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1. Introduction

The quality and detail of information extracted from satellite
imagery are largely determined by the provided spatial resolution
(Kwan, 2018). The spatial resolution enhancement under
preserving other imaging specifications requires an increase in
the number of photodetectors of sensing array, which leads to
design complication and cost rise. In addition, the maximum
number of photodetectors in the sensing array is strongly limited
by the current level of microminiaturization in semiconductor
manufacturing (Young, Driggers & Jacobs, 2008). Subpixel image
processing can mitigate such limitations. Subpixel processing
involves (quasi)simultaneously acquired images of the same
scene, which are shifted from one relative to the other into a
fractional part of the pixel’s geometric size, with the follow-up
restoring the image values in all discrete pixel’s parts (subpixels)
(Fetisov, Kolesenkov, Babaev & Fetisova, 2019).

A number of previous studies of the CASRE NAS of Ukraine
have already been devoted to approaches and algorithms
development for spatial resolution subpixel enhancement of the
satellite images. The exact value of the mutual subpixel shift is a
necessary input element of the algorithm for spatial resolution
subpixel enhancement of the satellite images, also sometimes
referred to as superresolution (Vandewalle, Süsstrunk & Vetterli,
2003). A sufficiently complete overview of the known methods
for the digital imagery superresolution is given in the (Boreman
& Stevenson, 1998) and (Milanfar, 2010) papers. Further, it is
assumed that the mutual subpixel shift of two frame images
displaced from each other by arbitrary pixel fractions, both
horizontally and vertically, will be estimated (Popov, Stankevich
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& Shklyar, 2015; Stankevich, Shklyar & Lubskyi, 2013;
Stankevich, Shklyar & Tyagur, 2013).

2.General framework for subpixel shift estimation
between satellite images

Subpixel shift is estimated over two satellite images of equal
size of the same scene, matched with each other with pixel
precision. Since actual satellite images of the same scene have a
less accurate co-registration, they must be prepared for processing.
The sequence of this preparation and processing is described by
the Fig. 1 flowchart.

Input satellite images (Image No 1 and Image No 2) are
coregistered with pixel precision first. To do this, either the
existing georeferencing data (Zhu et al., 2008) or the control
points system that establishes a bijective alignment between two
images (Dawn, Saxena & Sharma, 2010) can be used. Next, the
matched images are cropped (Crop Overlapping), ensuring that
only the joint part (the overlap) of two images is saved (Hong &
Woo, 2014). After this, the preparation is completed and the
subpixel shift determination (Subpixel Shift Calculation) can be
executed. At the end of process, the results of the calculations
are displayed (Result Output) to the user.

3. Input image requirements

Certain requirements must be placed on the input satellite
images to ensure the accuracy of subpixel shift estimation.
Primarily, there should be a unique approximation of the
subpixel shift joint for the whole input images with some
permissible accuracy. This condition imposes rather strong
restrictions on the geometry of input images. Firstly, the
consistency of scale over the field of image, and accordingly —
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Fig. 1. Flowchart for subpixel shift estimation of two satellite images

the absence of oblique distortions. Secondly, the prohibition of
angular misalignment of input images. Thirdly, the
nonoccurrence of a constant-integer shift of input images.
Fourthly, minimizing the higher-order non-linear distortions
over the image field, such as optical disturbances, errors of
imaging rasterization, etc. (Voronin, 2017).

The second important requirement is the stationarity of
input images. There should be no significant changes between
the images of the same scene during acquisition, for example,
the presence of moving objects within the scene. In particular,
the cloudiness in the image can make a significant distortion
in the results of the shift estimation, so it is not recommended
to use images with a large area of cloud cover. It is also not
recommended to use pairs of input images obtained with a
long time interval, during which significant changes in the
scene could occur, such as inter-seasonal images (d’Angelo,
2013).

The third requirement is the use of images obtained in close
(ideally — in the same) spectral bands. Significant radiometric
differences between visible and near-infrared bands, and even
more so — with mid-infrared, thermal infrared, microwave and
radar ones, can lead to miscalculations or large errors in subpixel
shift estimation (Ferraris, Dobigeon, Wei & Chabert, 2018).

Since most of the essential calculations are done in the
frequency domain and, in fact, based on inherently stochastical
data, it is desirable to quantify the input images as the floating-
point values. In addition, the unavoidable re-interpolation of
images in the geometric transformations for co-registering
(Moigne, Netanyahu & Eastman, 2011) also forces the use of
real value pixels to improve the radiometric and, accordingly,
the statistical accuracy of the calculations performed. Therefore,
it is recommended to convert the radiometric values of the input
images into a floating-point format before processing. It is self-
evident that all internal calculations must also be executed in
double-precision floating-point value.

To ensure the most important requirement – the constancy of
subpixel shift value over the field of input images, the most
advanced or sophisticated co-registering techniques based on
affine or even nonlinear spatial transforms may be necessary
(Stankevich, 1994; Butyrin, 2015).

4. Algorithm for determining the mutual integer
pixels shift between two images

A mutual integer pixels shift is needed to crop properly the
overlap area of input images. To determine this shift, the mutual
correlation function is calculated using the fast Fourier transform
(FFT) and the sliding sum algorithm. It is noteworthy that the
proposed algorithm is also suitable for images of different sizes
(Reddy & Chatterji, 1996).

For simplicity, the one-dimensional case of mutual correlation
of two discrete datasets of different lengths is considered. If a
longer set {yi} consists of n samples, and a short one {xi} consists
of m samples, m < n, then for the k samples shift the rk correlation
value will be:
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where  is a short set mean, and  is a long set mean for m samples.
The numerator in (1) is the covariance ck. Since the correlation

value does not depend on means, the covariance can be written as:
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In equation (2) the sum of the short set in the subtracted product
term can be calculated in advance; the moving total algorithm
can be used to calculate quickly the partial sum of a long set. It is
obvious if the length of the short set is increased up to the length
of the long one, assigning zeros to additional samples, then the
equation (2) expression will not change, just the superior limit of

the sum will be not m, but n. To calculate the 
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equation (2), the FFT can be used.
The denominator in equation (1) is the root of the product of

the variances. As with the case of covariance calculation, a short
set variance can be calculated in advance, and for the long set
variance bounded by the short set’s window, the moving total
algorithm will be applied for quick calculating.

The described method for quick calculating of correlations
between different lengths datasets, one of which is much smaller
than the other, is also applicable for a two-dimensional case – for
the mutual shift of the two images determining.

5. Correlation-based algorithm for determining the
subpixel shift between two images

In determining the mutual subpixel shift between two images
of the same scene, the second image is considered as a parallel
transfer from the first one. The task is to determine the vector of
this parallel transfer.

The general algorithm for determining the subpixel shift
between images is based on the following assumptions:
1) The true shift value corresponds to the maximum correlation

between the input images;
2) Processing is performed in the frequency domain to reduce

the computational burden;
3) Suppression of the high-frequency component is used to

interpolate a discrete image.
The input data are two Y

1
 and Y

2
 images of m × n dimension at

(x, y) points, x = 0, 1, … , m–1, y = 0, 1, … , n–1. The pixel size
is selected as a linear unit.

Discrete Fourier transform (DFT) is computed by the following
equation:
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The influence of the low-frequency image component is
reduced by multiplying the Fourier transform result by the ω (θ)
ω (ϑ) function:
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The corresponding transform in spatial domain is the image
interpolation by convolution with the
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function values at the points where the function is defined. In
order to ensure that the function defined values do not change, it
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As a result of the parallel transfer of the Y
1
 (x, y) image onto

(Δx, Δy), that is Y
2
 (x, y) = Y

1
 (x + Δx, y + Δy), its Fourier transform

changes as follows:
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while the pixels that are on the image edge are ignored. In fact,
Fourier transform, defined by equation (3), corresponds to a
convolved image shift: the image part that is at the edge is
transferred to the opposite edge.

To calculate the correlation between the images, the Parseval

equation is used: if   ,
k̂

Y  is the Fourier transform of the Y
k
 (x, y)

function defined for nymx  0,0 , that is
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The Fourier transform of the second image shifted by  after
suppressing the high-frequency component will be
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The objective function is defined as
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In case when an image shift of more than one pixel, the overall
shift is decomposed as Δx = Δx

0
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 and Δy = Δy

0
 + Δy

1
, where
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) is the integer pixels shift. Then
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values are obtained by the inverse discrete Fourier transform of the
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A complete algorithm includes the following steps:
1) Preparing for the Q (Δx, Δy) function calculation. In this

case, the     ,ˆ,ˆ
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if any coordinate shift exceeds the pixel size, then the image
must be cropped and  step 1) must be repeated;

3) Numerical maximization of the Q (Δx, Δy) function: the
(Δx

0
 + Δx

1
, Δy

0
 + Δy

1
) point is selected as the starting point, where

all values of the Δx
0
 + Δx

1
, Δy

0
 + Δy

1
 variables are such that with

them the maximum is reached in step 2.

6. Software for estimation of mutual subpixel shift
between satellite images

The software for automatic estimation of mutual subpixel shift
between a pair of digital satellite images was developed. This
software operates on a personal graphic workstation running by
the 64-bit Microsoft Windows operating system and has a
graphical user interface (GUI), which is shown in Fig. 2.

The software includes the following functional subsystems:
input/output, computing, and control (Aydin, 2015). The
developed software processes the satellite image fragments of
the same pixel size, subpixel-shifted relative to each other.
Processed images should be in the TIFF/GeoTIFF file format –
-single-band uncompressed 8, 16 or 32 bits per pixel.



12

Online  ISSN 2313-2132

Sergey A. Stankevich et al /  Óêðà¿íñüêèé æóðíàë äèñòàíö³éíîãî çîíäóâàííÿ Çåìë³ 24 (2020)  9–14

Fig. 2. The graphical interface of the software for estimation of mutual
subpixel shift between satellite images

The developed software is quite productive and is capable of
processing actual satellite images of 10–20 megapixels size and
more.

7. Developed software test results

Testing and accuracy assessment of the developed software were
carried out experimentally. The 30 pairs of test satellite images were
generated for the experiment. All of them were artificially subpixel-
shifted the second relative to the first one. Reduced fragments of some
used test images are shown in the Fig. 3.

Processing time depends on the input image size and is equal
up to a few seconds. Table 1 contains the values of set-pointed
and estimated by the developed software subpixel shifts between
pairs of test satellite images.

The mean absolute error in the subpixel shift estimating for
all test satellite images was 0.037. The processing time for a pair
of images each 4000 × 5000 pixels size on a dual-core workstation
does not exceed 4 minutes.

8. Conclusions

Algorithms and software for automatic estimation of mutual
subpixel shift between satellite images are developed. The
software implements a correlation estimating of the subpixel shift
between two images within the frequency domain.

The developed software provides a quite acceptable accuracy in
determining the subpixel shift value: the mean absolute error of 0.037
pixel is demonstrated. Also, this software has sufficient performance.

It is worth focusing the future research on optimizing the
developed algorithms to reduce computational burden under the
achieved accuracy preservation. In the long run, the described
software is planned to be integrated into a complete software
system for superresolution of input satellite image sets.

Fig. 3. Some test satellite images used to evaluate developed software

Table 1
Subpixel shifts between test satellite images estimation results using developed software

Sat el lit e im ag e 
Im ag e size, 
pixels 

Set -p oin t 
sub pixel  shi ft  

Estimated 
subp ixel shift  

GF2-L1A-Pan- 20160411 2999×1999 0.55 
0.35 

0.56 
0.34 

GF4-L1A-PMS-20160726 1999×999 0.2 
0.6 

0.18 
0.63 

VBZ1-B1-20170910 3286×1662 0.4 
0.4 

0.35 
0.38 

VBZ1-B3-20170720 3386×780 0.8 
0.3 

0.75 
0.28 

S2A-B8-20160617 3999×2999 0.75 
0.45 

0.8 
0.44 

 

GF2-L1A-Pan-20160411

GF4-L1A-PMS-20160726

VBZ1-B1-20170910 VBZ1-B3-20170720
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ÏÐÎÃÐÀÌÍÀ ÐÅÀË²ÇÀÖ²ß ÎÖ²ÍÊÈ ÂÇÀªÌÍÎÃÎ ÑÓÁÏ²ÊÑÅËÜÍÎÃÎ ÇÑÓÂÓ Ì²Æ ÑÓÏÓÒÍÈÊÎÂÈÌÈ ÇÎÁÐÀÆÅÍÍßÌÈ
Ñ. À. Ñòàíêåâè÷, Ì. Î. Ïîïîâ, Ñ. Â. Øêëÿð, Ê. Þ. Ñóõàíîâ, À. À. Àíäðåºâ, À. Ð. Ëèñåíêî, Ñ³íü Êóíü, Øèñÿí Öÿî, Øè Þéïàíü, Ñóíü Áîéÿ
Ó ñòàòò³ îïèñàíî àëãîðèòìè ³ ïðîãðàìíà ðåàë³çàö³ÿ ç âèêîðèñòàííÿì ñó÷àñíèõ êîìï’þòåðíèõ òåõíîëîã³é ñïåö³àëüíîãî ïðîãðàìíîãî
çàáåçïå÷åííÿ äëÿ îö³íêè ñóáï³êñåëüíîãî çñóâó ì³æ ñóïóòíèêîâèìè çîáðàæåííÿìè. Äëÿ çàáåçïå÷åííÿ çàäàíî¿ òî÷íîñò³ îö³íêè ñóáï³êñåëüíîãî
çì³ùåííÿ äî ïî÷àòêîâèõ ñóïóòíèêîâèõ çîáðàæåíü ïðåä’ÿâëÿþòüñÿ ïåâí³ âèìîãè. Ïåðåäóñ³ì, ïîâèííå ³ñíóâàòè ºäèíå íàáëèæåííÿ
ñóáï³êñåëüíîãî çñóâó ïî÷àòêîâèõ çîáðàæåíü ç äåÿêîþ ïðèïóñòèìîþ ïîãð³øí³ñòþ. Äðóãà âàæëèâà âèìîãà — ñòàö³îíàðí³ñòü âõ³äíèõ çîáðàæåíü.
Òðåòÿ âèìîãà — âèêîðèñòàííÿ çîáðàæåíü, îòðèìàíèõ ó áëèçüêèõ ñïåêòðàëüíèõ ä³àïàçîíàõ.
Óâåñü ïðîöåñ ñêëàäàºòüñÿ ç òðüîõ îñíîâíèõ åòàï³â: ñïîëó÷åííÿ çîáðàæåíü, âèð³çóâàííÿ ñï³ëüíî¿ ï³êñåëüíî ñïîëó÷åíî¿ ÷àñòèíè òà àâòîìàòè÷íîãî
ðîçðàõóíêó âçàºìíîãî ñóáï³êñåëüíîãî çñóâó. Àâòîìàòè÷íèé ðîçðàõóíîê âçàºìíîãî ñóáï³êñåëüíîãî çñóâó ì³æ äâîìà öèôðîâèìè ñóïóòíèêîâèìè
çîáðàæåííÿìè âèêîíóºòüñÿ êîðåëÿö³éíèì ìåòîäîì. Îêðåìî ðîçãëÿíóòî àëãîðèòì âèçíà÷åííÿ ö³ëîï³êñåëüíîãî âçàºìíîãî çñóâó äâîõ çîáðàæåíü
çà äîïîìîãîþ âçàºìíî¿ êîðåëÿö³¿, ùî îá÷èñëþºòüñÿ øâèäêèì ïåðåòâîðåííÿì Ôóð’º (ÁÏÔ) ³ ñïîñîáîì êîâçàþ÷î¿ ñóìè, òà àëãîðèòì âèçíà÷åííÿ
ñóáï³êñåëüíîãî çñóâó äâîõ çîáðàæåíü ç âèêîðèñòàííÿì ðîçðàõóíêó êîðåëÿö³¿ ó Ôóð’º-îáëàñò³.
Ïðîãðàìíó ðåàë³çàö³þ âêàçàíèõ àëãîðèòì³â áóëî âèêîíàíî íà àëãîðèòì³÷í³é ìîâ³ C ç âèêîðèñòàííÿì â³äêðèòèõ ïðîãðàìíèõ êîìïîíåíò³â ³
á³áë³îòåê. Ðîçðîáëåíå ïðîãðàìíå çàáåçïå÷åííÿ ôóíêö³îíóº íà ïåðñîíàëüí³é ãðàô³÷í³é ðîáî÷³é ñòàíö³¿ ï³ä óïðàâë³ííÿì 64-á³òíî¿ îïåðàö³éíî¿
ñèñòåìè Microsoft Windows ³ ìàº ãðàô³÷íèé ³íòåðôåéñ êîðèñòóâà÷à (GUI). Çàïðîïîíîâàíó ïðîãðàìíó ðåàë³çàö³þ áóëî âèïðîáóâàíî íà
ñòàòèñòè÷íî ðåïðåçåíòàòèâí³é ê³ëüêîñò³ ðåàëüíèõ ñóïóòíèêîâèõ çîáðàæåíü. Â ðåçóëüòàò³ âèïðîáóâàíü áóëî ïðîäåìîíñòðîâàíî ö³ëêîì
ïðèéíÿòíó (êðàùå çà 0.1 ï³êñåë) òî÷í³ñòü âèçíà÷åííÿ çíà÷åíü ¿õ ñóáï³êñåëüíèõ çñóâ³â.
Êëþ÷îâ³ ñëîâà: ñóïóòíèêîâ³ çîáðàæåííÿ, ñóáï³êñåëüíèé çñóâ, ïðîãðàìíà ðåàë³çàö³ÿ

ÏÐÎÃÐÀÌÌÍÀß ÐÅÀËÈÇÀÖÈß ÎÖÅÍÊÈ ÂÇÀÈÌÍÎÃÎ ÑÓÁÏÈÊÑÅËÜÍÎÃÎ ÑÄÂÈÃÀ ÌÅÆÄÓ ÑÏÓÒÍÈÊÎÂÛÌÈ
ÈÇÎÁÐÀÆÅÍÈßÌÈ
Ñ. À. Ñòàíêåâè÷, Ì. À. Ïîïîâ, Ñ. Â. Øêëÿð, Ê. Þ. Ñóõàíîâ, À. À. Àíäðååâ, À. Ð. Ëûñåíêî, Ñèíü Êóíü, Øèñÿí Öÿî, Øè Þéïàíü, Ñóíü Áîéÿ
Â ñòàòüå îïèñàíû àëãîðèòìû è ïðîãðàììíàÿ ðåàëèçàöèÿ ñ èñïîëüçîâàíèåì ñîâðåìåííûõ êîìïüþòåðíûõ òåõíîëîãèé ñïåöèàëüíîãî
ïðîãðàììíîãî îáåñïå÷åíèÿ äëÿ îöåíêè ñóáïèêñåëüíîãî ñäâèãà ìåæäó ñïóòíèêîâûìè èçîáðàæåíèÿìè. Äëÿ îáåñïå÷åíèÿ çàäàííîé òî÷íîñòè
îöåíêè ñóáïèêñåëüíîãî ñìåùåíèÿ ê èñõîäíûì ñïóòíèêîâûì èçîáðàæåíèÿì ïðåäúÿâëÿþòñÿ îïðåäåë¸ííûå òðåáîâàíèÿ. Ïðåæäå âñåãî, äîëæíî
ñóùåñòâîâàòü åäèíñòâåííîå ïðèáëèæåíèå ñóáïèêñåëüíîãî ñìåùåíèÿ èñõîäíûõ èçîáðàæåíèé ñ íåêîòîðîé äîïóñòèìîé ïîãðåøíîñòüþ. Âòîðîå
âàæíîå òðåáîâàíèå — ñòàöèîíàðíîñòü èñõîäíûõ èçîáðàæåíèé. Òðåòüå òðåáîâàíèå — èñïîëüçîâàíèå èçîáðàæåíèé, ïîëó÷åííûõ â áëèçêèõ
ñïåêòðàëüíûõ äèàïàçîíàõ.
Âåñü ïðîöåññ ñîñòîèò èç òð¸õ îñíîâíûõ ýòàïîâ: ñîâìåùåíèÿ èçîáðàæåíèé, âûðåçàíèÿ îáùåé ïèêñåëüíî ñîâìåù¸ííîé ÷àñòè è àâòîìàòè÷åñêîãî
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ðàñ÷¸òà âçàèìíîãî ñóáïèêñåëüíîãî ñäâèãà. Àâòîìàòè÷åñêèé ðàñ÷¸ò âçàèìíîãî ñóáïèêñåëüíîãî ñäâèãà ìåæäó äâóìÿ öèôðîâûìè ñïóòíèêîâûìè
èçîáðàæåíèÿìè âûïîëíÿåòñÿ êîððåëÿöèîííûì ìåòîäîì. Îòäåëüíî ðàññìîòðåíû àëãîðèòì îïðåäåëåíèÿ öåëîïèêñåëüíîãî âçàèìíîãî ñìåùåíèÿ
äâóõ èçîáðàæåíèé ïðè ïîìîùè âçàèìíîé êîððåëÿöèè, âû÷èñëÿåìîé ïîñðåäñòâîì áûñòðîãî ïðåîáðàçîâàíèÿ Ôóðüå (ÁÏÔ) è ñïîñîáîì
ñêîëüçÿùåé ñóììû, è àëãîðèòì îïðåäåëåíèÿ ñóáïèêñåëüíîãî ñìåùåíèÿ äâóõ èçîáðàæåíèé ñ èñïîëüçîâàíèåì ðàñ÷¸òà êîððåëÿöèè â Ôóðüå-
îáëàñòè.
Ïðîãðàììíàÿ ðåàëèçàöèÿ óêàçàííûõ àëãîðèòìîâ áûëà âûïîëíåíà íà àëãîðèòìè÷åñêîì ÿçûêå Ñ ñ èñïîëüçîâàíèåì îòêðûòûõ ïðîãðàììíûõ
êîìïîíåíòîâ è áèáëèîòåê. Ðàçðàáîòàííîå ïðîãðàììíîå îáåñïå÷åíèå ôóíêöèîíèðóåò íà ïåðñîíàëüíîé ãðàôè÷åñêîé ðàáî÷åé ñòàíöèè ïîä
óïðàâëåíèåì 64-áèòíîé îïåðàöèîííîé ñèñòåìû Microsoft Windows è èìååò ãðàôè÷åñêèé èíòåðôåéñ ïîëüçîâàòåëÿ (GUI). Ïðåäëîæåííàÿ
ïðîãðàììíàÿ ðåàëèçàöèÿ áûëà îïðîáîâàíà íà ñòàòèñòè÷åñêè ðåïðåçåíòàòèâíîì êîëè÷åñòâå ðåàëüíûõ ñïóòíèêîâûõ èçîáðàæåíèé è
ïðîäåìîíñòðèðîâàëà âïîëíå ïðèåìëåìóþ òî÷íîñòü (ëó÷øå 0,1 ïèêñåëà) îïðåäåëåíèÿ çíà÷åíèé èõ ñóáïèêñåëüíûõ ñäâèãîâ.
Êëþ÷åâûå ñëîâà: ñïóòíèêîâûå èçîáðàæåíèÿ, ñóáïèêñåëüíûé ñäâèã, ïðîãðàììíàÿ ðåàëèçàöèÿ
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