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Abstract: Relative radiometric correction of remote sensing images is a basic data preprocessing technique used to eliminate r
adiometric problems in images such as non-uniformity stripe noises and defective lines. Over the past 30 years numerous relative
radiometric correction methods and algorithms have been developed. This situation brings up three questions. (1) What are the
differences and relationships among these methods? (2) What are the characteristics of each method? (3) How is a suitable method
selected? To answer these questions the methods are first classified into three categories: calibration-based scene-based and c
omprehensive methods. Second the mathematical models of the three categories of methods are provided in the new classification
system. Then each method is introduced and compared with the others. Third the applicability of the methods is comprehensively
analyzed according to the following aspects: non-uniformity characteristics geometric characteristics sensor calibration and the
comprehensive characteristics of images. Suggestions on selecting a suitable method are provided and an example of image correc—
tion is demonstrated. Finally the research tendency and several existing problems of relative radiometric correction are analyzed.
The computer criteria for signal and noises the evaluation system and the influence on subsequent absolute corrections require
urther studies.
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1 INTRODUCTION

Relative radiometric correction is sometimes called destrip—
ing or non-uniformity correction. This process involves correcting
an original remote sensing image by using relative r adiometric
correction coefficients to eliminate radiometric non-uniformity
caused by different responses of remote sensors or Charge-Cou—
pled Device (CCD) detectors (Dinguirard & Slater 1999).
According to the gradation rule for remote sensing satellite data
products relative radiometric correction is the level 1 product of
radiometric calibration which occurs prior to absolute radiomet—
ric calibration atmospheric correction and topographic radio—
relative radiometric correction is

2013; Du &

metric correction. Therefore
the basis for radiometric correction (Wang et al.
Zhao 2006).

Non-uniformity problems of remote sensing images include
three main types: radiometric non-uniformity within the entire

image stripe noises and defective lines. For many spaceborne

and airborne remote sensors the occurrence of various radiomet—
ric problems in their images during long-term operation is com—
mon. These problems are typically caused by different r esponses
of optical systems (e. g. different optical transmittance for dif-
ferent parts of alens) different responses of CCD detectors bro—
ken detectors dark currents in CCDs different e lectronic links
outside CCDs and so on;such problems can be solved by rela—
tive radiometric correction ( Corsini et al. 2000; Chander et
al. 2002; Henderson & Krause 2004).

Research on relative radiometric correction has a history of
more than 30 years. Singh (1985) developed a calibration-based
relative radiometric correction method that uses the internal cali-
bration system of Landsat. Consequently radiometric correction
coefficients were acquired through this method. The scene-based
relative radiometric correction method which is a substitute for
correcting Landsat images was used to validate the correction

precision of scene-based methods. Scene-based methods have not
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been widely used (Horn & Woodham 1979) until the internal
calibration of Landsat was invalidated. Recently in addition to—
these methods numerous relative radiometric correction methods
2011 ; Gladk-
2012). This situation brings up three questions.

and algorithms have been developed (Gao et al.
ova et al.
(1) What are the differences and relationships among relative ra—
diometric correction methods? (2) What are the characteristic of
each method? (3) How is a suitable method selected?

To answer these questions previous relative radiometric
correction methods are first summarized. Then the basic ideas
and principles as well as the advantages and disadvantages of
each method are presented and compared in detail. Finally
the applicability of different methods is comprehensively d
iscussed and suggestions are provided on selecting a suitable

method.

2 CLASSIFYING RELATIVE RADIOMETRIC
CORRECTION METHODS

At present two classification rules are employed for relative
radiometric correction methods. One rule classifies methods by
et al. (2003) and

Guo et al. (2005) divided relative radiometric correction meth—

acquiring correction coefficients. Ratliff

ods into two categories: calibration—and scene-based relative ra—
diometric correction methods. Calibration-based relative radio—
metric ¢ orrection methods include laboratory and internal cali-
bration-based methods. Scene-based relative radiometric correc—
tion methods include homogeneous scenes histogram equaliza—
tion and histogram matching. The other rule classifies methods
based on the principles of algorithms. Chen et al. (2003) di-
vided d estriping algorithms into four categories: histogram matc—
hing moment matching digital filtering and radiometric equali-
et al. (2009) divided destriping methods

and algorithms into three categories: statistical matching method

zation. diBisceglie

spatial filtering and radiometric equalization. Jung et al.
(2010) categorized the destriping approach by filtering tech—
niques and by a djusting the distribution of brightness values for
each detector to ascertain reference distribution.

With the recent rapid increase in various remote sensing da—
ta a series of new developments has been reported in the field of
relative radiometric correction. New characteristics emerge in rel—
ative radiometric correction methods and algorithms which can
be summarized into three aspects. First the application fields of
calibration-based methods increase. In addition to internal ¢
alibration other calibration approaches such as outdoor calibra—
tion and ground-based calibration can be used to obtain calibra—
tion coefficients for image correction. As a result calibration—
based methods can now be used in more cases during different
phases of a remote sensor (Duan et al. 2013; Bindschadler &
Choi 2003). Second the algorithms of scene-based methods s
ignificantly increase. Based on traditional histogram equaliza—
several im—

2002 ; Pan
et al. 2005). To eliminate stripe noises spatial filtering and {

tion histogram matching and moment matching

proved algorithms have been developed (Liu et al.

requency filtering techniques have been introduced from the field
of digital image processing and have developed into numerous fil-
2006;

tering algorithms for remote sensing images(Zhang et al.

Yang et al. 2003). New mathematical models and interdisci—
pline have also resulted in the development of new algorithms
such as the Maximum A Posteriori ( MAP) -based algorithm for
destriping and in painting remotely sensed images as well as an
uneven illumination correction method based on variational ret—
inex for remote sensing images (Shen & Zhang 2009; Li e
tal. 2010). To take advantage of the high correlation among
different bands of a hyperspectral image a subspace-based stri—
ping noise reduction algorithm and spectral moment matching

2011; Sun et al. 2008). Third

the trend is toward using different combinations of methods and a

were developed (Acito et al.

Igorithms such as relative radiometric correction methods based on
laboratory calibration and homogeneous scenes stripe noise reduc—
tion by combining histogram matching with a facet filter and image
restoration by combining stripe detection and spline functions
(Zeng et al. 2012; Rakwatin et al. 2007; Fuan & Chen 2008).

From these analyses
proposed by Ratliff and Guo et al. (2005) can clearly divide

different r elative radiometric correction methods and algorithms

we learn that the classification rule

under a macroscopic perspective; however comprehensive rela—
tive radiometric correction methods do not follow this classification
rule. The classification rule proposed by Chen (1997) diBisceg—
lie et al. (2009) Jung et al. (2010). focuses on classifying
scene-based methods without considering calibration-based meth—
ods. To solve this problem the current study proposed a new
classification rule that fully considers the ideas and characteris—
tics of previous classification rules. As shown in Fig. 1 the new
classification rule d ivides all relative r adiometric correction
methods into three c ategories: calibration-based scene-based

and comprehensive relative radiometric ¢ orrection methods. Mo-
reover this classification rule divides each category into subcate—
gories. Hence this rule does not only present the differences and
relationships among various methods and completely covers the
previous methods but it also exhibits high scalability. The dashed
lines in Fig. 1 show that comprehensive methods have the charac—
teristics of both calibration— and scene-based methods and in-
clude two cases: the combination of different algorithms of scene—
based methods and the combination of the calibration—and scene—

based methods.
2.1 Calibration-based methods

Calibration-based methods are used to acquire relative r
adiometric correction coefficients through sensor calibration.
These coefficients are used to correct the original remote sensing
image. Given that relative radiometric correction coefficients are
derived from calibration experiments calibration-based methods
require special training data. The mathematical model of calibra—
tion-based methods is illustrated in Fig. 2 where X (i) refers to
the original remote sensing image C (i) refers to the training d
ata S(i C(i)) is the calibration model and Y (i) is the c
orrected image. Thus Y(iQ) = X)) S C(D)).

Based on different stages of obtaining C (i) calibration—
based methods can be classified into laboratory and outdoor rela—
tive radiometric calibrations which are performed before launch
as well as into on-orbit/inHlight and ground-based relative radio—

metric calibrations which are performed after launch.
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Fig.1 New classification rule for relative radiometric correction methods

Fig.2 Schematic of calibration-based methods

(1) Laboratory relative radiometric calibration. This meth—
od dates back to 1930 when Ornstein et al. (1930) proposed a
calibration method that uses standard lights which is the earliest
r elative radiometric calibration method. At present laboratory
relative radiometric calibration method collects data in two ways:
by “standard lights-diffuser-camera under test” or by “integra—
ting sphere lights—camera under test” (Markham et al. 1998;
2011; Huang et al. 2013). This method p

rovides the highest precision and mature technology. Moreover

Zhang et al.

it is a necessary step for airborne and space borne sensors before
their final assembly. However the calibration coefficients of a
sensor change with launch aging and other factors and thus
other calibration methods are necessary to complement the labora—
tory calibration.

(2) Outdoor relative radiometric calibration. This method is
a new calibration method that uses the sun as the light source
(Duan et al. 2013; Cui 2009). The principles of this method
are as below (1) to use the sensor to observe a u niform target
that is illuminated by sunlight and that fills the entire field of
view (2)to evaluate the non-uniformity of the r esponse of CCD
detectors and (3) to obtain the relative radiometric calibration
coefficients. This method can eliminate errors caused by differ—
ences between the laboratory light source and sunlight with re—
spect to the shapes of spectral lines color t emperatures and r
adiances such that parameters that are nearest the working c
ondition are o btained. This method can be used for airborne and
space borne sensors; however the calibration result is influenced
by the weather condition.

(3) On-orbit/inlight internal relative radiometric calibra—
tion. This method is performed via an internal calibration system
¢ onnected with a remote sensor through two approaches: calibra—
tion by using artificial or natural light sources. Artificial light
sources typically include standard lights and black bodies. Natu—
ral light sources are typically sunlight and moonlight or the re—
flection of sunlight. The advantage of internal calibration is pro—
viding precise monitoring of sensor performance in realtime.
However the internal calibration system has complex structure

is extremely costly and huge; and thus accommodating small

satellites and airborne sensors is difficult. Moreover as the in—
ternal calibration system ages the uncertainty of calibration coef—
ficients increases.

(4) Ground-based relative radiometric calibration. This
method which is also called “homogeneous scenes ” calculates
calibration coefficients by using homogeneous nature scenes s
or dessert in the image (Chen 2005; L
yon 2009; Bindschadler & Choi 2003). This method does not

rely on ¢ alibration equipment but is also strict with ground f

uch as the sea ice

eatures. However finding a homo generous scene in the entire
field of view is difficult; therefore ground-based calibration has
many limitations for both airborne and space borne sensors. C
ertain a lgorithms should be developed to address this disadvan—
tage.

To summarize calibration-based methods correct images a
ccording to the conditions of the remote sensor and exhibit high
precision. However two problems remain in this method. First
calibration is complex and strict with the experimental condi—
tions. Second the calibration coefficients sometimes do not
match the image to be corrected; thus the calibration coeffi—
cients cannot completely reflect the working condition of the sen—
sor. Therefore scene-based methods have an important role in
the relative radiometric correction of remote sensing images par—

ticularly for satellite images.
2.2 Scene-based methods

Scene-based methods are different from calibration-based
methods. The former do not require special training data. In—
stead these methods obtain relative radiometric correction coeffi—
cients from the statistical information of the images themselves.
The mathematical model of scene-based methods is illustrated in
Fig.3 where X(i) refers to the original remote sensing image

M (i) is the correction model and Y(7) is the corrected image.

Thus  Y(i) =X()M().

Fig.3  Schematic of scene-based methods

Based on the principles of correction model M (i) scene—
based methods can be classified into gray value equalization or

matching spatial filtering frequency filtering MAP-based algo—
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rithm spectral correlation-based algorithm and uneven illumi-
nation correction method amongothers.

(1) Gray value equalization or matching. This algorithm i
ncludes histogram equalization histogram matching and moment
matching. Histogram equalization was first used in d estriping
Landsat images. This algorithm requires an image to have a hom—
ogeneous scene or lines that are more than the ¢ olumns (Horn &
Woodham 1979). Histogram matching calculates the histogram
of each sensor and matches it with the histogram of the reference
sensor to correct an image (Wegener 1990). Moment matching
assumes that each sensor views a s tatistically similar sub-image
and that a linear relationship exists between the gain and the off-
set of sensors. Based on this linear relationship the algo—
rithm matches the gain and the offset of each sensor to typical
values that are resistant to the effects of outliers ( Gadallah
etal. 2000). Frequently moment matching r esults ex—
hibit better effects than histogram matching results (Liu et
al. 2002).

(2) Spatial filtering. This algorithm is based on the pat—
terns of stripe noises in the spatial domain. Three approaches are
used for spatial filtering. The first approach is dead pixel replace—
ment by nearest-neighbor averaged or medium values (Ratliff
et al. 2007). The second approach is pixel replacement by
convoluting the template (Kenneth 2002). The third approach
is conducting smooth filtering on the column average and standard
deviation of raw images to obtain the new column average and
standard deviation that can be used to calculate relative radiomet—
ric coefficients. Smooth filtering includes average filtering poly—
nomial fitting moving window and averaged adjacent columns
(Crippen 1989; Ballester et al. 2001; Zhang et al. 2006).
Spatial filtering exhibits rapid computation speed and high effi-
ciency. This algorithm can deal with regular stripe noises effec—
tively. The disadvantage of this algorithm is that it removes some
image d etails to smoothen the image.

(3) Frequency filtering. This algorithm considers stripe
noises as periodic noises with high frequency adopts fast Fourier
transformor wavelet transform to extract noises and conducts i
nverse transform to obtain the resultant image. According to d
ifferent transform algorithms frequency filtering can be classified
into Fourier transform and wavelet transform. Fourier transform
typically uses an ideal low—pass filter a Butterworth low—pass fil-
ter an exponent low-pass filter a power filter or afinite impulse
1988; Chen et al. 2003;

1998). Wavelet transform detects and r emoves

response filter (Srinivasan et al.
Simpson et al.
stripe noises by using the direction a land multi-scale properties
of wavelet decomposition. In addition to the advantages of Fou-
rier transform wavelet transform exhibits good localization prop—
erty in both frequency and spatial domains. The following are
typical wavelet transform algorithms: wavelet thresholding (Do-
noho 1993; Donoho & Johnstone
perator (Sankur et al. 1996) wavelet analysis (Torres & In—
fante 2001) 2003).
Given that frequency filtering exhibits difficulty in distinguis—
which both have high

some edges of ground features are lost during

1995) Teager energy o
and wavelet shrinkage (Yang et al.

hing ground information from noises

frequencies

filtering.
(4) MAP-based algorithm. Shen and Zhang (2009) devel—

oped this algorithm for destriping and inpainting remote sensing
images. This algorithm builds a MAP-based recovery model and
calculates the gain and offset of detectors by using moment matc—
hing. However this method may degrade the ground resolution of
an image because the d erivatives of image pixels are m inimized.

Carfantan and Idier (2010) proposed a statistical linear destrip—
ing algorithm. This a lgorithm is based on the statistical estima—
tion of each detector gain from an observed image assuming a
linear response. It also assumes that the offset has been removed.

Therefore this algorithm changes the general linear model into a
proportional model and simulates images in the Log domain.

The statistical linear destriping algorithm is a new self-calibration
destriping technique that does not require special training data.

However this technique is more complex and has not been wide—
ly used.

(5) Spectral correlation-based algorithm. Sun et al.
(2008) proposed spectral moment matching based on the proper—
ty of spectral correlation for a hyper spectral image. This algo—
rithm uses spectral correlation instead of spatial correlation. The
high correlation among different bands ensures that the statistical
data of bands within a sensor are comparable. Therefore the
band with stripe noises can be corrected. Acito et al. (2011)
developed a subspace-based striping noise reduction model. This
algorithm separates signal projection and noise p rojection into
two orthogonal subspaces to eliminate noises. Lu et al. (2013)
proposed a graph-regularized low—+rank representation for destrip—
ing. This a lgorithm uses the low—rank representation technique to
exploit the high spectral correlation among observation sub-ima—
ges in distinct bands and then incorporates the graph regularizer
in the objective function to preserve the intrinsic local structure of
original hyperspectral data. The experimental results and the
quantitative analysis demonstrate that this algorithm can remove
striping noise and achieve cleaner and higher-contrast reconstruc—
ted results.

(6) Uneven illumination correction method. To solve the
problem of uneven illumination Li et al. (2010) proposed a
new uneven illumination correction method. In this method ret-
inex theory and the variational function are used to estimate une—
ven illumination distribution in an imaging instant. In the varia—
1971; Kimmel et

the projected normal steepest descent optimization

tional retinex framework (Land & McCann
al. 2003)
method is a pplied to solve the function. Compared with tradi—
tional retinex models based on light reflection (Zhang & Shen
2001) and MASK dodging (Wang & Pan 2004) this method
exhibit obvious advantages in terms of effects and efficiency.

In addition to the aforementioned algorithms other relative
radiometric correction methods are also available such as the u
nidirectional variational model (Bouali & Ladjal 2011) and the
overlapping field-of-view method (Bisceglie et al. 2009) a-
mong others.

Based on the aforementioned analysis we can determine
that unlike calibration-based methods scene-based methods do
not require special training data; thus the latter can replace the
former when the calibration system is invalid or unavailable.
However scene-based methods also have disadvantages. For e
xample the corrected results of these methods rely on the proper—

ty of images and different correction models. Consequently
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scene-based methods exhibit uncertainties and the precision of
correction coefficients is relatively low. Given that calibration—
and scene-based methods both have weaknesses another group of
methods called comprehensive relative radiometric correction

methods are gradually gaining popularity.
2.3 Comprehensive methods

Comprehensive methods have the characteristics of both cal—
ibration— and scene-based methods. These methods are imple—
mented in two ways: (1) by combining different algorithms of
scene-based methods and (2) by combining calibration— and
scene-based methods. The mathematical model of comprehensive
methods is illustrated in Fig. 4 where X(i) refers to the original
remote sensing image C(i) refers to the training data S(7) is
the calibration model M(i) is the correction model and Y (i)
is the corrected image. Thus Y (i) =X()S(G C())M(D) or
Y (@) =X@M, (DM, (7).

Fig.4  Schematic of comprehensive methods

(1) Combination of calibration— and scene-based meth—
ods. To utilizefully the complementary strengths of calibration—
Guo et al. (2005) proposed a

relative r adiometric calibration method that uses laboratory

and scene-based methods

calibration and statistical radiometric equalization. This meth—
od was applied to correct images acquired by a CCD camera on
board the CBERS-02 satellite and successfully eliminated dif-
ferent responses of each CCD chips. Zeng et al. (2012) pro—
posed a relative radiometric correction method based on labo-
ratory calibration and homogeneous scenes. This method con—
ducts laboratory calibration to obtain correction coefficients and
then uses homogeneous scenes to improve image quality. This
method e ffectively eliminated the stripe noises inside a chip and
the d ifferent responses of each CCD chip in the Wide Field Ima-
ger on board the CBERS-02 satellite. Under the circumstance in
which the internal calibration system of a satellite cannot ¢
ompletely eliminate stripe noises most space borne sensors
such as Landsat TM Landsat ETM Landsat ETM + and MO-
DIS adopt scene-based methods to improve images (Liu e
tal. 2006).

(2) Combination of different algorithms of scene-based
methods. Rakwatin et al. (2007) proposed a stripe noise reduc—
tion method in Terra MODIS and Aqua MODIS data by combining
histogram matching with a facet filter. In this method histogram
matching corrects detector-to-detector stripes and mirror side
stripes. Then the iterated weighted least-squares facet filter ¢
orrects noisy stripes. Fuan and Chen (2008) developed an image
restoration algorithm by combining stripe detection and spline
functions. This image restoration algorithm identifies stripe posi—

tions based on edge-detection and line-tracing algorithms. Detec—

ted stripes are corrected by replacing the pixels with more r
easonable gray values computed from constructed cubic spline
functions. Jung et al. (2010) developed a detection and resto—
ration technique for defective lines in the short-wavelength infra—
red band of SPOT 4. The detection procedure uses summed and
standard deviation data that consist of abnormal peaks originating
from defective lines. The defective lines are then restored either
by using a moment-matching method or by interpolating. All the
aforementioned algorithms exploit the advantages of d ifferent al—
gorithms and correct image through several steps. Therefore

comprehensive methods do not only eliminate stripe noises but
also retain the resolution and feature details of the o riginal im—

ages.

3 ANALYZING THE APPLICABILITY OF DIF-
FERENT METHODS

Based on the review of different relative radiometric correc—
tion methods both local and abroad the applicability of these
methods and algorithms is comprehensively analyzed in this s
ection. Suggestions are also provided on selecting a suitable r

elative radiometric correction method.

3.1 Applicability for images with different non-u
niform characteristics

Non-uniformity problems include three types: radiometric
non-uniformity within the entire image stripe noises and defec—
tive lines. Therefore suitable methods should be selected to
solve different non-uniformity problems.

In case of stripe noises given that the spatial distribution
and gray values of stripes are typically regular and exhibit certain
statistical characteristics most algorithms of scene-based meth—
ods such as gray value equalization or matching spatial filtering
f requency filtering MAP-based algorithm spectral correlation—
based algorithm unidirectional variational model and overlap—
ping field-of+view method can eliminate stripe noises e
Han et al. (2009) adopted an im-

proved moment matching on along-track stripe noises of airborne

fficiently. For example

h yperspectral images. Bouali and Ladjal (2011) used a unidi-
rectional variational model to deal with across-track stripe noises
of Aqua MODIS and Terra MODIS images. Chen et al.
(2006) removed oblique stripes of CMODIS images by wavelet
transform.

In case of defective lines considering that the width of d
efective lines is frequently 1 pixel to 2 pixels spatial filtering
can solve this problem efficiently. Moreover
show that a MAP-based algorithm

restoration algorithm for defective lines will also restore such

experiments

as well as a detection and

lines.

In case of non-uniformity within the entire image experi—
ments show that retinex based on the light reflection model
MASK dodging and the uneven illumination correction method
based on retinex theory can address this problem efficiently.
However these algorithms are not suitable for stripe n oises.

In case of an image that has all three non-uniformity prob—
lems calibration-based methods will function effectively because

such methods use the calibration coefficients of a sensor to correct
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images and adjust the different responses of each CCD detector
individually. For example He et al. (2010) adopted laboratory
relative radiometric calibration coefficients to correct the high—
resolution image of CBERS-02B and to eliminate stripes and de—

fective lines within the image.

3.2 Applicability for images with different geometric char-
acteristics

Generally different relative radiometric correction methods
and algorithms should be selected for images before or after g
eometric correction. In preprocessing a remote sensing image
relative radiometric correction is typically conducted before g
eometric correction. As a result most of the previously discussed
methods and algorithms such as calibration-based methods gray
spatial filtering and the MAP-

based algorithm are designed for images that have not been g

value equalization or matching

eometrically corrected. Based on the principle of calibration—
based methods relative radiometric calibration coefficients are
only for images in which geometric correction is not yet conducted
(Chen 1997). Chen et al. (2004) illustrated the different re—
sults of moment matching on images before and after geometric
correction was conducted individually. Carfantan and I dier
(2010) proved that the statistical linear destriping algorithm
based on MAP is only suitable for images that have not yet u
ndergone geometric correction.

By contrast frequency filtering and uneven illumination
correction method can be applied on images before and after g
eometric correction is performed

2010).

as proven in a previous r

esearch (Li et al.
3.3 Applicability for sensor calibration

Given that calibration-based methods have higher precision
than other methods; these methods should be used in preference
to others if the remote sensor has relative radiometric calibration
SPOT 1 to

SPOT 4 have internal calibration systems; therefore calibration—

coefficients or a calibration system. For example

based methods reused in image correction. Given that SPOT 5
has no internal calibration system homogeneous scenes are used
in image correction.

In particular the time of the calibration experiment should
be close to the time of remote sensing image acquisition and the
calibration environment should be close to the working environ—
ment of the remote sensor. Thus errors caused by mismatching
between sensor calibration and image acquisition can be mini-
mized. If the calibration experiment cannot satisfy the aforemen—
tioned requirement then stripe noises cannot be completely r
emoved by calibration-based methods. In such cases scene—

based methods can be used for further improvement.

3.4 Applicability for images with comprehensive charac-
teristics

Considering that most of relative radiometric correction
methods are based on certain theoretical assumptions different

methods should be selected for images with various comprehen—

sive characteristics.

Gray value equalization or matching assumes that each sensor
views a statistically similar sub-mage. Therefore this a lgorithm
is suitable for images with large formats and homogeneous scenes.
Spatial filtering assumes that the gray values of an i mage change
slowly. Therefore dead pixel replacement is used which provides
better results for images with regular stripe noises or narrow defec—
tive lines. Frequency filtering considers high4requency signals as
stripe noises and allows easy reduction of image details while de—
striping. Therefore frequency filtering provides better results for
images with simple scenes. Moreover the statistical linear de—
striping algorithm is based on the imaging model of a push-broom
type sensor; thus this algorithm is only suitable for push-broom
type images. The spectral correlation-based method uses the cor—
rection among different bands of a sensor; thus this method is

suitable for destriping hyperspectral images.
3.5 Suggestions on selecting a suitable method

From the aforementioned analysis of the applicability of d
ifferent relative radiometric correction methods several contras—
ting results are drawn (listed in Table 1) based on the following
aspects: non-uniformity characteristics geometric correction s
ensor calibration and the comprehensive characteristics of an
image. From Table 1 we can draw the following conclusions.
(1) Calibration-based methods can solve all kinds of non-uni—
formity problems but are only suitable for images without geomet—
ric ¢ orrection. In addition to ground-based relative radiometric
calibration other calibration methods require calibration coeffi—
cients or a calibration system. Ground-based relative radiometric
calibration requires homogeneous scenes in full view. (2)
Scene-based methods employ a number of methods and algorithms
that do not require calibration experiments. The six categories of
a lgorithms in Table 1 can solve different non-uniformity problems
and demonstrate different applicability for images with various
characteristics. (3) Comprehensive relative radiometric correc—
tion methods are suitable for different non-uniformity problems.
The characteristics and applicability of these methods should be
analyzed by case.

In practice after various factors are considered the follow—
ing suggestions on selecting suitable methods are provided. (1)
The non-uniformity characteristics of images should be considered
first in selecting suitable methods because our main objective is
to solve non-uniformity problems. As a r esult methods that sat—
isfy the requirements of non-uniformity characteristics should be
selected first. (2) Choose suitable methods based on the geomet—
ric characteristics of images among the methods selected in the
first step. (3) Among the methods selected in the second step
choose suitable methods based on sensor calibration. (4) Make
the final decision based on the ¢ omprehensive characteristics of

images.
3.6 Example of a relative radiometric correction

Based on the suggestions provided in Subsection 3.5 an a
irborne push-broom type hyperspectral image is corrected by se—

lecting suitable relative radiometric methods.
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Table 1 Comparison of applicability among different relative radiometric correction methods and algorithms

I . Non-uniformity Geometric ) L Comprehensive .
Classification Method /algorithm . . Sensor calibration . Main references
characteristics characteristics characteristics
Laboratory relative ra— Non-uniformity stripe Before geometric ~ Calibration coefficients or a  No special requirement Huang et al. (2013);
diometric calibration noises and defective correction laboratory calibration system Markham et al. (1998)
lines are required
Outdoor relative radio— Non-uniformity stripe Before geometric ~ Calibration coefficients or No special requirement Duan et al. (2013)
metric calibration noises and defective correction an outdoor calibration system
Calibration— lines are required
based
methods On-orbit/in-light in— Non-uniformity ~stripe Before geometric ~ Calibration coefficients ora— No special requirement Xiong et al. (2007) ;
ternal relative radio— noises and defective correction n internal calibration system Chang and Xiong (2001)
metric calibration lines are required
Ground-based relative Non-uniformity ~stripe Before geometric ~ Unnecessary Suitable for images with  Lyon(2009) ;
radiometric calibration noises and defective correction homogeneous scenes in  Bindschadler and Choi
lines full view (2003)
Gray value equalization Mainly for stripe noi— Before geometric Unnecessary Suitable for images with  Gadallah et al. (2000) ;
or matching ses correction large formats and homo— Horn and Woodham
geneous scenes (1979)
Spatial filtering Mainly for stripe noises Before geometric  Unnecessary Suitable for images with Ratliff et al. (2007);
and defective lines correction regular stripe noises or Zhang et al. (2006)
narrow defective lines
Frequency filtering Mainly for stripe noises No special re— Unnecessary Suitable for images Chen et al. (2003);
Scene— and defective lines quirement with simple scenes Simpson et al. (1998)
based MAP-based algorithm ~ Mainly for stripe noises Before geometric  Unnecessary The MAP-based statis— Carfantanand and Idier
methods and defective lines correction tical linear destriping— (2010) ;
method is only suitable Shen and Zhang (2009)
for images before geo—
metﬁ(‘, (',Orre(',tiﬂn.
Spectral  correlation— Mainly for stripe noi— Before geometric Unnecessary Suitable for hyperspec— Acito et al. (2011);
based algorithm ses correction tral images Sun et al. (2008)
Uneven  illumination Mainly for non-uni- No special re- Unnecessary Not suitable for images Land and McCann
correction method formity quirement with stripe noises (1971)
Combination of cali- Non-uniformity stripe Before Calibration coefficients or a  No special requirement  Guo et al. (2005)
bration— and scene— noises and defective geometric correc— calibration system are re—
Comprehensive based methods lines tion quired
methods Combination of different Non-uniformity stripe Depends on the Unnecessary Depends on the algo- Jung et al. (2010);
algorithms of scene— noises and defective algorithms rithms Fuan and Chen (2008)
based methods lines

The original image to be corrected is shown in Fig. 5(a). A

total of 128 bands exist

and each band has 1024 pixels x 1024

pixels. We can observe several non-uniformity problems in the

image

Fig. 5

including: radiometric non-uniformity within the entire

image bright and dark stripe noises and dark lines at the CCD

seams. Simultaneously

considering that the hyper spectral ima—

ger has relative radiometric calibration coefficients a calibration—

based method is selected to correct the image.

An example of relative radiometric correction using combined calibration—and scene-based methods
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For a push-broom type image the relative radiometric c

orrection model of pixel i in each line is

DN, = (DN” -B,,)ci m

ci

where DN, is the corrected digital number (DN) value DN, is
the original DN value B, is the dark current of detector i and G,
is the normalized gain of detector i. B, and G, are acquired from
the calibration experiment.

The first correction on the original image is conducted by u—
sing Eq. (1) and the result is shown in Fig. 5(b).

From Fig. 5 we can observe that the radiometric non-u
niformity within the entire image has been corrected but slight
stripes still appear in the image. These stripes are caused by the
differences between the calibration experimental platform on the
ground and the airborne platform such as air pressure tempera—
ture stability and so on. As a result calibration coefficients do
not always match with the remote sensing image and are unable to
eliminate stripe noises completely.

To solve this problem a scene-based method is adopted to
conduct a second correction. The stripes are detected by a thresh—
old method

the image are calculated by a smoothing filter. Through the coef-

and the adjustment coefficients of each column of

ficients the image is corrected for the second time.

For the resultant image of the calibration-based method a

ssuming that the mean of column i is DN the criteria for the

stripe noises are
DNy + DNy =2DN,; | > @ )
where « is the threshold which is used to detect the abnormal val-

ue.

A smoothing filter is used in the location of the stripe noises

and a new mean of column DN is produced as

—— —_— 1 -
DN, =g+ DN, + SB[ DN, + DNy ]| )

where B stands for the weight of abnormal value in the
smoothed one.
Subsequently the new adjustment coefficients G, of pixel i

are calculated by:
¢ = DN,/ DN, )
Therefore

line is

the final correction model of pixel i in each

DN, = DN, * G, )
where DN, is the DN value after the second correction (both cal-
ibration-and scene-based methods are used) DN is the DN val-
ue after the first correction (only a calibration-based method is
used) .

After the two steps of correction by using calibration— and
scene-based methods are performed the final result is shown in
Fig. 5(c). From this figure we can observe that the radiometric
non-uniformity within the entire image the bright and dark stripe
noises and the dark lines at the CCD seams have been elimina—
ted. Image quality has obviously improved. The red circles in
Fig. 5(a) to Fig. 5(c¢) show the effects on the three typical
ground features before and after correction: wasteland (A) road
(B) and residential land (C).

The comparison between the relative radiometric calibration

coefficients used in the calibration-based method and the adjust—

ment coefficients used in the scene-based method is presented in
Fig.6. From Fig. 6 we can observe that the two methods have
different functions and advantages in image correction. The for—
mer is effective in correcting comprehensive non-uniformity prob—
lems where as the latter has advantages in destriping. As a re—
sult combining the two methods will fully apply their comple-

mentary strengths.

Fig.6 Comparison between the coefficients used by the

calibration—and scene-based methods

4 CONCLUSIONS AND PROSPECTS

Relative radiometric correction of remote sensing images is
an important research field in remote sensing data processing that
can provide qualified images for the interpretation information
extraction and quantitative applications of remote sensing. This
study reviews the relative radiometric correction methods in the
recent 30 years provides a new classification rule analyzes the
applicability of different methods and offers suggestions on s
electing a suitable method with high precision and efficiency.

The development of quantitative remote sensing prompts the
innovation and development of relative radiometric correction. At
present research on relative radiometric correction exhibits the
following characteristics. (1) Algorithms are extremely specific.
Identifying a method suitable for all kinds of cases among previ—
ous relative radiometric correction methods is difficult. The devel-
oping requirements for different remote sensors stripe types and
image types promote an increasing number of specific correction
methods and algorithms. (2) The a lgorithms are comprehen—
sive. Based on the analysis of different algorithms we can con-
clude that each algorithm has its own a dvantages and disadvanta—
ges. Therefore the comprehensive use of different algorithms is
an effective means to improve precision. (3) Innovating a math—
ematical model is crucial. The innovation of relative radiometric
correction methods is rooted in the theoretical innovation of digit—
al image processing and the requirements of remote sensing appli—
cations. New mathematical models such as low-dimensional
models local window statistics and the iterative optimization al—
gorithm are novel theories that can be applied in relative radio—
metric correction.

Although research on relative radiometric correction has a

chieved significant progress and applications a number of 1
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mportant problems still need to be addressed.
First the computer criteria for signal and noises must be e
stablished. To date

niformity in an image without reducing the details of the image is

no algorithm that can eliminate non-u

yet available. Removing noises without influencing effective sig—
nals is a problem that should be solved.

Second the evaluation system of relative radiometric c
orrection must be improved. The evaluation method mainly i
ncludes qualitative evaluation by visual judgment and quantitative
evaluation by image indexes. This method valuates two parts: the
preservation of the original image information and the destriping
effects. However mno conclusion has been made on determining
the optimal method by comprehensively considering these two
parts.

Third the influence of relative radiometric correction on
subsequent absolute radiometric corrections requires further stud—
ies. Relative radiometric correction is typically conducted before
absolute correction and it changes the gray values of an image.
As a result if the old absolute radiometric correction coeffi—
cients i.e. the conversion coefficients from gray values to radi—
ation are still used in absolute radiometric correction then the
inversed r adiation may be different from the true value. This
difference will influence the subsequent quantitative applications
of remote sensing data. Researchers should focus on eliminating

this influence with respect to quantitative remote sensing.
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