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The special-purpose software implementation for estimating the subpixel shift between satellite images using advanced computer technology is
described in this paper. The automatic calculation of the mutual subpixel shift between a pair of digital satellite images by correlation algorithm is
performed. The proposed implementation was tested on a statistically representative number of satellite images and reached acceptable accuracy in

determining their subpixel shift values.
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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, Siisstrunk & 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:

Online ISSN 2313-2132

i('xi _;)'(ym _;k)

Ji(x,.—b' > -7 M

u=1 u=1

}’LZ

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:

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 Zx, *Vix value in
i=1

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 ¥, and Y, images of m X 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:

m—1 -l ~2mi(Be+ )

1.(6.9)=2 > Y.(x.»)e

=0 y=0
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The influence of the low-frequency image component is
reduced by multiplying the Fourier transform result by the @ (0)
o (V) function:
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The corresponding transform in spatial domain is the image
interpolation by convolution with the

o Ty
const - COS? —COS X COS? —COSTY | function. In fact, this

transform is not an exact interpolation because it changes the
function values at the points where the function is defined. In
order to ensure that the function defined values do not change, it
1 1
——<f<— .
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1 2 2
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As aresult of the parallel transfer of the Y| (x, y) image onto
(Ax, Ay), thatis Y, (x,y) =Y, (x + Ax, y + Ay), its Fourier transform
changes as follows:

is recommended to take  (0) =
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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 ¥, (6, 3) is the Fourier transform of the Y, (x, y)

function defined for O0<x<m,0<y<m, that is
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The Fourier transform of the second image shifted by after
suppressing the high-frequency component will be

(Ax,Ay) 2i (OAx-+9AY )
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The objective function is defined as

(Ax,Ay)
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In case when an image shift of more than one pixel, the overall
shift is decomposed as Ax = Ax; + Ax, and Ay = Ay, + Ay, where
(Ax,, Ay,) is the integer pixels shift. Then

Lm=1y/2] L(n=1)/2]
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and for fixed Ax, and Ay, the function O (Ax, + Ax,, (Ay, + Ay,)
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 O (Ax, Ay) function calculation. In this

F(0.9)F(0.9) s

ezﬁ,k:—FJ,...,V’—_lJ 9:1,1=—FJ,...,V—1J
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and the necessary auxiliary arrays are filled;

case, the calculated under

2) Finding the Q (Ax, Ay) maximum by Ax, =0,+, ..., and

Ay, =0,+%,..
O (Ax, + Ax,, Ay, + Ay)) is calculated simultaneously for all

w5 el 5

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 (Ax, Ay) function: the
(Ax, + Ax,, Ay, + Ay,) point is selected as the starting point, where
all values of the Ax, + Ax , Ay, + Ay, variables are such that with
them the maximum is reached in step 2.

., 1 enumerating, and for each (Ax, Ay) pair the

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.
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88 ImageShift - o X
GF4-L1AB1-E125N46-20160726-F00124182_0-01 Browse.
1733 rows, 3839 columns, 32bt float
GF4-L1AB1-E125N46-20160726-F00124182_6_41F Browse.
1739 rows. 3899 columns, 32bit float

Resuits
dx=0,687500 Copy
dy =0.312500

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.

< 4, s\ "&
VBZ1-B1-20170910
Fig. 3. Some test satellite images used to evaluate developed software

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
ofimages each 4000 x 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.

VBZ1-B3-20170720

Table 1
Subpixel shifts between test satellite images estimation results using developed software
. Image size, Set-point Estimated
Satellite image pixels sub pixel shift subpixel shift
GF2-L1A-Pan- 20160411 2999x 1999 055 056
035 034
GF4-L1A-PMS-20160726 1999x999 02 018
06 0.63
VBZ1-B1-20170910 3286x1662 04 035
04 038
VBZ1-B3-20170720 3386x780 08 0.75
03 028
S2A-B8-20160617 3999x2999 075 0.8
045 044
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IMPOTPAMHA PEAJII3ALIA OIHKH B3AEMHOI'O CYBIIIKCEJIBHOI'O 3CYBY MIXK CYITYTHUKOBUMMU 30B5PAXKEHHAMN

C. A. CrankeBuy, M. O. ITonog, C. B. Illkmsap, K. FO. Cyxanos, A. A. Auapees, A. P. Jlucenko, Cinb Kyns, lucsu [so0, 1u FOiinans, Cyns Boiis
V cTarTi OmMCAaHO aNTOPUTMH 1 MPOTrpaMHa peaizallis 3 BUKOPUCTAHHSIM CyYaCHHX KOMII'IOTEPHHX TEXHOJIOTIH CIeIiaJbHOTO IPOTrpaMHOro
3a0e3MeueHHs ISl OLIHKU CYOIiKCEIbHOTO 3CYBY MiXk CyIyTHUKOBHUMH 300pakeHHsAMH. J[J1s1 3a0€3MeUeHHS 3a1aH0i TOYHOCTI OLIHKH CYOITiKCEIILHOTO
3MIIIEHHS JI0 MTOYaTKOBHUX CYNyTHHKOBHX 300pa’keHb Ipex SBISAIOTHCS NMEBHI BUMOTH. IlepenyciM, MOBUHHE iCHYBaTH €IMHE HAOIIDKCHHS
CyOHiKCEeIBHOTO 3CyBY MOYaTKOBUX 300paXkKeHb 3 JESKOI0 IPHITYCTHMOIO ITOTpilIHicTIo. J[pyra BaxIMBa BUMOTa — CTalliOHAPHICTH BXiJHUX 300pakeHb.
Tpetst BUMOra — BHKOPHUCTAHHS 300paxKeHb, OTPHMAHUX y OMM3bKUX CHEKTPaIbHHX JAialla30Hax.

‘VBech nporec CKIaaeThes 3 TPhOX OCHOBHHX €TaIliB: CIIOTyYEHHS 300paXeHb, BUPi3yBaHHs CIIUIBHOI MIKCEJIBHO CIIOIYYeHOI YaCTHHH Ta aBTOMATHIHOTO
PO3paxyHKy B3a€MHOTO CyOIKCEIBHOTO 3CyBY. ABTOMaTHYHHI PO3paXyHOK B3a€MHOTO CYOITIKCEIBHOTO 3CYBY MiX JBOMA ITH()POBUMH CYITy THUKOBHMH
300paXKeHHSAMU BHKOHY€THCSI KOPEIISIIiTHIM MeTo oM. OKpeMo pO3IISIHYTO aITOPUTM BH3HAYEHHS LITOMIKCEILHOTO B3aEMHOTO 3CyBY IBOX 300paXKeHb
3a JIOIIOMOTOF0 B3a€EMHOI KOPEJISILi1, {0 00YUCTIOEThCS IBHAKHM nepeTBopeHHsIM Dyp’e (BIID) i cmoco6oM KoB3ar0d01 CyMH, Ta alrOPUTM BU3HAYCHHS
CyOIIiKCEIBHOTO 3CYyBY IBOX 300pa’keHb 3 BUKOPHCTAHHSIM PO3paxyHKy kopemswii y @yp’e-obnacti.

ITporpaMHy peani3alilo BKa3aHUX aJTOPUTMIB OyJI0 BUKOHAHO Ha anrOpUTMiuHii MOBi C 3 BUKOPHCTaHHSM BiIKPUTHX IPOrPAMHHUX KOMIOHEHTIB i
6i6mioTek. Po3pobnene nporpamue 3abe3nedeHHs GyHKIIOHY€E Ha IEPCOHANBHIH rpadivHiii pododill cTaHmil mix ynpasniHHAM 64-0iTHOI onepaniifHoi
cucremu Microsoft Windows i mae rpadiunmii intepdeiic kopucrypada (GUI). 3anponoHoBaHy MporpaMHy peaiizaiiro O0yno BUIpoOyBaHO Ha
CTaTHCTHYHO PENPe3eHTATHBHIN KUIBKOCTI pealbHUX CYIlyTHHKOBHX 300paskeHb. B pesymbrari BUnmpoOyBaHb Oya0 IPOAEMOHCTPOBAHO IIJIKOM
npuiHATHY (kparme 3a 0.1 mikcen) TOYHICTh BU3HAUCHHS 3HAYEHb iX CyOIiKCeIbHUX 3CYBiB.

KuiouoBi ci10Ba: cymmyTHHKOBI 300pakeHHs, CyOIiKCeNbHUHN 3CyB, IPOrpaMHa pearizamis

IIPOTPAMMHASA PEAJIM3ALINA OHEHKUN B3AVMMHOI'O CYBIIUKCEJIBHOTI'O CABUTA MEX/JY CIITYTHUKOBBIMU
N30BPAXEHUAMUN

C. A. CrankeBuu, M. A. Ilomnos, C. B. IlIxmsp, K. 1O. Cyxanos, A. A. Auzapees, A. P. JIpicenko, Cunb Kyns, [lucsa Lo, Hu IOiinans, Cyns boiist
B crarbe omucaHbl aNrOpPUTMBI M MIPOTPAMMHAS peaau3alys ¢ UCIOJIb30BAHUEM COBPEMEHHBIX KOMIIBIOTEPHBIX TEXHOJIOTHH CIEeNHaIbHOTO
MPOTPaMMHOT0 00ECTICUCHUS ISl OLICHKU CyOMHKCEIBHOTO C/IBUTa MEXK/y CITy THUKOBBIMHU W300paxeHussMu. 1 oOecrieueHns 3alaHHOM TOYHOCTH
OIICHKH CYOMHMKCENBHOTO CMEIECHUS K HCXOIHBIM CITy THUKOBBIM H300paXKeHHUSIM MPEIbsBISIOTCS OnpeenéHuble TpedoBanus. [Ipexie Bcero, JOIKHO
CYIIECTBOBATh €IMHCTBEHHOE PUOJIMKEHNE CyOMUKCEILHOTO CMEIIICHHUS HCXOIHBIX N300pakeHHi ¢ HEKOTOPOM JIOIYCTUMO# MOTpeIHOCThI0. BTopoe
Ba)KHOE TPeOOBaHHE — CTAIIMOHAPHOCTH UCXOJHBIX N300paxeHuii. TpeThbe TpeOOBaHHE — HCIONIB30BaHUE H300paKEHHH, TTOJyYSHHBIX B OJTU3KUX
CIIEKTPAJIbHBIX THANa30HaX.

Becs nporiecc COCTOUT U3 TPEX OCHOBHBIX ATAIOB: COBMEIICHHS H300paXXCHUIA, BhIpE3aHus 001IeH IMTMKCETbHO COBMEIIEHHOM YacTH U aBTOMAaTHYECKOTO
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pacuéra B3aUMHOTO CyOIIKCEIBHOTO CIBUTa. ABTOMATHUECKUH Pacy€T B3aMMHOTO CyOIIKCEIBHOTO CIBUIa MEXIY JIBYMsI (POBEIMH CITy THUKOBBIMH
N300paXCHUSIMH BBITIOIHAETCS KOPPEILSIIHOHHBIM MeTonoM. OTAEIBLHO PACCMOTPEHEI AITOPUTM ONPEASNICHUS [IETONUKCEIBHOTO B3aNMHOTO CMEILCHHS
JIBYX M300paKeHUH IPU IIOMOIIM B3aUMHON KOPPEJISIHHU, BRIUUCIIEMOI mocpeacTBoM ObicTporo mpeodpasoBanust dypse (BIID) u cmocobom
CKOJIB3SIIEH CYMMBIL, H aITOPUTM OIpPeelIeHNs CyONUKCeIbHOTO CMEIICHHS IBYX H300pakeHUH ¢ HCIIOIb30BaHUEM pacuéra koppemsinun B dypee-
obmacrw.

ITporpaMMmHas peanu3anys yKa3aHHbBIX aITOPHTMOB ObUIA BEIIIOJTHEHA HA aJTOPUTMHUYECKOM s13bIKe C C NCIIOIBb30BaHHEM OTKPBITHIX IIPOTPAMMHBIX
KOMIIOHEHTOB U Oubnnorek. Pa3spaboranHoe nmporpamMmMmHoe obecneueHne (yHKIMOHUPYET Ha MEePCOHANBHOM rpadudeckoil pabodeil cTaHuK MOX
ynpasieHHeM 64-OuTHOI omepanMoHHOH cucTeMbl Microsoft Windows n umeer rpaduueckuii narepdeiic nonssosarens (GUI). Ipennoxennas
IIporpaMMHas peanusanusi Obula OnpoOOBaHAa HA CTATHCTHYECKH PENPE3CHTATHBHOM KOJIMYECTBE PEANbHBIX CIYTHHUKOBBIX H300pakeHHH U
IIPOAEMOHCTPHPOBAIa BIIOJIHE IPUEMIEMYI0 TOYHOCTE (iryuite 0,1 nmukcena) onpeeneHus 3HAYCHNI UX CyOINUKCENbHBIX CABUTOB.

KuioueBnle ¢j10Ba: CITyTHHKOBBIC H300pa)KeHHsI, CyOIUKCEIbHbIH CIBHT, IPOrpaMMHAsi peaTn3amus

Pykonuc cmammi ompumano 25.02.2020
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