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Abstract   

The image resolution enhancement concerns with the improvement of image resolution based on merging of 

several acquisitions of low-resolution observations by camera. In this paper, an algorithm for increasing the 

resolution of two images shifted by half a pixel horizontally and vertically is proposed, based on block cross-

interpolation. The algorithm aims at reducing the errors in the known (bicubic and averaging) methods, using 

the criteria of MSE and PSNR. 
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1. Introduction 

Image resolution depends on the physical characteristics of the sensor: the optical properties, density and spatial 

response of the sensor components. Increasing the resolution by sensor adjustment may not be an existing 

choice.  In most known methods of subpixel processing, one image or several images are considered as the raw 

data, the relative pixel shift between them is precisely unknown (un-normalized) [1-8].  By using a moving 

video camera, images can be formed that are shifted by half a pixel horizontally and vertically, for example, 

down and to the right, which are the raw data for subpixel processing[9-13]. To enhance the resolution of such 

images, two main approaches are of interest: based on gradient analysis in overlapping neighborhoods, self-

similarity and regularization (nonlinear methods) and based on interpolation and averaging (linear methods). 

The first approach provides less errors, but requires considerable resources. The second approach is 

characterized by low computational complexity, but it leads to smoothing of sharp changes in brightness in the 

region of contours and blurring of small artifacts[14-23]. 

The aim of the work is to develop a computationally simple algorithm for increasing the resolution of two 

images shifted by half a pixel horizontally and vertically, providing a reduction in errors in comparison with 

algorithms based on bicubic interpolation and averaging. 

2. Algorithm of block cross-interpolation of a pair of images 

An algorithm for increasing the resolution of two images shifted by half a pixel horizontally and vertically is 

submitted, on the basis of block cross-interpolation. The essence of the algorithm consists in splitting each initial 

image into overlapping blocks of 2×2 pixels in size such that for each pixel of one image there are four pixels 

(a pixel block) of another image “Fig. 1”, and based on the brightness values of each pixel of each image, is 

formed a new block of pixels that do not overlap with other blocks. 
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Figure 1. Shifting the pixels of initial images 

The block cross-interpolation algorithm consists of the following steps. 

1) Processing the pixels of the first initial image. 

1.1) Selecting the pixel ( )1 ,i y x  of the first initial image ( )
( )1 1 0, 1, 0, 1

,
= − = −

=
y Y x X

I i y x  at 1, 2= −y Y , 1, 2= −x X . 

1.2) For the pixel ( )1 ,i y x  of image 
1I  is calculated total brightness ( )1 ,s y x  corresponding to pixels blocks 

{𝑖2(𝑦 − 1, 𝑥 − 1), 𝑖2(𝑦 − 1, 𝑥), 𝑖2(𝑦, 𝑥 − 1), 𝑖2(𝑦, 𝑥)} of the second initial image  ( )
( )2 2 0, 1, 0, 1

,
= − = −

=
y Y x X

I i y x  

using the expression 
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1 2
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, ,
=− =−

= − − 
m n

s y x i y m x n  

at 1, 2y Y= − , 1, 2x X= − . 

1.3) Forming the first intermediate interpolated image 
( )

( )1 1 0,2 1, 0,2 1
,

= − = −
=

y Y x X
I i y x

, and the pixels values 

( ) ( ) ( ) ( ) 1 1 1 12 ,2 , 2 1,2 , 2 ,2 1 , 2 1,2 1+ + + +i y x i y x i y x i y x
 in blocks of which are calculated using the expression 

( ) ( )
( )

( )
2

1 1

1

1 , 1
2 ,2 4 ,

,

− + − +
+ + =

i y m x n
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at 0,1=m , 0,1=n , 1, 2= −y Y , 1, 2= −x X . 

2) Processing of the second initial image pixels  

( )
( )2 2 0, 1, 0, 1

,
= − = −

=
y Y x X

I i y x . 

2.1) Selecting the pixel ( )2 ,i y x  of the second initial image ( )
( )2 2 0, 1, 0, 1

,
= − = −

=
y Y x X

I i y x  at 1, 2= −y Y , 1, 2= −x X . 

2.2) For the pixel ( )2 ,i y x  of image 
2I  is calculated total brightness ( )2 ,s y x  corresponding to pixels blocks 

( ) ( ) ( ) ( ) 1 1 1 11, 1 , 1, , , 1 , ,− − − −i y x i y x i y x i y x  of the first initial image ( )
( )1 1 0, 1, 0, 1

,
= − = −

=
y Y x X

I i y x  using the 

expression 
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1 1
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=− =−
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m n
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at 1, 2= −y Y , 1, 2= −x X . 

2.3) Forming the second intermediate interpolated image ( )
( )2 2 0,2 1, 0,2 1

,
= − = −

=
y Y x X

I i y x , and the pixels values 

( ) ( ) ( ) ( ) 2 2 2 22 ,2 , 2 1,2 , 2 ,2 1 , 2 1,2 1+ + + +i y x i y x i y x i y x   in blocks of which are calculated using the expression 

( ) ( )
( )

( )
1

2 2

2

1 , 1
2 ,2 4 ,

,

− + − +
+ + =

i y m x n
i y m x n i y x

s y x
 

at 0,1=m , 0,1=n , 1, 2= −y Y , 1, 2= −x X . 

3) Forming the resulting high-resolution image ( )
( )0,2 1, 0,2 1

ˆ ˆ ,
= − = −

=
y Y x X

I i y x  as a result of pixel averaging of 

the first 1I and second 2I intermediate interpolated images using the expression  
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( )
( ) ( )1 2, ,

ˆ ,
2

+
=

i y x i y x
i y x  

at 1, 2 1= −y Y , 1,2 1= −x X . 

 

The computational complexity of this algorithm is estimated at approximately 27 operations per pixel of the 

resulting high-resolution image.  

The scheme of the block cross-interpolation of images is shown in “Fig. 2”. The scheme consists of two channels 

in which on the basis of two low-resolution initial images are formed two intermediate images of increased 

resolution, and then the results of channel-by-channel processing are combined to form the resulting high-

resolution image. The amount of data processed within each channel is limited to 9 pixels (4 pixels of one 

channel and 1 pixel of the second channel at the input and 4 pixels at the output). The amount of data processed 

when combining the results of channel-by-channel processing is 3 pixels (2 pixels at the inputs and 1 pixel at 

the output). 

 

 

Figure 2. Scheme of block cross-interpolation of images 

In the block cross-interpolation algorithm, the errors are due to inaccuracies in the brightness distribution within 

the block of pixels. Therefore, errors are grouped on high-frequency sections of images (on textures and near 

contours). 

3. The effectiveness of block cross-interpolation evaluation 

Figure 3 shows the pairs of test images that are displaced relative to each other by half a pixel vertically and 

horizontally. 
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 Figure 4 shows the equivalent high-resolution test reference images gained by a high-resolution video camera. 

In Figures 5 – 7 are shown high resolution images obtained as a result of processing test images using the block 

cross-interpolation algorithm, as well as bicubic interpolation and averaging algorithms. 

Figure 4 shows the equivalent high-resolution test reference images gained by a high-resolution video camera. 

In Figures 5 – 7 are shown high resolution images obtained as a result of processing test images using the block 

cross-interpolation algorithm, as well as bicubic interpolation and averaging algorithms. 

 

 
a) Pairs of image 1 

 

 
b) Pairs of image 2 

 

 
c) Pairs of image 3 

 

 
d) Pairs of image 4 

 

 
e) Pairs of image 5 

Figure 3. The pairs of test images (1,2,3,4,5) that are shifted relative to each other by half a pixel vertically 

and horizontally 
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a) image 1                                                              b) image 2 

 

 
c) image 3                                                                d) image 4 

 

 
e) image 5 

Figure 4. Test images (1,2,3,4,5) of high resolution 

 
a) image 1                                                b) image 2 

 

 
c) image 3                                                d) image 4 
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e) image 5 

Figure 5. High-resolution images generated by block cross-interpolation 

 
a) image 1                                                b) image 2 

 

 
c) image 3                                                d) image 4 

 
e) image 5 

Figure 5. High-resolution images generated by averaging 

 
a) image 1                                                           b) image 2 
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c) image 3                                                         d) image 4 

 

 
e) image 5 

Figure 6. Images of high-resolution generated by bicubic interpolation 

In Table 1 is shown the mean square error MSE and the peak signal-to-noise ratio PSNR for high-resolution 

test reference images and high-resolution resulting images obtained using the algorithms of block cross-

interpolation, bicubic interpolation, and averaging. The values of these parameters are determined using the 

expressions 

( ) ( )( )
1 1 2

0 0

1 ˆ, ,
− −

= =

= −
Y X

y x

MSE i y x i y x
YX

 

2255
10lg

 
=  

 
PSNR

MSE
 

where ( ),i y x  – are the pixels of test reference image. 

From Table 1 it follows that block cross-interpolation provides a reduction in the mean square error by 

approximately 3.3891and 2.2140 times (an increase in the signal-to-noise ratio by about 5 dB and 3 dB) 

compared to averaging and bicubic interpolation, respectively. 

 

Table 1. Interpolation methods characteristics 

Interpolation 

method  

MSE/PSNR (dB) Average 

MSE/PSNR 

(dB) 
Image1 Image2 Image3 Image4 Image5 

Block cross 7.74/39.24 20.67/34.98 14.03/36.66 11.15/37.66 16.39/35.98 13.99/36.90 

Averaging 19.76/35.17 71.14/29.61 55.25/30.71 63.15/30.13 27.85/33.68 47.43/31.8599 

Bicubic 11.99/37.34 48.31/31.29 34.44/32.76 39.93/32.11 20.25/35.06 30.98/33.71 

4. Conclusion 

In this paper, an algorithm for increasing the resolution of two images shifted by half a pixel horizontally and 

vertically is proposed, based on block cross-interpolation using 2×2 pixel blocks. It is shown that block cross-

interpolation provides a reduction in the mean square error MSE of an average 3.3891 and 2.2140 times (an 

increase in the signal-to-noise ratio by approximately 5 dB and 3 dB) compared to averaging and bicubic 

interpolation, respectively. 
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