filter, and a 
Gaussian filter. To remove coarse-grained 
image components from the image, a high-
pass filter was used, which attenuates low-
frequency harmonics of the image spectrum 
while simultaneously passing high-frequency 
harmonics.

Applying the devised procedure for 
brightness alignment of the background 
substrate of the frame has made it possible 
to increase the signal-to-noise ratio and 
reduce the dynamic range of the background 
substrate of the image. The study showed 
that when assessing brightness and identifying 
frames, the fitting provides better accuracy of 
reference to the starry sky. Also, the standard 
deviation of frame identification errors in this 
case is 5–7 times less than without using the 
devised procedure.

The devised procedure for brightness 
alignment of the background frame substrate 
was tested in practice within the framework 
of the CoLiTec project. It was implemented 
at the stage of intra-frame processing in the 
Lemur software for automated detection of 
new objects and tracking of known objects
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1. Introduction

The global community is constantly faced with issues re-
lated to potential asteroid-comet hazard [1]. To prevent this 
threat, there is an area of observational astronomy, which 
not only receives and accumulates astronomical frames but 
also processes the resulting images. This area continues to 
actively evolve due to the constant improvement of various 
methods of astrometry [2] and photometry [3]. Owing to 
improvements and breakthroughs in digital technologies, 
as well as telescope construction, it has become possible to 
accumulate large amounts of data [4]. These raw astronom-
ical data are received as results from asteroid/comet/satel-
lite surveys for subsequent automated processing. During 
such processing, huge astronomical catalogs and archival 
big data are also involved [5]. This is making it possible to 
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tage of these methods is that they can only work with “pure” 
measurements, so the heterogeneity of the images will great-
ly spoil the overall indicator.

Another implementation is reported in study [25] in 
the form of an additional calibration procedure to avoid 
the internal coma of the telescope’s secondary mirror. But, 
to equalize brightness and remove “highlights”, there is a 
brightness method that is more improved in accuracy and 
quality using an inverse median filter [26]. However, the 
disadvantage of these implementations is the poor accuracy 
of positional coordinate estimates during the identification 
process itself between frames of the same series.

The matched filtering procedure is also known [27, 28], 
but it uses only an analytical image model. The disadvantage 
of this procedure is the inaccuracy of identification when the 
typical image of an object is different in different frames of 
the series. The classical method of adding frames [29, 30] to 
improve the “super” frame is also ineffective in the case when 
the SSO image does not have clear boundaries on all digital 
frames of the series.

Based on the above, most existing processing methods 
for detecting single images of objects require instrumen-
tal calibrations. This is necessary to prepare more “clean” 
frames for using already known detection methods. How-
ever, in the case where there is no possibility of generating 
fresh calibration frames or the presence of already generated 
archive frames, these methods demonstrate poor accuracy 
in estimating image parameters. Therefore, it is necessary 
to devise a procedure for brightness alignment of the back-
ground frame, which will take into account the peculiarities 
of frame formation and will make it possible to prepare a 
“clean” frame for subsequent processing.

3. The aim and objectives of the study

The purpose of our study is to devise a procedure for 
brightness alignment of the background frame to improve 
the accuracy of object detection. This will make it possible 
to increase the SNR and reduce the dynamic range of the 
background image.

To achieve the goal, the following tasks were set:
– to determine the transfer characteristic of the high-fre�-

quency filter;
– to develop an algorithm for the procedure for bright�-

ness alignment of the background frame;
– to verify the procedure for brightness alignment of the 

background frame.

4. The study materials and methods

The object of our study is SSO images on a series of digi-
tal frames. The initial series for the study were obtained from 
a variety of telescopes installed at observatories in Ukraine 
and around the world. Namely, the ISON-NM observatory, 
the SANTEL-400AN telescope (New Mexico, USA); Vihor-
lat Observatory, VNT telescope (Humenne, Slovakia) [26]; 
Odesa-Mayaky Observatory, OMT-800 telescope (Mayaki, 
Ukraine) [31]; Cerro Tololo observatory, PROMPT-8 tele-
scope (La Serena, Chile) [32].

The work puts forward a working hypothesis assuming 
that when performing high-frequency filtering of the back-

calibration. However, this approach is very resource- and 
time-consuming and is a labor-intensive and inconvenient 
operation for the observer.

Therefore, it is relevant task to devise a procedure for 
brightness alignment of the background substrate of a frame. 
This procedure will increase the signal-to-noise ratio (SNR) 
and reduce the dynamic range of the background image. 
This in turn will minimize the number of false measurements 
and speed up the identification process. This will also make 
it possible to more accurately estimate the brightness and 
positional coordinates of the objects under study [12], which 
will increase the conditional probability of correct detec-
tion (CPCD) of real objects [13].

2. Literature review and problem statement

In general, SSO images on digital frames are formed 
using a charge-coupled device (CCD) [14].

The uniformity of the standard image shape of ob-
jects [15] is an important factor influencing the subsequent 
process of brightness assessment and identification with the 
astronomical catalog. Therefore, it is necessary to conduct 
an in-depth analysis of literature data to compare methods 
for preparing images for the identification process itself. 
Such methods are expected to reduce the shift in the posi-
tional coordinates of the frame center between the frames 
themselves in the series.

For example, classical methods of computer vision [16] 
and object image recognition [17] are not able to provide the 
required level of processing speed. These methods require 
the analysis of all pixels of potential objects to determine 
their typical shape. However, when the standard form is 
heterogeneous, objects become confused, which increases 
the processing and identification time. Methods for esti-
mating image parameters [18, 19] are based on the analysis 
of only those pixels that potentially belong to the object 
under study. Their disadvantage is the inability to initially 
accurately determine specific pixels and reject those whose 
intensity exceeds a specified limit value.

In study [20], the authors use automatic selection of a 
reference point to select calibration frames. However, this is 
not a requirement for the identification process itself because 
if there are artifacts in the image, these control points may be 
false. Thus, the accuracy of identification with real objects 
from the astronomical catalog decreases.

Another method for obtaining frames for pre-calibra-
tion involves combining a large number of frames to get rid 
of real objects, leaving only a uniform background signal. 
This method is termed the median pooling algorithm [21]. 
However, to create good digital images with a high signal-
to-noise ratio using this method requires a lot of images. 
This also leads to the loss of real objects at a specific time 
of their observation.

In [22], a segmentation method is proposed. However, it 
only works with single images of objects. That is, in the case 
of a variety of standard shapes (strokes, extended, circular) 
or the intersection of an object image with light flare, this 
method will not provide the necessary accuracy due to the 
ambiguity of the number of brightness peaks.

This variety of typical shapes also influences various 
methods for cluster analysis of large data sets [4], Wavelet 
transform [23], and time series analysis [24]. The disadvan-
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ground substrate of the frame, the accuracy of detecting 
objects in the frame will increase.

The assumption accepted is that in order to improve 
accuracy, the signal-to-noise ratio will be increased in all 
considered object images. The dynamic range of the image’s 
background will also be reduced. The work also put forward 
a simplification, which is associated with the uniformity of 
the standard form of images of all objects in the frame and 
the absence of their synchronous blur.

The USNO B1.0 catalog [33] was used as an astronomi-
cal catalog. The catalog contains angular positional coordi-
nates and magnitude of more than one billion SSOs, formed 
over 3.6 billion measurements.

The methods used for the study were high-pass filtering 
methods, namely ideal filter, Butterworth filter, and Gauss-
ian filter.

The accuracy of brightness estimation and object de-
tection deteriorates significantly with a certain feature of 
the formation of astronomical frames – vignetting. This is a 
gradual decrease in image brightness from the center to the 
edges of the field of view of the optical system, which reduces 
the SNR of object images (Fig. 1).

a                                             b  

Fig. 1. Astronomical image: a – original image with light 
flare; b – light flare spectrum module

Digital images on astronomical frames are divided into 
coarse-grained and fine-grained components. Each of these 
components has its own physical nature of origin.

The coarse-grained component of the images corre-
sponds to image illumination during astronomical obser-
vations during the full moon or at sunrise and sunset and 
occupies significant parts of the frames (Fig. 2, a).

The fine-structure components correspond to the SSO 
images (Fig. 2, b). The size of fine-grained components 
of images usually takes 5÷10 pixels and does not exceed 
50÷60 pixels.

a                                             b  

Fig. 2. Astronomical image: a – coarse-grained component; 
b – fine-structured component

Another feature of the formation of astronomical frames 
that must be taken into account is the influence of the tele-
scope control system in conjunction with the rotating sup-
port device. Violation of the telescope’s clock control is the 
main reason for blurred images of objects in the astronomical 
frame. This also leads to a shift in the equatorial coordinates 
of the frame centers.

The difference in the spectrum of the SSO images and 
the background substrate of the frame makes it possible to 
use frequency filtering of the image. The result of this is an 
increase in SNR and a decrease in the dynamic range of the 
background image. To remove large-structure components 
from an image, it is advisable to use a high-frequency filter, 
which attenuates low-frequency harmonics of the image 
spectrum while simultaneously transmitting high-frequency 
harmonics.

Our research results, as well as the devised procedure for 
brightness alignment of the background frame, were imple-
mented in the C++ programming language. This code was 
implemented at the stage of intra-frame processing of the 
Lemur software package (Ukraine) [34] for the automated 
detection of new and maintenance of known objects within 
the CoLiTec project [35].

The devised procedure, implemented in Lemur soft-
ware (Ukraine), was used during the successful identifica-
tion of digital frames, which contained a total of more than 
800,000 SSOs. Their measurements were also successfully 
identified with known astronomical catalogs. This fact 
confirmed the practical importance of the procedure for 
brightness leveling of the background substrate of the frame.

5. Results of investigating the procedure for brightness 
alignment of the background substrate of the frame

5. 1. Determining the transfer characteristic of a 
high-frequency filter

By filtering astronomical frames, the high-frequency 
component of the image can be emphasized. This is possible 
owing to high-pass filtering of images. It can be implemented 
in the spatial and frequency domains [36]. In the frequency 
domain, the high-pass filtering operation is equivalent to 
the product of the image spectrum and the transfer function 
of the high-pass filter. The filter’s transfer function specifies 
a multiplier for each harmonic of the image spectrum. The 
corresponding harmonic of the image spectrum is multi-
plied by this factor. In this case, the transfer function of the 
high-frequency filter suppresses the frequencies of the image 
spectrum that lie in the region, the Euclidean distance from 
which to the center of the spectrum is limited by the cutoff 
frequency ω0 [37].

In the spatial domain, high-pass image filtering is im-
plemented as the operation of convoluting an image with 
the impulse response of a high-pass filter [29]. The impulse 
response of a high-pass filter is the response of the filter to a 
two-dimensional unit pulse δ(m, n), which is given by:

( ) 1, at 0,
,

0, at ,

m n
m n

m n

= =
δ =  ≠

		  (1)

where m, n are pixel numbers.
The impulse response of a high-pass filter is equal to the 

inverse discrete Fourier transform of the transfer function of 
the high-pass filter [36]. Therefore, it is necessary to select 
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the transfer function of a high-frequency filter that would 
satisfy the peculiarities of the formation of astronomical 
frames. The most commonly used high-pass filters for vari-
ous purposes are the ideal filter, the Butterworth filter, and 
the Gaussian filter.

The transfer function HIhp(u, v) of an ideal high-pass 
filter is described by the following expression:

( ) ( )
( )

0

0

,0, at ,
,

1, at ,,
Ihp

r u v
H u v

r u v

 ≤ ω= 
> ω

			   (2)

where u, v – numbers of frequency components of the spectrum

( ) [ ]( ) [ ]( )2 22 2, 2 / 2 / / 2 /r u v u E N N v E M M= π − + − – dis-

tance from the point (u, v) of the frequency domain to the 
origin of the spectrum;

M×N – the size of the filter transfer function, equal to 
the size of the image spectrum over which high-frequency 
filtering is carried out;

E[•] – operation of taking the integer part of a number.
An ideal high-pass filter nulls the spectral components 

of an image with frequencies that fall within a region cen-
tered at the beginning of the frequency domain and radius 
ω0 and passes spectral components that lie outside this 
region. The transfer function of an ideal high-pass filter 
with its perspective and grayscale images is represented 
below (Fig. 3).

a                                              b 

Fig. 3. Transfer function of a high-frequency ideal filter: 	
a – perspective image; b – halftone image

The transfer function HBhp(u, v) of a high-pass Butter-
worth filter of order p is described by the following expression:

( )
( ) 2

0

1
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1 / ,
Bhp pH u v

r u v
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 + ω 
 			   (3)

For a high-frequency Butterworth filter, the cutoff fre-
quency ω0 determines the region in which the frequency 
components of the image spectrum are reduced by a factor 
of 2 or more. The transfer function of the high-pass But-
terworth filter with its perspective and grayscale images is 
represented below (Fig. 4).

The transfer function HGhp(u,v) of the high-pass Gauss-
ian filter is described by the following expression:

( ) ( )2

2

,
, 1 ,

2Ghp

r u v
H u v exp

ω

 
= − −  σ 

		  (4)

where σω is the shape parameter of the transfer function of 
the high-frequency Gaussian filter.

The transfer function of the high-pass Gaussian filter 
suppresses frequency components lying in the region limit-
ed by the radius σω. In this case, the harmonics of the image 
spectrum with frequencies equal to the cutoff frequency 
of the Gaussian filter itself ω0=σω are suppressed by 
2.5 times. The transfer function of the high-pass Gaussian 
filter with its perspective and grayscale images is repre-
sented below (Fig. 5).

a                                              b 

Fig. 5. Transfer function of a high-frequency Gaussian filter: 
a – perspective image; b – halftone image

In this work, a high-frequency Gaussian filter is determined 
through the length of its impulse response Mhx=Mhy=Mh.

5. 2. Development of an algorithm for the procedure 
for brightness alignment of the background frame

The algorithm for the procedure for brightness leveling 
the background of a frame using high-pass filtering includes 
the following sequence of operations:

1. Formation of a set Θbg of pixels of the background of 
the entire digital frame.

2. Formation of a discrete spectrum of the original image 
Sin using the direct discrete Fourier transform of the original 
image Ain:

( ) ( )
11

0 0

2
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2
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in in
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S u v A m n exp
i nv

N

−−

= =

π − − 
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∑ ∑ 	 (5)

where Sin (u, v) is the uv-th harmonic of the discrete spec-
trum of the original image;

Ain (m, n) – brightness of the mn-th pixel of the original 
image.
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a                                              b 

Fig. 4. Transfer function of the high-frequency Butterworth 
filter: a – perspective image; b – halftone image
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3. Determination of the transfer function HGhp of the 
high-pass filter that will be used during the study, for exam-
ple a Gaussian filter (4).

4. Formation of the spectrum of the high-frequency com-
ponent of the original image Shp by multiplying the spectrum 
of the original image Sin and the transfer function HGhp:

( ) ( ) ( ), , , ,hp in GhpS u v S u v H u v= 			   (6)

where Shp(u, v) is the uv-th harmonic of the spectrum of the 
high-frequency component of the original image.

5. Determination of the high-frequency component of 
the original image Аhp as the inverse discrete Fourier trans-
form of its spectrum:

( ) ( )
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0 0

2

, , ,
2

CCDyCCDx NN
CCDx

hp hp
u v

CCDy
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N

A m n S u v exp
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−−

= =

π + 
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∑ ∑ 	 (7)

where Ahp(m,n) is the brightness of the mn-th pixel of the 
high-frequency component of the original image.

6. Final removal of coarse-grained image components 
from the original image itself using the resulting high-fre-
quency component of the original image (7).

5. 3. Verification of the procedure for brightness 
alignment of the background frame

To verify the devised procedure for brightness alignment 
of the background frame using high-frequency filtering, 
testing was carried out on a series of frames obtained from 
various telescopes. The frames were selected in such a way 
that they contained light flare, distortions, and image arti-
facts. The devised procedure for brightness alignment of the 
background frame was tested using the following high-pass 
filters: ideal, Butterworth, and Gaussian. The processing 
results are shown below in Fig. 6.

The main indicator of the quality of luminance equaliza-
tion is the global SNR in the digital frame. It is calculated 
as the ratio of the average brightness of the set of pixels 
belonging to the image of the k-th object to the standard 
deviation of the background brightness on the set of back-

ground pixels of the entire digital frame. For clarity of the 
difference between high-frequency filters, Table 1 gives the 
values of the residual dispersion of the difference between 
the local SNR on the original and filtered frames for the 
three high-frequency filters under consideration. The chosen 
equal frequency for all filters was D=6.9; the order p=5 was 
chosen for the Butterworth filter.

Table 1

Values of the residual variance of the difference between the 
local SNR on the original and filtered frames

High Pass Filter Value

Ideal filter 4.0816

Butterworth filter 4.3157

Gaussian filter 3.6628

Based on the values of the residual variance of the dif-
ference between the local SNR on the original and filtered 
frames, the Gaussian filter with the lowest value was se-
lected for further research. Analysis of the global SNR and 
its comparison with the local SNR for the Gaussian filter is 
shown in Fig. 7. Local and global SNR of object images were 
calculated for one frame. The considered parameters were 
obtained for 3500 images of objects in the frame. In Fig. 7, 
the abscissa axis shows the parameters (pixel brightness 
value in grayscale from 0 to 255), calculated on the original 
frame, and the ordinate – on the frame after filtering.

 

    

a                       b                        c                        d

  

e                       f                       g                       h 

Fig. 6. Result of high-frequency filtering of the image: 	
a, e – original image; b, f – ideal filter; 	

c, g – Butterworth filter; d, h – Gaussian filter

 

 

a
 

 

b

Fig. 7. Quality indicators: a – local signal-to-noise ratio; 	
b – global signal-to-noise ratio
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The results of the study shown in Fig. 7 indicate successful 
verification of the devised procedure and confirmation of the 
working hypothesis put forward. Performing high-frequency 
filtering of the background of the frame allows one to increase 
the accuracy of detecting objects in the frame. This is due to the 
fact that the global SNR after background leveling increases by 
more than 5 times in all considered images of objects.

6. Discussion of results of investigating the procedure for 
brightness alignment of the background frame

A study was conducted into the procedure for brightness 
alignment of the background frame using high-frequency 
filtering. The features of the formation of series of digital 
images of objects on astronomical frames were analyzed. The 
following were chosen as high-frequency filters: ideal (2), But-
terworth (3), and Gaussian (4). Each of these filters was used 
in the devised procedure and was analyzed.

The impulse response of an ideal high-pass filter has a 
two-dimensional unit impulse at the center and circular con-
centric components located around it. Experimental studies 
have revealed that when astronomical images are filtered with 
this filter, a so-called “ringing” appears, which significantly 
worsens the assessment of the brightness of objects. With 
increasing order, the transfer function of the Butterworth 
high-pass filter (3) approaches the transfer function of an ideal 
high-pass filter. Also, with increasing order, the impulse re-
sponse acquires similar properties to the impulse response of an 
ideal high-frequency filter. Only with the first order high-pass 
Butterworth filter, the filtering result does not have ringing 
artifacts. The transfer function of the high-pass Gaussian 
filter (4) depends on the parameters of the Gaussian function 
used. The discrete Fourier transform of a Gaussian function is 
also a Gaussian function [36]. Therefore, the impulse response 
does not have concentric rings. Therefore, the resulting images 
after filtering with a Gaussian filter are also free of “ringing” 
artifacts.

As part of the CoLiTec project, research was carried out 
into the application of the devised procedure for brightness 
alignment of the background frame substrate using high-fre-
quency filtering (Fig. 6). After the analysis, the Gaussian 
filter was chosen as a high-pass filter for the procedure, which 
showed the best results in terms of SNR (Fig. 7). This result is 
determined by the selected transfer function of this filter since 
the absence of concentric rings and ringing artifacts increases 
the SNR.

The study showed that the use of the devised procedure 
reduces identification errors with cataloged (reference) ob-
jects by 5–7 times [18]. Statistical modeling [38] has proven 
that this significantly affects the quality and accuracy of a 
number of data acquisition and retrieval tasks [39]. This also 
affects brightness estimation and detection of object trajecto-
ries [40, 41] using supercomputers [42].

The limitation of our study is the size of the generated CCD 
frames, as well as the uniform shooting conditions for each 
frame of the series. The type of CCD matrix affects the angular 
size and field of view, which leads to a varied number of SSOs 
in frames (from hundreds to tens of thousands). Another lim-
itation is the computing power of the equipment on which the 
processing will take place. The issue of security [43] of frames, 
namely the encryption of input data, is also important. In this 
case, an additional decryption algorithm will be required.

The disadvantage of the study is that when implementing 
the proposed procedure, it is necessary to first analyze the 
artifacts of the astronomical image. This is required for a more 
correct selection of the transfer function of the high-frequency 
filter for use in the procedure.

It is advisable to focus further research on the simultane-
ous application of the devised procedure and calibration by 
service frames [25]. This will be necessary to accumulate and 
obtain data [44] for further brightness assessment and iden-
tification of SSO with astronomical catalogs. To this end, it 
will be necessary to design a processing pipeline, connections 
to astronomical catalogs, and corresponding methods for re-
trieving services/modules [45]. It is also necessary to evaluate 
the usefulness of the devised procedure for other mathematical 
models [46], as well as methods for recognizing objects and 
detecting their movement, which will be used subsequently. To 
do this, one can use machine learning, Wavelet analysis [47], 
time series analysis or forecasting method [48] to calculate 
indicators. The task of further research is to apply the devised 
procedure as a stage of preliminary image preparation before 
applying basic image processing methods.

7. Conclusions

1. The transfer characteristic of the high-frequency filter 
was determined. The following high-pass filters were chosen: 
ideal, Butterworth, and Gaussian. Each of these filters was 
used in the devised procedure and was analyzed. Our analysis 
revealed that with increasing order, the transfer function of the 
Butterworth filter approaches the transfer function of an ideal 
filter. And from this it follows that both filters result in concen-
tric rings and, as a result, “ringing” type artifacts.

2. An algorithm was developed for the procedure for bright-
ness alignment of the background frame using high-frequency 
filtering. The key point is the formation of the spectrum of the 
high-frequency component of the original image based on the 
selected transfer function. The Gaussian transfer function was 
chosen as it. A feature of this function is the absence of concen-
tric rings in the spectrum and smoothed brightness transitions. 
This made it possible to determine the high-frequency compo-
nent of the original image, which can subsequently be removed 
as a coarse-grained component of the image.

3. The devised procedure for brightness alignment of the 
background frame using high-frequency filtering was verified 
based on many series of frames containing at least 3500 objects. 
The application of the devised procedure increases the signal-
to-noise ratio by more than 5 times in all considered images 
of objects and reduces the dynamic range of the background 
image substrate by more than 3 times.
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