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Abstract: Current approach to the increase of the
resolution is based on receiving images from several
image sensor arrays shifted by subpixel distance [1, 2]. The
analysis of the image forming process has shown that a
pixel aperture works as a low-pass spatial filter and
decreases spatial resolution even if several image sensors
shifted by subpixel distance are used. The proposed by
the authors approach uses both shifted image sensor
arrays and data processing based on inverse filtering.
That technique is more advantageous in comparison to
existing approaches based on image sensors positioning
or masks.

The main results of the investigation are: discussion
of problems of increase in the resolution of remote
sensing; simulation of the image forming process for
estimation of the impact of a pixel aperture on the image
forming process; a new technique for eliminating the
influence of a pixel aperture.

The simulation performed on the basis of the
proposed approach has shown that it is possible to get a
restored image with the resolution almost similar to the
resolution of a test high-resolution image, what indicates
the effective reduction of the influence of the pixel
aperture. It has been shown that for a blurred test image
received by using the aperture of 8 pixels its normalized
absolute error is of 0.123 and for a restored by inverse
filter image its error reduces to 0.019.

Key words: image processing, spatial resolution,
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1. Introduction

Improving the quality of satellite images is one of
the most important tasks set before remote sensing. The
most important parameter of satellite images that defines
their quality is their spatial resolution which depends on
the quantity of pixel per image and its geometric
projection onto the Earth surface. The decrease in the
pixel’s size is limited by the current state of technology
and data processing algorithms.

The decrease in the pixel’s size requires an
improvement in photosensitivity and increase in
frequency bands for both synchronization signals and
data signals. But this approach makes a significant load
on an onboard processing unit.

A solution to such a problem is using the proposed
method that combines subpixel data forming with

inverse filtering which allows a high-resolution digital
image to be produced from a series of low-resolution
images taken with some spatial shift.

Subpixel image processing improves spatial
resolution by using the same sensor array without
changing the pixels’ geometry.

The series of low-resolution images can be taken:

a) by positioning several image sensor arrays with a
subpixel shift from one another [1];

b) by defocusing the images applying sensor array’s
shift in the focal plane;

c¢) by using an optical shielding mask posed before
the sensor array (in the focal plane) and by defocusing
the image on the sensor plane [2],

Typically, charge-coupled devices (CCD-lines) are
used as sensor arrays.

2. Image formation with subpixel resolution

Usually, due to high cost of sensor arrays, only two
sensor arrays are positioned with a subpixel shift from
one another. The shift is made in two directions that
intersect at right angle. Fig. 1 shows the relative spatial
arrangement of two CCD-lines.
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Fig. 1. Spatial arrangement of two CCD-lines.

The method of subpixel image processing presented
below uses only two original low-resolution images
obtained.

In Fig. 2, the spatial distribution of pixels of the
original images and their disposition are shown.

When being processed, any original image pixel is
divided into four resulting pixels. Owing to the appli-
cation of the second image, for each row the accuracy of
a pixel value is improved. For each column a pixel is
duplicated to keep the proportions of the original image,
however, it does not improve the quality. The algorithm
increases the number of lines of the image to 2n+l1,
where 7 is the number of lines of the original image [6].
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Fig. 2. Spatial distribution of pixels.

This method is robust to noise because it is based on
the method of averaging.

The algorithm provides a significant improvement in
the image quality. But the resulting image is of much
less quality than an image with the same high resolution
obtained by direct photographing of the object. The
picture looks a little blurry, fuzzy [7].

However, the method can be successfully used, as it
has several advantages. To gain a significant improve-
ment, it is sufficient that only two images be used as
initial data.

What concerns two other ways of obtaining and
processing a series of low-resolution images, they are based
on the principle of increasing the resolution of a digital
image at a subpixel resolution level using defocusing.

Defocusing the images by applying sensor array’s
shift in the focal plane was used before the method of an
optical mask was introduced.

Fig. 3. One-dimensional model of a system that forms two
digital images of objects with a sensor array:
“a” represents the mask; “c” stands for the sensor array
"b1” and “b2” are two different positions of the mask with

respect to the sensor array.

The principle of the method is as follows: on a plane
close to a focal one, an optical system forms sharp

optical images of distant objects. In a plane of maximum
focus, an opaque (for optical rays) screen is placed. The
screen consists of regularly spaced diaphragms that
reflect light and form a defocused image on the CCD-
line of the same size. A screen with diaphragms is called
a mask. Two positions of the mask are shown in Fig. 3.

One can see that the mask can move along the
direction defined by the intersection of the focal plane
and the Fig. 3 plane at a distance equal to the width of
the diaphragm. Fig. 3 shows the corresponding position
of the sensor array with respect to the mask: bl and b2.

The sensor signals in each of two positions of the
mask give the defocused image of the fragments cut out
by means of the mask from the image in the focal plane.
The focal plane and the plane of sensor line must be kept
at a certain chosen distance lest the out-of-focus images
of neighboring fragments should overlap.

The signals from two neighboring sensors that
register the defocused image of a remote object may be
uniquely associated with “signals” from some virtual
sensors whose transverse dimensions are two times less
than those of the actual sensors positioned at the location
of an appropriate diapfragm. Based on this we can get an
image that has a two times better resolution.

However, the images obtained either by applying a
subpixel shift or by applying an optical mask need to be
processed to eliminate the influence of a pixel aperture.

3. The influence of a pixel aperture and its
elimination

From mathematical point of view, the task of
improving the resolution of an image can be represented
as the inverse problem for an operator equation that is
written as follows

A*z=u;, zeZ,ueU @)
where u is a known image of low resolution, z represents
an unknown image of high resolution, 4 stands for the
operator which causes decreasing of spatial resolution, Z
and U are image spaces which are defined on the meshes
with large and small pitches, respectively.

If we consider a typical image sensor, it contains
pixels of some shape, usually square. The pixel shape
impacts the point spread function (the response of an
imaging system to a point source) significally and
determines system properties at low frequencies (with
respect to a spatial spectrum domain).

Therefore, the model of image forming looks like a
pre-application of a low-pass spatial filter with further
spatial discretization:

gk, 1) =D{f(x, y) ® h(x, y)} )
where @ stands for the convolution; D{} is the discre-
tization operator; f(x, y) stands for the initial object

whose image one should receive; /(x, y) is the point
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spread function determined by the aperture of a pixel;
x, y are the continuous coordinates; k,/ are discrete

coordinates; G(k,[) stands for the object image.

That low-pass filter limits the potential of a spatial
resolution even if a fine pitch is used for the spatial
discretization.

Based on the described image forming model, the
relation between the possible spatial resolution and the
property of the low-pass filter (caused by the pixel aperture)
is evident. That means that two shifted image sensors
cannot produce an image with by 2 times improved spatial
resolution because of the low-pass filtering.

A large pixel aperture also causes another problem.
Typically, scanning the Earth's surface is executed without
overlapping instantaneous fields of view. Thus the
geometric resolution is equal to the diameter of the field of
view. However, when conducting a remote sensing of the
Earth, its scanning is done in a way when instant fields of
view are overlapped; the scan result resembles an image
obtained with an unfocused lens. At a large pixel aperture
in that type of survey the image is blurred, unfocused. The
way out of this situation consists in reducing the pixel
aperture which in turn leads to a decrease in the influence
of neighboring parts of the image. A weak point of
decreasing the pixel aperture is reduction in sensitivity of
photosensitive element of CCD line.

There are two methods to eliminate the undesired
effect of a pixel aperture without reducing the aperture
itself:

« application of an aprture mask;

* inverse filtering.

Let us discuss the first method. Using an aperture
mask, one can reduce the size of the pixel aperture and,
as a result, increase the level of ambient light filtration.
Such aperture mask is a black sheet made of a certain
material with holes of specific diameter over each pixel.
Thus, when one chooses optimal diameters of the holes,
the pixel aperture effect can be compensated. In such a
case the influence of neighboring parts of the image
decreases. Each hole in the mask increases the focus
depth and shifts the focal plane. That method is
somewhat cost effective because it is necessary to
manufacture the aperture mask.

The second method - inverse filtering - allows
filtering without using the mask but its disadvantage is a
significant load on the onboard processor.

Nonlinear filtering methods belong to one of the
image processing methods in a frequency domain. The
class of the nonlinear digital filters is very broad to be
described in general terms. Some of the well-known
methods belonging to the family of nonlinear digital
filters are the Gold’s algorithm, the Van-Cittert method,
the Lucy-Richardson method, etc.

The essence of inverse filtering for restoration
(deconvolution) of images may be described in such a
way.

In the discrete coordinates (k, /) the equation (2)
takes the form:

gk, 1) =h(k,)® f(k, 1) +n(k, 1), 3
where g(k,[) stands for a distorted (corrupted) image;
h(k, ) stands for a point spread function (a pixel aper-
ture); f(k,/) stands for a high-resolution image of the
object photographed; n(k, /) stands for a noise function.

After applying two-dimensional discrete Fourier
transform (DFT) we obtain an equation in a spatial
frequency domain

G(u,v)=H(u,v)F(u,v)+N(u,v) (4)
where G,H,F,N are the spatial spectra of g,h, f,n;
u,v are spatial frequencies.

The transfer function of the inverse filter can be
defined by

W(u,v)=1/H(u,v), ®)

The approximate solution of (5) is:

ﬁ‘(u, v)=W(u,v)Gu,v) =

, (6)
=F(u,v)+W(u, v)N(u, v)

where F stands for a restored image.

The restored image equals the sum of the original
image and the noise of monitoring that has passed
through the inverse filter. If the noise is absent, the
distorted image can be restored to a high degree of
accuracy using the inverse filter.

When images are restored by inverse filtering, edge
effects appear which manifest themselves in the form of
high-power oscillating noise that fully masks the
restored image. This is a serious disadvantage of inverse
filtering. Another problem is a difficulty in obtaining
estimates at the points of a zero row and a zero column.
The solution consists in application of Kalman one-
dimensional filtering.

4. The proposed approach

The authors propose to combine subpixel image
formation with data processing based on inverse filtering
using Tikhonov regularization. The subpixel image
formation utilizes images obtained by means of shifted
image sensor arrays.

As it has been already pointed out, two shifted
image sensors cannot produce a high-resolution image
because of the low-pass filtering. An improvement can
be achieved with applying inverse filtering which com-
pensates the influence caused by a pixel aperture. How-
ever, since that inverse filtering works as high-pass filte-
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ring and, consequently, increases the noise, we propose In the second experiment, similar to the first one, the
to use Tikhonov regularization [3] to reduce the noise. aperture function of a width of 8 pixels was used. The
The image forming process looks like blurred image is shown in Fig. 7. The restored image is

glk,1)=D{f(x, y)® h(x, )} + shown in Fig. 8.

(7
+D{f(x+Ax, y+Ay) D h(x, y)}

where Ax,Ay are the spatial subpixel shifts.
In the frequency domain
G(u,v)=H(u,v)F(u,v)+ Hu,v)F(u+0.5,v)+
+H @, v)F(u,v+0.5)+ H(u,v)F(u+0.5,v+0.5) +
+N(k, 1) (®)
After applying the Tikhonov regularization in the
frequency domain we receive a restored image:
H (u,v)

ﬁ'(u, V) = 5
|H(u,v| +a|W(u,v

> G(u,v) )

Fig. 5. A blurred image with NAE = 6,79%,; NMSE = 1%.

where W(u,v) is a regularization function; o is a

regularization parameter.

To demonstrate the effetiveness of regularization,
we have performed the restoration of an image applying
an inverse filter without regularization. The restored
image is shown in Fig. 4. We can see that this filter gives
a residual error, evev without any noise.

Fig. 6. A restored image NAE = 0,261%;
NMSE = 0,0018%.

Fig. 4. A restored by inverse filter image
with NAE = 9,2% and NMSE = 1,2%.

To show an effect of inverse filtering with Tikhonov
regularization a software, implementing this method, has
been developed. The software is written in MATLAB
environment.

In the first experiment we simulated the influence of
a pixel aperture by a blurred image (Fig. 5) that was ob-
tained from a high-resolution original image by means of
its convolution with the aperture function of a width of 2
pixels. The restored image received by inverse filtering Fig. 7. A blurred image with NAE = 12,3%;
with Tikhonov regularization is shown in Fig. 6. NMSE = 2,6%.

Lviv Polytechnic National University Institutional Repository http://ena.lp.edu.ua
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To compare the blurred and restored images their
normalized absolute and normalized mean square errors
have been calculated as:

Mk

S|ty 7k

NAE =415 (10)
PRIV
DS (k) kD)
NMSE = *=L= (11)

2 (f (kD)

1=
where NAE is the normalized absolute error; NMSE is
the normalized mean sqare error; M, N are the image
dimensions in number of pixels; f(k,/) is the original

™Mk

high-resolution image; J} (k,1) is the blurred or restored

image.

Fig. 8. A restored image with NAE = 1,9%,; NMSE = 0,049%.

Table 1
Calculated errors

Aperture function of Aperture function of
2 pixels 8 pixels
Blurred Restored Blurred Restored
image image image image
Error Fig. 5 Fig. 6 Fig. 7 Fig. 8
NAE 0.0679 0.00261 0.123 0,019
NMSE 0.01 0.000018 0.026 0.00049

5. Conclusion

The analysis of image forming process by image
sensors array shows that a pixel aperture works as a
lowpass spatial filter and degrades spatial resolution
even if several image sensors having a subpixel shift are

used. The approach proposed uses the constructive
placement of image sensors as well as data processing
based on the inverse filtering. The technique provides
better image restoration in comparison with existing
approaches based on the placement of image sensors or
masks.

The performed simulation shows that the restored
image is almost equal to the original. Note that after
being blurred by the 8 pixel width aperture, a normalized
absolute error was 0.123, and after recovering the image
using the inverse filter with Tikhovnov regularization,
the error became 0.019.
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CHEKTPAJILHAN NIIXII JO ®OPMYBAHHS
30BPAKEHD I3 CYBIIKCEJILHOIO
PO3ALILHOIO 3JATHICTIO

IBan [lpynuyc, Biktop Tkagenko, Ilerpo Konnpatos,
Jleonin Jlazpko, Cepriit @abipoBchkuii

IcHyrowi mAXOAM MO TIABHMIMEHHS PO3MUTEHOI 3TaTHOCTI
0a3yrOThCS Ha KOHCTPYKTHBHOMY pO3MIIICHHI JIEKIIBKOX
MacuBIB JaBayiB 300pa)KeHHs, 3MIUIEHUX Ha CyOliKceabHy
Bigmame [1,2]. Awmanmiz mnpomecy (opMyBaHHS 300pOKEHHS
MAaCHBOM JIaBadiB 300paKeHHs MOKA3ye, MO arepTypa MiKCes
Tpalftoe K TPOCTOPOBHI (DINBTP HIDKHIX YaCTOT i TIOTIPIITYE
TIPOCTOPOBY PO3ALUIGHY 30ATHICTh, HABITH SKIIO BUKOPHUCTOBYTH
NEKITbKa TaBadiB 300pa’kKeHHS, 3MIIIEHUX Ha CYOIMKCENBHY
BiicTanb. [IpornoHoBaHMit Mi/TXi BUKOPHCTOBYE KOHCTPYKTHUBHE
PO3MIIIEHHS TaBaviB 300paxkeHHs i 06pOOKY JaHWX Ha OCHOBI
imBepcHOi Qinbrpawii. Ile jgae nepeBarn B IOPIBHSHHI 3
ICHYHOUMMH CyYaCHHMH [iIXOJaMH, 3aCHOBAHHMMH HA pPO3-
MiIIeHH] JaBa4iB 300pa’keHHs 400 BUKOPHUCTAHHI MACKH.

VY pesynpTaTi HPOBEAEHOTO TOCITIDKEHHS PO3IJISHYTO
MPOOIEMH TiABUINCHHS PO3IUTEHOI 3AaTHOCTI CUCTEM JMCTaH-
LiHHOTO 30HAYBaHHS 3eMIIi Ta TOOYIOBAHO MOJIENb MPOLECCY
(opMyBaHHST 300pakeHb 3 ypaxXyBaHHSM BIUIMBY alepTypH
mikcens. J[o oTpuMaHOro CyOITiKCETBHUM (DOPMYBAHHSIM
300pakeHHsT 3aCTOCOBAHO METOJ IHBEPCHOT (pibTparii 3 pery-
aspu3auiero TUXOHOBA, 1I0 YCYBA€E BILIUB AlEPTyPH MIKCEs.

3a I01OMOroK MaTEeMAaTHYHOI'O MOJIEIIOBAHHS [OKA3aHO,
LI0 BJIAETHCS OTPUMATH BIJHOBICHE 300paKeHHS, SKE 3a
SIKICTIO HaOJMKAETBCSL 10 TECTOBOTO 300pa)KEHHS 3 BHCOKOH
PO3IITBHOI 3[ATHICTIO, IO CBITYHUTH NMpO e(hEeKTHBHE 3MEH-
IIeHHs BIUIMBY anepTypy IiKcels. BiTHOBIEHO 306pakeHHS,
sike OylIo pPO3MHUTE amepTyporo IMMPHHOK § MIKCewiB; HOp-
MOBaHa abCOJNIIOTHA MOXMOKa PO3MUTOTO 300pAXKEHHS CTAHO-
Buwia 0.123, a micast BiAHOBICHHS 300paKEHHs iHBEPCHUM
¢dinpTpoM moxubka 3MenmmiIacsk 10 0.019.
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