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Abstract
Two adaptive inter-array predictive coding methods based on texture analysis for subpixel-
shifted super-resolution imaging are presented. The technique of subpixel-shifted super-
resolution imaging is outstanding in improving the spatial resolution of satellite images
effectively, without greatly reducing the imaging swath or increasing the mass of the
sensors. However, the technique leads to marked proliferation of transferring data with the
resolution enhancement, so an efficient lossless data compression algorithm calls for
special study. This paper analyses the particular spatial distribution relationship of
subpixel-shifted inter-array pixels and proposes new lossless predictive compression
adaptive to the local texture feature. Performance comparisons are made between the new
methods and the traditional linear predictors, and also between these two new methods.
Experimental results show that the proposed methods perform excellently in adaptability
and compression efficiency for high resolution satellite images rich in textures.

INTRODUCTION
High-resolution satellite imaging aims at observing ground targets in great details and at a
large range. With the progress of spatial techniques, modern high resolution satellites with
a swath of hundreds of kilometers and a submeter spatial resolution are gradually coming
into use. Unfortunately, within the conventional optical imaging schemes, if the spatial
resolution is improved by twice, the swath width will suffer a reduction by half and the
mass of on-board sensors will be increased by an order of magnitude. Spatial resolution,
imaging swath and sensor weight together constitute three fundamental and incompatible
qualifications. Conventional data compression techniques difficultly meet at the mean time
the specifications of compression ratio, computing efficiency and data integrity of the target
areas.

In order to ensure enhancing the spatial resolution effectively without reducing its
observation width or increasing the sensor mass markedly, the technique of synthesizing a
higher resolution image from several comparative lower resolution images is receiving
growing attention in related areas (Simon and Takeo, 2002). The 2002 launched French
satellite SPOT 5 first successfully yielded a single 2.5 m resolution image from two 5m
resolution images acquired simultaneously in its HRG panchromatic band. Since collected
data rises greatly to 128 Mbps, compared with 32 Mbps for its predecessors, dedicated data
flow control is introduced so that each of the two 5 m resolution CCD images is separately
compressed by lossy variable DCT and synthesized into a 2.5 m resolution image on the
ground (www.spotimage.fr). In order to further lessen the downlink data at no loss, some
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specific compression algorithms are desiderated for the subpixel-shifted super-resolution
imaging.

Seeing that corresponding detectors of the two CCD sensors are vertically and horizontally
offset by only half a pixel, much data redundancy exists based on the grey continuity of
ground objects. In this paper, an adaptive lossless inter-array predictive coding based on
texture analysis is proposed, specific to this subpixel-shifted super-resolution imaging.
Firstly 2-level integer wavelet transform is applied to the two subpixel-shifted images; then,
inter-array prediction for the second image is made from the first one using texture
analysis; finally the entropy coding is carried for the prediction error and the lossless
compression is achieved. Experimental results show that, compared with the traditional
linear prediction, the texture-based adaptive inter-array predictive algorithm applies well to
high resolution satellite images rich in textures, allowing great improvement in terms of
compression ratio and signal/noise ratio.

PRINCIPLES OF SUBPIXEL-SHIFTED SUPER-RESOLUTION IMAGING
In subpixel-shifted super-resolution imaging, several identical CCD arrays with non-
integral pixels offset along X-axis and Y-axis in the focal plane are simultaneously
pushbrooming. This is a process of separate sampling and quantifying that produces several
images with interrelated but not same information of the ground targets. Without variating
the size or mass of the CCD sensors or the condition of optical systems, these images are
integrated utilizing the correlation consisting in the spatially overlapped images. This
approach actually reduces the spatial sampling interval, through neutralizing the effect of
lack sampling and degeneration.

In the case of subpixel-shifted twin-CCD observation, the two arrays are offset by 1/2 pixel
along the array-direction (the X-axis), and by N+1/2 pixels along the flight-direction (the
Y-axis) where N is the least possible positive integer, forming a spatial arrangement as
showed in Figure 1a, and produce two images stagger 1/2 pixel away along X-axis and Y-
axis respectively. If the two images are overlapped based on the corresponding geographic
position they are recording, the sampling centre of each pixel in the second image lies at the
very low-right corner of the corresponding pixel in the first image (see Figure 1b).
Theoretical calculation and experimental results indicate that, if making good use of the
inter-array correlation, the subpixel-shifted super-resolution imaging technique is able to
improve the spatial resolution to be 1.7~1.8 times that a single CCD image could offer
(Gong et al., 2002).

                                      
X 

                                 Y 

1/ 2 pi xel s 

N+1/ 2 pi xel s

(a) Spatial arrangement of twin-CCD sensor lines  (b) Spatial distribution of twin-CCD image pixels

Figure 1: Spatial configuration of subpixel-shifted twin-CCD.
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INTER-ARRAY PREDICTION CHARACTERISTICS OF SUBPIXEL-SHIFTED
IMAGE AND GREY LINEAR PREDICTION

Characteristics of inter-array predictive coding for subpixel-shifted images
Inter-frame predictive coding is one of the most effective and classical compression
approaches for video (Xiao, 2001). The main idea is that, according to the spatial
corresponding relationship between neighboring video frames, the current frame is
predicted from the former frame or frames, then entropy coding are executed for the
prediction error caused by motions and changes of the objects in the image spacing. In this
prediction scheme designed for ordinary image sequences and video alike, the spatial
distribution relationship among sampling centers of corresponding pixels in the neighboring
frames is illustrated in Figure 2a where  and △ represent the utilizable known pixels in
anterior and current frame respectively, and ▲ represents the pixel to be predicted in the
current frame. In this case, actual spatial coordinates of corresponding pixels in the
neighboring two frames are the same, in contrast to that of the subpixel-shifted super-
resolution imaging, where corresponding pixels in adjacent images are offset by 1/2 pixel.
The purpose of inter-array prediction for subpixel-shifted images is to predict the second
CCD image from the first one. Figure 2b picturizes the spatial relationship between the
sampling centers of the predicted pixel and of the utilizable known neighboring pixels in
the adjacent two images, ▲ denotes y, the pixel to be predicted in the second CCD image;

 represents the known pixels x1~x4, the generalized four neighbors of y in the first CCD
image; △ represents the processed pixels y1~y3, the left upper three of the eight neighbors
of y in the second CCD image. Obviously from the figure, those spatially nearest to the
unknown y are x1~x4 in the first image, and a bit farther on, are y1 and y3.

                                  
(a) For conventional image sequences                    (b) For subpixel-shifted images

Figure 2: Spatial distribution of the predicted element and its predictive neighbors.

Thus the on-board inter-array prediction for twin subpixel-shifted images has the following
features:

(1) Corresponding pixels in the twin subpixel-shifted images hold more correlation than do
counterpart pixels in adjacent frames of sequential images. Since twin CCDs are arranged
vertically and horizontally offset by only half a pixel, when pushbroom scanning
simultaneously, theoretically they produce two images with corresponding pixels of vertical
and horizontal ground sampling intervals smaller than those of the intraframe neighboring
pixels or of the corresponding interframe pixels in video images, and demonstrate greater
correlation in the pixel values according to the grey continuity. Therefore in case of
subpixel-shifted imaging, prediction for the second CCD image from the first promises
even smaller predictive error and higher compression ratio.

(2) Free from the structural variation factors embedded in sequential images affected by
moving objects, precise prediction could be made based on the mixed “surrounding” pixels.
Because two CCD sensors are scanning and imaging simultaneously, it need no
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consideration for motion prediction inevitable in interframe prediction of sequential images
(Liu et al., 2003). Therefore the fixed dimensional relationship helps to achieve stricter
prediction and smaller prediction error, which is different from the case in conventional
intra/interframe prediction, so the scheme design is worth particular consideration.

In the inter-array predictive coding process for twin-CCD subpixel-shifted super-resolution
imaging, the first CCD image data is transmitted, then inter-array prediction for the second
CCD image is made utilizing the first one, and lastly the entropy coding follows on the
possible existing prediction error, or rather the residue image, to achieve unitary integrity of
lossless compression. The kernel idea of inter-array prediction is to establish well-behaved
prediction criteria and predictors that express the value of y by a combination of its
generalized spatial neighbors, or more exactly, by projecting it onto the hyperplane α
supported by the neighboring pixels, to minimize the distance (y-y’) from y to its projection
y’ or the residual vector orthogonal to α. The orthogonal residue is then coded to eliminate
the correlative redundancy in order to minimize the predictive error and reduce the
downlink bit rate. According to the rule of minimizing MSE (Mean Square Error), the
above comes down to the minimization problem

2min ( ')y y−∑ (1)

 y is the pixel to be predicted in the second image, ' i i j jy k x k y= +∑ ∑ with 1i jk k+ =∑ ∑

is its predicted result; xi and yj are the pixels spatially neighboring y used for prediction.

Conventional grey mean prediction and grey weighted prediction (Li and Wang, 1999)
The design of the predictor is crucial to the performance of the coder. Different weighting
mechanisms make different predictors. Grey Mean Prediction (GMP), on the assumption of
grey continuity, predicts the central pixel by averaging the values of its generalized four
neighborhood pixels in the first CCD image as

y’ = ( x1 + x2 + x3 + x4 )/4 (2)

Basically, little consideration is made on the spatial relationship contained between the first
and second CCD images, so GMP is taken as an extension of the traditional interframe
mean prediction. In order to remove the deteriorative effect to the prediction result of
singular point, such as the boundary point within the four-neighborhood, Grey Weighted
Prediction (GWP) is proposed as a possible modified version of GMP based on the grey
continuity of ground objects. Weights are decided to the effect that a certain pixel among
the four neighbors is weighted in inverse proportion to the distance between its grey value
and the mean of that of the four neighbors,

1 1 2 2 3 3 4 4'y k x k x k x k x= + + +

with

1ki =∑ , / /j ii jk k x m x m= − − and 1 2 3 4( ) / 4m x x x x= + + + (3)

To instantiate the prediction performance, for the original simulated two 2 m resolution
half-pixel-shifted twin CCD images shown in  Figure 3a and 3b,  Figure 4a and 4b gives its
GMP prediction and its prediction residue,  Figure 4c and 4d gives its GWP prediction and
its prediction residue. Please note that for the sake of observation convenience, the residue
intensity in  Figure 4b and 4d is magnified to be 4 times of its actual value.
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(a) First CCD image                  (b) Second CCD image

 Figure 3: Original subpixel-shifted twin CCD images.

                             
(a) GMP Prediction result   (b) GMP Prediction residue      (c) GWP Prediction result   (d) GWP Prediction residue

 Figure 4: Grey mean prediction and grey weighted prediction.

Figure 4 imply that GMP excels GWP in terms of visual effect as a whole, and its special
low computing complexity adds to its popularity in processing satellite images of moderate
intensity diversity. However, from a careful study on Figure 4b and Figure 4d we find that
the performance of GMP deteriorates visibly as the details increase; GWP demonstrates
better behavior around edges where grey intensity experiences violent changing. GWP
takes into account the edge effects within a four-neighboring, but it goes too far to fit in
most cases when only trivial edging exists within neighborhood and thus displays not so
well unitarily. Since edges usually display the most intense grey diversity in an image, edge
prediction often determines the global performance of prediction.

Essentially the two algorithms mentioned above treat each pixel equally without thorough
analysis on the structural features formed among each pixel and its neighbors, and result in
an increase of prediction error for regions with fine details or at edges. How to make full
use of the relative spatial relationship and structural characteristics is essential to the
prediction performance improvement.

ADAPTIVE GREY PREDICTION BASED ON TEXTURE ANALYSIS
In subpixel-shifted super-resolution imaging, the twin CCD sensors are simultaneously
pushbrooming, so the relative spatial distribution of two CCD images in Figure 2b can be
viewed as fixed, and thereby be utilized in local texture analysis on the pixels x1~x4 in the
first CCD image to select prediction criteria adaptive to different local textures.

In our reformative approach based on texture analysis, prediction on the pixel scale still
employs the weighted grey prediction mode expressed in (1), but the weights are chosen on
analysis of the local texture, thus coming to an adaptive prediction.

Wavelet transform is a mature texture analysis method nowadays (Li and Wang, 1999).
Figure 5 diagrams the basic relation between first-level wavelet transform and the image
texture structure, where in Figure 5b LL sub image preserves most of the average
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information, LH preserves most of the horizontal stripes, HL preserves most of the vertical
stripes, and HH gives most of the diagonal stripes. Different amplitudes of wavelet
coefficients in different sub bands suggest the particular local texture around each pixel,
and adaptive predictor is devised according to different local texture (Aaron and Sheila,
2003). In addition, since the first CCD image is also applied wavelet-based compression,
this local texture analysis and compression approach based on wavelet transform is well
algorithm-consistent with the first image compression and can effectively save computing
overhead. Judgment of a pixel’s texture attribute is obtained by comparing among the
absolute values of its four first-level wavelet coefficients ck in the subband LL, LH, HL,
and HH, observing the following rule,

x ∈H, if |cLH| = max(|cLL|, |cLH| |cHL|, |cHH|),
x ∈V, if |cLH| = max(|cLL|, |cLH| |cHL|, |cHH|),
x ∈D, if |cLH| = max(|cLL|, |cLH| |cHL|, |cHH|),

where H = {horizontal edges}, V = {vertical edges}, D = {diagonal edges}, E = {edges}.

(a) Original image (b) First-level wavelet transform

Figure 5: The relation of first-grade wavelet transform and imagery texture structure.

The rules for selecting predictors based on texture feature extracted from the generalized
four-neighborhood in the first CCD image gives the following Texture-based Prediction 1
(referred to as TBP1),

If x1, x2∈H, and x3, x4 ∉E, then y’ = ( x3 + x4 ) /2;
If x3, x4∈H, and x1, x2 ∉E, then y’ = ( x1 + x2 ) /2;
If x1, x3∈H, and x2, x4 ∉E, then y’ = ( x2 + x4 ) /2;
If x2, x4∈V, and x1, x3 ∉E, then y’ = ( x1 + x3 ) /2;
If x2, x3∈D,                         then y’ = ( x2 + x3) /2;
If x1, x4∈D,                         then y’ = ( x1 + x2 + x3 + x4) /4;
In other cases, GMP is applied, viz. y’ = ( x1 + x2 + x3 + x4) /4.

In above rules only the generalized four-neighborhood from the first image is considerated
in the texture-based prediction. If the texture information contained in the accessible eight-
neighborhood elements around the predicted pixel in the second image is also taken into
account, we can construct the rules of a modified prediction method named as Texture-
based Prediction 2 (referred to as TBP2).

If x1, x2∈H, and x3, x4 ∉E,       then y’ = ( 2x3 + 2x4 + 4y1 ) /8;
If x3, x4 ∈H, and x1, x2 ∉E,      then y’ = ( 2x1 +2x2 + 4y1 ) /8;
If x1~ x4 ∈H,                             then y’ = ( 3x1 + 3x2 + 3x3 + 3x4 + 4y1 ) /16;
If x1, x2 ∈V, and x3, x4 ∉E,      then y’ = ( 2x3 + 2x4 + 4y3 ) /8;
If x3, x4 ∈V, and x1, x2 ∉E,      then y’ = ( 2x1 +2x2 + 4y3 ) /8;
If x1~ x4 ∈V,                             then y’ = ( 3x1 + 3x2 + 3x3 + 3x4 + 4y3 ) /16;
If x2, x3 ∈D,                              then y’ = ( x2 + x3) /2;
If x1, x4 ∈D,                              then y’ = ( x1 + x4) /2;
In other cases, GMP is applied, viz. y’ = ( x1 + x2 + x3 + x4) /4.
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EXPERIMENTAL RESULTS AND ANALYSIS
For the 8-bits original twin CCD images in  Figure 3, Figure 6a and 6b gives its TBP1
result and the residue image, Figure 6c and 6d gives its TBP2 result and the residue image,
where the prediction error MSE and PSNR are provided. For the sake of observation
convenience, the residue intensity in Figure 6b and Figure 6d are magnified to be 4 times of
its actual value.

(a) TBP1 Prediction result (b) TBP1 Prediction residue

(c) TBP2 Prediction result (d) TBP2 Prediction residue

Figure 6: Texture-based prediction 1/2 image.

As revealed from the experimental results, the performance of the proposed adaptive
texture-based prediction surpasses that of the conventional grey linear prediction, and the
TBP1 especially gets far ahead of the conventional mean and weighted prediction in terms
of visual effect as a whole and statistics such as MSE and PSNR. However, prediction
generally performs highly sensitive to the nature of the images. Under various prediction
methods, images with mild or severe grey diversity may demonstrate quite different results.
Theoretically, TBP2 counts in wider prediction space and is expected of better prediction
performance, but practically as the details in an image increase, the relativity at pixel level
decreases and the prediction complexity rises, which makes for TBP2’s inferiority to TBP1
in prediction.

In Table 1, these four prediction methods are compared in terms of prediction error, Peak
Signal-to-Noise Ratio and the final encoding rate. Prediction error measures MSE between
the original second CCD image y(i,j) and its predicted image y’(i,j) from the first CCD
image:

1 1 2

0 0

1
[ ( , ) '( , )]

M N

i j
MSE y i j y i j

M N
− −

= =
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Besides, PSNR (Peak Signal-to-Noise Ratio) is also adopted here as a quantifying
evaluation indicator:

2

10
25510logPSNR
MSE

=

Table 1: Comparison of Predictive Coders Performance for Subpixel-shifted Images.
Prediction Approach MSE PSNR(db) Lc(bits/pixel)
GMP 5.70 33.01 3.53
GWP 8.33 29.71 3.58
TBP1 4.38 35.29 3.10
TBP2 5.54 33.25 3.49

In the objective assess on compression efficiency, encoding rate Lc is introduced, which
means here the averaged bit length for a pixel in the result image data. It is obvious from
Table 1 that the adaptive texture-based inter-array prediction algorithms notably improve
the prediction for images rich in textures, reduce the prediction error and ultimately lower
the image encoding rate.

CONCLUSIONS AND DISCUSSIONS
On analysis of the particular spatial distribution relationship of subpixel-shifted inter-array
pixels, this paper proposes two adaptive texture-based inter-array predictive coding
algorithms for subpixel-shifted twin CCD images. Experimental performance is compared
between the new methods and the traditional linear predictors, and also between these two
new methods, which show that the proposed methods can perform excellently in
adaptability and compression efficiency for high resolution satellite images rich in textures.

What deserves attention is that, under various prediction methods, images of mild or severe
grey diversity may demonstrate quite different results. When local details vary rigorously,
the decrease of spatial correlation of inter-pixels may add the predictive complexity. In this
case, more elaborate and more precise texture analysis and prediction schemes are needed
for further research.
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