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Abstract—The spatial information compression and data
unbalance of CE-1 three view images, which caused by the
three-line-array CCD stereo camera imaging view angle and the
gradient variety of the lunar surface landform, were seriously
considered and an improved super resolution reconstruction
algorithm based on global weighted POCS for remote sensing
images was proposed in this paper. The global weighted
coefficients were calculated by normalizing the mean gradient of
original remote sensing images. The residual error and gray
scale were introduced as constraint sets during the iteration
reconstruction of the three view remote sensing images, by
which, the spatial information of remote sensing images was
mined and the reconstruction image resolution was compensated
and enhanced. Experiment results showed that, the
reconstructed images by using the global weighted POCS
algorithm have better subjective discerning effect of image
details and higher spatial resolution, compared with the widely
used algorithm, such as the nearest neighbor interpolation POCS

algorithm.
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I. INTRODUCTION

Asynchronous push-broom remote sensing stereo imaging
is the widely used aero-space imaging style"”). On account of
the view angle difference of the asynchronous push-broom
imaging and the gradient variance of the lunar topography, the
spatial information is compressed between the asynchronous
push-broom remote sensing sequence images, which results in

the 3D data loss. The asynchronous push-broom stereo
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imaging precision is reduced caused by the information
unbalance of the three view remote sensing images. Studying
the super resolution reconstruction method of asynchronous
push-broom remote sensing images is of great importance to

improve the stereo imaging definition and resolution.

The sequence images spatial resolution enhancement
methods can be classified into two kinds™: the frequency
domain method and the spatial domain method. Compared
with the former method, the latter method is more widely used
because of its flexibility and applicability. Based on the pixel
scale, the pixels conversion and constraint are executed
through the spatial-domain method and the complex motion
model is processed together with the corresponding
interpolation, iteration, and filtration. The currently common
used approaches are the probability theory algorithm!®,
iterative back-projection approach'™, regularization method®
and so on. The mentioned spatial-domain methods above is
disable to compensate the 3D data unbalance between the
asynchronous push-broom remote sensing three view images,
which will result in the spatial data loss of the remote sensing

images during the super resolution reconstruction.

A global weighted POCS algorithm based on the mean
gradient normalization of sequence images is given in this
paper.
calculate the weighted coefficients and the residual error and

The mean gradient normalization is applied to

gray scale constraint are introduced to the iteration of the

three view remote sensing images to reconstruct new images.

II. PRINCIPIUM AND ALGORITHM



A. The POCS theory

POCS (Projection Onto Convex Sets) algorithm is the
iterative projection to acquire the optimum solutions from the
given initial sets'”). Using the set theory, all prior knowledge,
such as positive definite, energy bounded, data reliable and
glassy, of images to be reconstructed are defined as constraint

.. . The intersection of these convex

}. The

POCS algorithm is the process of starting from the initial

convex sets: ¥, ¥, -+

n

(Wi

sets is closed nonempty and defined as: i/ 2{
i=1

estimation X, contained in the sequence images set OX, to
reach the optimum solution X, by applying convex sets
projection operators P;,P,...,P,to X,. This iteration is shown in

Fig.1 and can be mathematically described as:

t
X=(P.P.sP) (X) )
Figure 1. Iteration process of POCS
B.  Global weighted POCS algorithm
The remote sensing sequence images X;,X,,...,X, are

contained in the known initial images set®X. During the
iterative process of asynchronous push-broom remote sensing
stereo imaging, the imaging angle difference of single-track
three view images and the gradient variance of lunar surface
landform lead to the spatial 3D information compression on
the 2D image and information unbalance among single-track
three view images. An improved POCS algorithm based on
the image mean gradient global weighting was proposed here
to compensate the 3D information unbalance and enhance the
spatial resolution of the CE-1 remote sensing images. The
global weighted coefficients are got by normalizing the mean
gradient of initial sequence images; the residual error and
gray-scale constraint are used to the single-track three view
images to mine the spatial information of remote sensing

images. Concrete steps are as follows:

® Calculate the mean gradient gre,grt,,... of
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sequence images X,X»,...,X,, which are contained in

the initial remote sensing image set PX;

® Normalize the mean gradient grt;,grt,, ..., grt,; gain the
final global weighted coefficient of remote sensing
sequence images X, X,...,X,:
k":(grt‘.)/(zn: Sy =12, @
-1 n
® Define the residual error constraint set as:
={FIRY (j.k)<n' (jk)}hi=1.2,.0m ©))

Wherein, 77 is the predetermined threshold; RY is the

residual error, defined as:

x=p+2 y=g+2

2 2 E

x=p-2y=¢q-2

RO(j0)=k"*X"'(j,1)- (x.»)F(x,»),i=12..n (4)

Wherein, X'(j,) is the pixel value of arbitrary point of the
ith image in the initial image set®X. E is the current remote
sensing image after information mining and resolution

reconstruction. F is the image point spread function.

From (4) it can be found that, the weighted coefficients are
introduced into the iteration reconstruction, which is the key
point of the global weighted POCS algorithm different from
the other methods.

C. Steps of global weighted POCS algorithm

The geomorphological feature region is drawn through
preprocessing the CE-1 image data on the basis of gradient
and dimension principle, by which the lunar surface landform
areas with prominent gradient change are found in the
whole-track remote sensing image which contains large
quantity information and equably distributes numerous lunar
landform factors. The necessary steps of the global weighted
POCS algorithm are shown in Fig. 2.
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Figure 2.  Steps of the global weighted POCS algorithm

As the amplitude range of gray level image is [0,255], the
gray-level constraint convex set is introduced into the

confirmatory test, which is defined as:



0 R E(j,k)<0
E(j,k) , O0<E(jk)<255
255 E(j,k)=255

e )

Wherein, E(j,k) is the gray value of the (jth,kth) pixel
points in the current super resolution remote sensing image

which is under reconstruction.

III. EXPERIMENTS AND DATA ANALY SIS

The nadir, the back and front view image are selected
from the CE-1 CCD images
data(CE1_BMYK CCD-N_SCI N 200801020)

experiment. The data volume of whole track remote sensing

database as the source
in  this
image is excessively oversized. Part of the single-track image,
such as a crater, can be well used in experiments because of

its good edge property and apparent gradient variance.

(b) nadir view (¢) front view

(a) back view

Figure 3.  CE-1 Single-track three view images of craters

Spatial information of the single-track three view remote

sensing images is mined by using the global weighted POCS

algorithm and the super resolution(SR) image is reconstructed.

The initial image is interpolated and magnified. The contrast
between the SR image and the interpolation image is shown in
Fig. 4. The SR image, acquired by using the global weighted
POCS algorithm to mine the spatial information, is evaluated
through the subjective visual interpretation and the objective

mathematical statistics.

(a) Initial image

(b) Global weighted POCS

Fig.4. Contrast between the global weighted POCS and initial image

A. Subjective evaluation based on visual interpretation

From the contrast between Fig.4 (a) and (b), the results
can be gotten: the remote sensing image reconstructed

through the global weighted POCS algorithm has clearer

image edge and texture detail, compared with the initial image.
The existed terrain feature in initial image has been enhanced
and there appears some new visible lunar topographical factor,

which has been marked by rectangle frame in Fig.4 (b).

In order to intuitively demonstrate the texture
enhancement area of the reconstructed SR images, the image
difference and binarization are done between the super
resolution remote sensing image which is reconstructed after
25 times iteration and the initial image of lunar craters.
Results are shown in Fig. 5, in which, the white areas are the
distinctly enhanced texture area or the increased cognizable

feature after information mining and iterative reconstruction.

Fig.5. Enhanced or increased information in SR image

B. Objective evaluation based on mathematical statistics

The information entropy® and mean gradient are used as
objective evaluation parameters to assess the remote sensing
images reconstructed after the information mining by using
the global weighted POCS algorithm. The information
entropy reflects the information increasing level of remote
sensing images. The mean gradient represents the image
definition, reflects the expression ability of the images details

and the improved degree of image spatial resolution.

Table 1 Contrast table of objective evaluation
Information entropy | Mean gradient
Initial image 6.8300 3.2882
Nearest-neighbor interpolation POCS 6.5749 3.7389
Global weighted POCS 6.8887 3.9794
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Table 1 lists the objective performance indices of three
kinds images which are the initial image, the image using the
nearest-neighbor interpolation POCS method and the image
using the global weighted POCS method. The mean gradient
of the latter two images are higher than that of the initial
images, which raises to 3.7389 and 3.9794 from 3.2882. On
the other hand, the information entropy of the global weighted
POCS image raises to 6.8887 from 6.83 while the information
entropy of the nearest-neighbor interpolation POCS image




reduces to 6.5749.

It is clear that, by using the nearest-neighbor interpolation
POCS to reconstruct the single-track three view remote
sensing images of CE-1, although the image resolution is
enhanced and the image detail is clearer, the information loss
happens during the image iterative reconstruction, which is
caused by its ignoring the spatial information unbalance
among the asynchronous push-broom three view images. On
the contrast, spatial information compression of CE-I
single-track three view images caused by the imaging angle
difference and lunar surface landform wvariance is fully
considered in the proposed global weighted POCS algorithm.

Information unbalance is normalized during the iteration

process. From the listed data in Table 1 it can be analyzed that,

the gross information content is increased, the texture detail is
enhanced and the image resolution is improved. It needs to
point out that, the reconstructed images resolution has

increased about 21.02 percentages.

In conclusion, the global weighted POCS algorithm
outperforms the currently widely used algorithm in preserving
the image gross information content, texture detail and high

spatial resolution.

Table 2 Image mean gradient variance with iterations
Iteration times 5 10 15 20 25
mean gradient | 3.9673 3.9762 3.9782 3.9790 3.9794

The positive correlative property is observed between the
SR image spatial resolution and the iteration times during the
iteration of the global weighted POCS algorithm. As shown in
table 2, the image detail will be clearer and the spatial
resolution will be higher alongside of the iteration times being
more. The positive correlation is convergent and tends
towards stability, which can be derived in Fig. 6. It is
therefore clear that the global weighted POCS algorithm for
remote sensing image super resolution reconstruction can

receive an optimum solution.

Average gradient

8 0 12 14 16 18 2 2 24
Heration number
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Fig.6.Iteration convergence curve of global weighted POCS

IV. CONCLUSION

The spatial information of the same track but different
view images is compressed caused by the imaging angle
difference and landform gradient variance of the single-track
three view images during the asynchronous push-broom
remote sensing stereo imaging. This results in the disability of
spatial resolution enhancement algorithms, which are
regularly used on sequence images, to mine spatial data and
compensate the resolution unbalance among the asynchronous
push-broom images. Based on this, the global weighted POCS
algorithm was given in this paper. During the iteration of the
spatial data mining, the weight coefficients of all views
remote sensing images are calculated through normalizing the
mean gradient, which will be introduced into the iteration.
Results show that, the global weighted POCS algorithm can
enhance the image detail and texture definition and improve
the spatial resolution, while increasing the image information

content.

V. ACKNOWLEDGE

The authors are grateful to the Chinese Lunar Exploration
Program Center for providing the CE-1 2B degree CCD

images.

REFERENCE

Gordon Petrie, A. Stewart Walker, Airborne digital imaging technology:
a new overview, The Photogrammetric Record,P:203-205..2007

(1]

Yongchun Zheng, Ziyuan Ouyang, Chunlai Li, Jianzhong Liu and
Yongliao Zou, China's Lunar Exploration Program: Present and future,
Planetary and Space Science, Volume 56, Issue 7, May 2008, Pages
881-886

C.P. Sung, K.P. Min, GK. Moon, Super-resolution image reconstruction:
a technical overview, Signal Processing, IEEE ,Vol.20 No.3 P21-36

Y.N. Chen, W.Q. Jin, L. Zhao, L. Zhao, Resolution restoration algorithm
based on maximum a posteriori from Poisson-Markov distribution and
blind multichannel deconvolution, ACTA PHYSICAL SINICA(in
Chinese), Vol.58,No.1, Jan2009

Z.Q. Xu, X.C. Zhu, Study on the Reconstruction methods for
super-resolution image, Process automation instrumentation(in Chinese),
Vol.27,No.11 Nov 2006

H.F. Shen, P.X. Li, L.P. Zhang, A regularized super-resolution image
reconstruction method, Journal of Image and Graphics(in Chinese),
Vol.10, No.4 Apr.2005

M. Jiang, Z.T. Zhang, Review on POCS algorithm for image
reconstruction, Computerized Tomography Theory and Applications,
Vol.12, No. 1, pp.51-55, Feb. 2003.

Wenyu Wu, Dong Yin, Rong Zhang, Yan Liu, and Jia Pan, Bridge
recognition of median-resolution SAR images using pun histogram
entropy, Chinese Optics Letters, Vol. 7, Issue 7, pp. 572-575 (2009)

(3]

(el

(7]

(8]




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


