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Abstract: Landcover is subject to continuous changes on a wide variety of temporal and
spatial scales. Those changes produce significant effects in human and natural activities.
Maintaining an updated spatial database with the occurred changes allows a better
monitoring of the Earth’s resources and management of the environment. Change detection
(CD) techniques using images from different sensors, such as satellite imagery, aerial
photographs, etc., have proven to be suitable and secure data sources from which updated
information can be extracted efficiently, so that changes can also be inventoried and
monitored. In this paper, a multisource CD methodology for multiresolution datasets is
applied. First, different change indices are processed, then different thresholding algorithms
for change/no_change are applied to these indices in order to better estimate the statistical
parameters of these categories, finally the indices are integrated into a change detection
multisource fusion process, which allows generating a single CD result from several
combination of indices. This methodology has been applied to datasets with different
spectral and spatial resolution properties. Then, the obtained results are evaluated by means
of a quality control analysis, as well as with complementary graphical representations. The
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suggested methodology has also been proved efficiently for identifying the change
detection index with the higher contribution.

Keywords: optical sensors; change detection; thresholding; information fusion; ROC space

1. Introduction

For several decades, change detection (CD) has been usually applied in different scientific or
engineering topics. For instance, in cartography, it arises from the need for updating spatial databases.
Likewise, for environmental analysis and assessment, the detection of the different processes occurred
on a territory are frequently required. Due to human activity and natural disasters, different regions
around the world have experienced rapid changes affecting wide areas on the Earth surface, resulting
in phenomena such as erosion, runoff and flooding, increases in CO, concentration, climate change
and biodiversity decline [1,2]. Given the wide and complex implications produced by these changes,
academic institutions, government agencies and environmental organizations concerned with the
management of natural resources around the world, consider of crucial importance monitoring and
detecting these changes. Hence, ensuring the correct update of land cover maps is a necessary tool for
an effective management of the natural resources, and an efficient urban and regional planning.

In Earth observation applications, CD has been traditionally performed using more or less
sophisticated procedures and methods, based on panchromatic or multispectral optical images which
have been acquired on different dates, and characterized by their spatial and spectral properties. In a
CD process, the basic aim consists in detecting groups of “significantly different” numerical values
among a set of registered images of the same geographical area. As a result of the increasing growth of
research work on this particular subject, different CD methodologies have been established, which use
multitemporal images supplied by sensors generally located on artificial satellites, as a primary source
of information [3—6]. In these studies, CD analysis has been carried out exclusively on the basis of a
single change indicator, either the difference index in the case of one single band images or the Change
Vector Analysis (CVA) procedure for multispectral type images. For the latter, it is also possible to
derive indicators based on the calculation of spectral indices, such as the Normalized Difference
Vegetation Index (NDVI) [7]. On the other hand, Lu et al. [8] also introduced another set of change
indices, which are also applicable to panchromatic or multispectral remote sensing images. Recently,
CD indices as the “log-cummulants” [9] or the Mean Ratio Detector (MRD) [10] have been applied to
Synthetic Aperture Radar (SAR) images in change detection processes. Moreover, in the case of very
high resolution images, Sjahputera et al. [11] also suggest to compute textural features before deriving
the corresponding change detection index. Le Hégarat-Mascle ef al. [12] present a different set of
change detection indices and suggest their simultaneous use in order to take profit of the exhibited
individual qualities. Then, a final change document is derived through a multisource fusion process
based on an evidential reasoning theory. However, the contribution of the different CD indices to the
end result is not specified in this work.

Once these indices have been processed, the next step is focused on the estimation of the parameters
that characterize the change/no-change categories contained in this set of images, so that the detection
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process might be optimized by means of specific decision rules, where the quality of the derived
change detection map will depend directly on the established threshold values for these classes. This
thresholding process may be controlled by an analyst, who selects the threshold interactively. While
the outcome of this operation might provide acceptable results, this process remains supervised.
However, for certain purposes such as the large amount of available data, every day more abundant
due to the increasing number of remote sensing devices, it is recommended to apply a fully automatic
or non-supervised procedure. It prevents fatigue in humans and minimizes possible errors derived from
it. This problem can be solved using automatic binary thresholding procedures, which have proved to
be particularly useful and accurate in presence of unimodal distributions [13], which is also the case in
this study for the derived change detection indices. Some of these methods include iterative, clustering
and entropy based algorithms, which have demonstrated their effectiveness and applicability in the
field of image thresholding [14]. In the case of CD, the authors of [15], as well as [16] have applied
some of these methods. This study is aimed at analyzing the most appropriate thresholding method for
each of the considered CD indices, so that statistical parameters corresponding to the change/no_change
categories are properly derived and introduced in a decision rule process.

An additional important point to be considered in CD, and particularly for very high resolution
images, is the need to optimize the process by using different types of indicators or ancillary information
derived from the same images or other external sources or sensors. Le Hégarat-Mascle ef al. [12] suggest
CD methodologies based on this approach, which main idea was based on the so called ‘multisource
classification’ analysis [17-19]. Since then, several authors have applied these approaches to CD
processes, from different methodological perspectives. These range from Bayesian methods [4,20],
with demonstrated effectiveness and performance according to the results reported in such references
when the information is two-dimensional, i.e., change/no-change, up to methods based on the evidential
theory of Dempster-Shafer [12,20], Fuzzy Logic [20,21], Level-Set [22] or decision tree methods [23].
A common particularity in these studies is their supervised nature, as the analyst must establish the
rules that best fit to a certain algorithm and dataset.

Thus, in this study, a multisource CD methodology based on different change indices, which might
be implemented in a non-supervised fashion, is accomplished. This makes the main contribution of this
paper. Likewise, an essential part of this study consists in assessing the influence of a particular index
during the decision process. For this purpose, thresholding operations are also applied, so that the
statistical parameters of the change/no change categories for each index can be estimated conveniently.
Then, the distinct change detection indices and related parameters are integrated into an informational
fusion process, and a unique change detection document is derived. Finally, it is also shown that the
addressed methodology is applicable and extensible to datasets with different levels of spatial resolution.

This paper is organized as follows: in Section 2 the geographical area and the different multisensor
datasets are described. Then, a brief introduction on change detection indices is given. The selected
thresholding and informational fusion methods are also presented there. Then, the results reached at
each stage of this research are presented and discussed (Section 3). Finally, some conclusions are
drawn from the suggested methodology and achieved results.
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2. Data and Methods

This section describes the data sources used for CD analysis and the main algorithms and methods
on which this research is based. First, a set of change detection indices is introduced. Then, the
automated thresholding methods used in this work are discussed. Finally, the information fusion theory
that allows deriving a change detection map from the previous generated features is explained.

2.1. Study Area and Information Sources

The working area used for this study is located on the Eastern part of the Iberian Peninsula, centered
on geographic coordinates {¢p = 38°42'05"N, A = 0°28'37"W}, and with an extension of 4.5 x 6.6 km”
(Figure 1). This area is constituted of an urban nucleus surrounded by a large rural area. For this
analysis, and depending on the data type and its spatial resolution, either the whole area will be taken
into account, or it will be limited to certain sub-areas Figure 1(c).This choice is mainly due to the fact
that during the years 2005 and 2008, this area has suffered important landcover changes caused by
aggressive urban and infrastructure development policies, so it is of special interest for change
detection analysis.

Figure 1. Study Area, (a) 1/50000 Official Cartography (“IGN-SPAIN, 2005); (b) SPOT5
PAN 2005 image (“SPOT Image); (¢) SPOT5 PAN 2008 image (“SPOT Image).

(b)

For this purpose, separate datasets registered by different optical sensors have been arranged into a
3-level multiresolution scheme according to their spatial and spectral resolutions, the first and the third
levels being respectively the lowest and the highest spatial resolution datasets. The first level is formed
of two multispectral (XS) SPOT 5 images, with four spectral bands: two visible (G-R) and two infrared
(NIR-and MIR) bands. For this work, only the three first bands with the same spatial resolution (10 m)
have been used. Similarly, two other images corresponding to the panchromatic mode (PAN) of this
system are available. These images have 2.5 m spatial resolution and correspond in this work scheme
to the second level. Both modes (PAN-XS) have been acquired simultaneously on 14-08-2005 and
10-08-2008. Their reference in the SPOT image grid system is 272/41 (K/J). In turn, level 3 is made up
of 1 m spatial resolution aerial photographs, which have been acquired on October 2005 and
September 2007. The corresponding orthoimages have been derived by means of photogrammetric
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procedures. It must be mentioned that the data corresponding to 2005, have been acquired by means of
a ZEISS RMK analogue photogrammetric camera (f:1153.992 mm). These aerial photographs have
been converted into a digital format through an analogue/digital scanning process. Whereas, the 2007
aerial images have been acquired by means of an ULTRACAM X digital multispectral camera
(f:100.5 mm). In this case, only the three visible bands (RGB bands) were available, as they are the
unique provided by the supplier. These bands also have a high radiometric resolution of 11 bits, while
all remaining datasets bands have 8 bits radiometric resolution.

As mentioned above, due to the high spatial resolution of the images corresponding to levels 2 and 3,
it has been decided to work with reduced areas, which are designated as areas Al and A2 in
Figure 1(c). The analysis over the reduced areas does not imply a limit for the proposed approach,
neither from the point of view of computational time nor resolution, they are exclusively selected
because of the relevant changes they display.

In order to ensure the best geometric fidelity and minimize false alarms during the CD process,
it has been verified that all the datasets are geometrically consistent and present disparities at least
below their spatial resolution, equivalent to a RMS under 1 pixel. For this purpose, the images were
co-registered using the tools provided by a commercial software package [24]. At a first stage, each
pair of images to be registered are overlapped and compared visually. Next, a set of at least 30
homologue points covering the full image are automatically gathered for each dataset. The registration
is validated when an RMS below 0.5 pixels is achieved. We have verified that for all tested images a
second order polynomial adjustment is considered appropriated. All these data have been geodetically
referenced to the ERTS89 system with UTM coordinates (Zone 30). Moreover, as aerial images and
satellite images are affected by different atmospheric and lighting conditions at each acquisition date,
these datasets must be radiometrically corrected or normalized. For this purpose, the approach
specified in [8] and applied in [25] has been used in this work. This normalization process, referred to
as empirical temporal spectral normalization technique in [25], is based on the linear adjustment of two
images in terms of their statistical means and standard deviations.

2.2. Methods

According to [26], change detection may be defined, from two coregistered images / and J acquired
on two different dates # and ¢, as the production of a map representing the changes occurred on a
scene between #; and ¢;. Thus, the resulted document is a binary map with only two classes: change and
no-change. This process requires certain operating phases. First a change detection index must be
generated. Then, this index is used to characterize the corresponding values for change and no-change
categories. This process may be approached by means of a binary thresholding operation. Thus, the
extracted information can be inserted into a decision rule procedure, so that those categories are better
defined. This section reports a short description on change detection indices and related questions, as
well as with the thresholding and multisource analysis algorithms that will be used in this work.

2.2.1. Change Detection Indices

Generally, change detection indices are based on radiometric measurements. The most common are
image algebraic operations as the difference or ratio operations [27]. In the case of panchromatic
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images, the difference image operation is a widely used method, and consists on a simple and
straightforward arithmetic difference between the digital values of the two images obtained on
different dates (#; and #,), the results are easy to interpret as well. Other authors [28] also suggest using
the mean difference, aimed to minimize the noise present on the images. An additional widespread
method consists on the calculation of the ratio index, which divides band by band the images
corresponding to dates # and ¢, It has the advantage of reducing the impact induced by some
environmental effects such as the solar angle, shadows and terrain topography. It is expressed by:

1) = 12) (1)

t,(u,v)

In this case, it is preferable to apply a modified version, which uses the ratio of local means
corresponding to cells (u,v). Each cell (u,v) identifies the same spatial location once the images # and ¢,
have been co-registered. Its expression is given by Inglada et al. [28]:

IR(u,v)zl—min(tJ(u’v) ’f(“’v)] )

t, (u,v)’fJ (u,v)

This index has also the advantage of representing jointly the changes occurred in both directions
(from-to) depending on the considered date. For multispectral images, a frequently used index is the
so-called Change Vector Analysis (CVA). This method generates two outputs: the spectral change
vector describing the direction and magnitude of change between images, and the magnitude of total
change per pixel which is determined through the calculation of the Euclidean distance between the
end points across an n-dimensional change space. The main advantage of the CVA method as change
detection operator is that any number of spectral bands can be processed, thus generating a single
parameter that represents the degree of change between two sets of similar images. Likewise, in order
to reduce the spectral dimensionality of a multispectral dataset, it is possible to derive spectral indices
as the NDVI (Normalized Difference Vegetation Index), which is sensitive to the surface vegetation
content and in turn can lead to a reduction of the computational cost. Thus, image algebra can also be
applied to these new derived products. Similarly, it is also suggested to average locally the initial cell
values of the # and #; involved images datasets.

Recently, change detection indices based on the so-called similarity measures have also been
applied. Initially, these algorithms were used as image registration techniques aimed at identifying
homologue points in two images based on their statistical properties. In this sense, [26,27] have applied
these methods for change detection. [27] suggests that these methods are of particular interest when
working with multisensor information, as it is the case with optical and Synthetic Aperture Radar
(SAR) images, which is justified by the polarimetric scattering information existing in SAR images.
Nevertheless, in this study, all datasets are radiometrically dependent, so these methods will not be
taken into account. Instead, due the high degree of spatial information contained in the images of level
3, a different approach has been followed in order to take advantage of this singularity. In this work,
this particular issue is addressed by means of the so-called textural measurements. These are computed
on a set of adjacent pixels according to some arrangements and related statistical variables, that
describe properties such as variability, homogeneity, contrast, mean value, efc. This allows deriving
new images or textural features that may be used independently or combined with other spectral bands.
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For this purpose, the well-known textural algorithms of [29], based on the co-occurrence matrix, may
be applied. This matrix indicates the number of times a certain cell value appears next to each other.
The higher the values in its principal diagonal are, the more homogeneous the texture is. On the
contrary, the more scattered the values outside the diagonal are, the more heterogeneous the texture is.
In [30,31] it has been shown that these measurements are of great interest when working with very
high resolution images, such as those supplied by the IKONOS sensor. However, for specific land
covers or landscape scenarios, these algorithms require also appropriate parameters, as a correct
window size, and identifying the most convenient textural feature as well. In this study, this approach
has also proven to be particularly useful for the highest spatial resolution dataset, where textural
features have been derived for each spectral band in the respective images. In this case, the best results
have been reached by means of the homogeneity operator with an 11 x 11 window size, as areas with
less texture or low entropy but with different radiometric values are observed to be better
discriminated. Once all bands have been transformed, the CVA method is applied to these new features
or components.

2.2.2. Thresholding Methods

The essential aim of a change detection index is to assist the identification of changes contained on
a pair of images of different dates. Basically, this work may be achieved by applying a decision
threshold to the histogram of a specific index. Usually, when observing the indices associated to the
difference image (modulus), changes values are found on the right of the histogram, while no changes
are located to the left. According to [20], selecting a decision threshold value has an extreme relevance,
as the accuracy of the final result (change detection document) will depend mainly on this selection.
However, this task is not a simple problem. Some authors [7,32] choose to apply manual threshold
selection techniques. On the other hand, in [3,4] the authors decided to implement ad-hoc automated
procedures. In contrast to these methodologies, [15,16] introduce some well-defined automatic
thresholding procedures such as the Otsu or Kittler and Illingworth algorithms. At this stage, it must be
pointed out, that all these works are based on the unique index under study, which in turn has been
derived from the same image analyzed. In this section, several automatic thresholding procedures are
analyzed, in order to apply them further to some change detection indices derived from the image
datasets of this study. The thresholding methods considered in this work operate with an image where
every cell is associated to a discrete variable g, with g € [0.255]. These algorithms intend to establish
in this interval a threshold value 7 in order to discriminate between change and no change values. This
is expressed as:

No Change: 0 <g <T and Change: T+1 <g<G 3)

The sets of cells classified as change (C) or no_change (NC) are statistically distributed, and may be
represented by a cumulative probability (P) function derived from the normalized frequencies p(g) of
the cell values. The statistical parameters that define the distribution of the cells values contained in
each class, along with their corresponding probability values, allow defining other parameters, as it is
the case for entropy, which are useful to establish the optimal threshold value 7. This value determines
the characterization of these two classes, and thus the parameters that define it. For this reason, the
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automatic thresholding methods have an inherent iterative nature [33]. The first and second-order
moments (x and o respectively) calculated from these sets of values are given by:

:u/vc ZT:g p /UC(T): ig'p(g
No Change f: Chang g:cT;H (4)
Z(g e (7)) plg) 0l(1)= 2(g=uc(T)- ple)

In addition to standard thresholding algorithms, such as the so-called iterative and clustering
algorithms, other methods have also been analyzed in this work. This is the case, of those based on
entropy. Regarding the first group, the Ridler and Calvard method is a common iterative algorithm,
which is initialized by means of a threshold value, estimated from the mean value of the histogram
entries. The process is iterated from a first threshold 7, which is calculated from some initial means
values. Then, each new threshold 7+, is computed from the means derived at the previous iteration.
The process converges as the tolerance becomes less than or equal to a certain specified convergence
value. A more detailed description of this method can be found in [33].

For thresholding methods referred to as cluster analysis, the Otsu method is also a widespread
algorithm, and is aimed at establishing two groups or clusters [34]. This method has been selected for
this work, as it has already been proved that it delivers satisfactory results [35]. The distribution of the
digital value is modeled as the combination of two Gaussian distributions, which are represented as
foreground and background values. In this study, these values are respectively represented by the
change and no-change categories. The optimal threshold value is derived by minimizing the weighted
sum of within class variances. Being P(7) the threshold cumulative probability function, the optimal
threshold is given by:

T, =argmax|P(T)- (1— P(T))- (uc (T, )~ sy (T, )| (5)

The third group of thresholding methods is concerned with entropy-based algorithms. For a given
image, a threshold value 7 is established from the entropy (H) of the image values distribution.
However, different approaches exist to determine the threshold value based on the entropy. In image
processing, entropy is usually associated to a measure of the cells values heterogeneity within a local
image window or the whole image. The Shannon entropy H(7) is a common measure, and might be
applied for change/no-change classes according to:

T):_Zi: ch( -log pye (g) and H. ch logpc ) (6)

g=T+l

The entropy corresponding to the overall image is defined as H(7) = H¢(t) + Hyc(T). In this study
five methods based on this principle have been considered. The first reviewed entropic procedure is the
Kapur method, where the set of cells classified as change and no_change are regarded as two different
distributions. The optimal threshold is established when the sum of the entropies corresponding to
change/no_change is maximal (Equation (7)):

HNC(T)=—§%§E§) and H(T)=~ Z plg) plg) 7
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And the optimal threshold is given when:
T = argmaX[HNC (T) +H. (T)] (8)

opt
A more detailed description of this thresholding method may be found in [36]. The second method
corresponds to the Li algorithm [37], which suggests minimizing the mutual entropy between the
initial and the binary image (thresholded image). This is achieved by a distance measure based on the

minimum cross entropy. By applying such theoretical distance, the optimal threshold is formulated as:

]
Hye ¢ 2% ®

where #(7T) is a criterion function. The calculation of the optimal threshold involves the evaluation of

7, =argminly (7)) - argmm{- iy 1og[

this function for all possible threshold values [38].

The third considered method is the Shanbhag procedure [39], which is based on the fuzzy logic
theory, and takes into account a fuzzy membership coefficient that indicates the degree of membership
of every cell in each of the change/no change categories. The higher the distance of the cell value to
the threshold, the greater is the potential of belonging to a given category. On the contrary, the closest
it is, the greater the uncertainty. Thus, for any cell value i higher or less than a given threshold 7, the
degree of membership (s) for each class is defined by the following expression:

SNC(T—i)= 0,5+ p(T)+P(T—1—i)+p(T_l.)

2-P(T) 10)
N (T+1)+ p(T =1+i)+ p(T +1i)
so(T+i)=0,5+2 ;G—PU» P

The assigned threshold value should have the maximum uncertainty, which is verified when
Sc(T) = Sne(T) = 0.5 [14], and the optimum threshold is found for the 7 value minimizing the sum of
the fuzzy entropies:

T =argmin‘Hf(T)—Hb(T)‘ (11)

opt

where the entropies of Equation (11) are respectively defined as:

Z p log sye(g))

g= T+1

H(T)=—% P(g) Tog(se (2)

g:T+11_P(T)

(12)

The next thresholding procedure considered in this study, the Renyi-Sahoo method [40], is similar
to the one proposed by [36], and is also based on Renyi’s entropy, i.e., on the probability distributions
of the change/no_change classes, and maximizes of the sum of the different entropies, as well as the
entropic correlation (C(7)), which is also defined for the change (C¢(7)) and no_change (Cyc(T))
categories, and depends on the threshold 7. A parameter p must be taken into account to define the
a priori entropy order. Then the different threshold values are combined in order to derive the
optimal value:

re(r)= . (r) o) =-tof 3 28] |- 3 (281, ) )

g=0 g=T+1 - p(T)
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The optimal threshold is reached when:

T =argmax{TC(T)} (14)

opt

Finally, the last considered method is the Yen method [41] which is a particular case of the
Renyi-Sahoo method where a certain value p is established as a constant value, usually p = 2.
Equation (14) holds also for the optimal threshold in the Yen algorithm.

The thresholded images represent the separation between change/no change categories, which in
turn are designated as binary values (0,1). In Section 3, as a first approximation, the selection of the
best thresholding result for a given change detection index, will be carried out by means of a verification
process. This performance assessment is addressed by means of a quality analysis reported by means
of values extracted from the traditional confusion matrices, which in turn will be constructed using
check areas, that allow determine the number of achievements and failures for both categories. Thereby,
quality measures such as overall and individual accuracies as well as producer’s and user’s accuracies
can be drawn from these tables. Regarding the two last accuracy measures, they are important
meaningful estimates as they respectively refer to the probability that a certain category (ground truth)
is classified as such, and to the probability that a cell value labeled as a certain category in the
classified (binarized) document is really this class. Thus, in order to confirm the reliability of the
thresholding results, these two measures will be also reported for the best outcomes.

2.2.3. Informational Fusion Methods

In the framework of image classification, and with the aim of improving the end result of such a
process, several authors [17—-19,42] have suggested methods referred to as multisource data analysis so
that it is possible to benefit of the thematic information derived from images acquired by different
sensors. According to [43], the integration or fusion of redundant information supplied by different
sensors, allows reducing the overall uncertainty and thus the accuracy of the observed features is
improved, taking also advantage of the complementary information that may have been observed and
acquired by these instruments. These concepts have also been retrieved by [5] and applied in the
context of image change detection. Thus, instead of using the multitemporal information supplied by a
single sensor, they make use of the different and supplementary information provided by optical and
microwave instruments in order to exploit the synergies that might arise from the combinations of the
different informational sources.

Meanwhile, different analysis issues have been undertaken, as the fuzzy theory, the evidential
reasoning of Dempster-Shafer, the neuronal networks and the Bayesian theory amongst others.
Whereas, it is not obvious to decide which of these methodologies is the most appropriate, in this case,
the Bayesian theory appears to be most convenient, due to the possibility of adapting it to a non
supervised scenario. Moreover, Bayesian estimation provides a solid foundation for merging
multisource information so that it may be combined in accordance to the rules of probability theory.

In contrast to other studies related to multisource CD, this work suggests replacing the different
informational sources by a specific change detection index, so that every index might have a particular
contribution, and can be further assessed through a quality control. Thus, in this case, a set of observed
n number of variables corresponding to X; indices will be available, with s € {/, n}. Then, the
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objective consists in assigning each value within each of these variables to one of the change/no change
categories designed as w;. For this purpose, the a priori class information should necessarily be
accessible. The method suggested in this work for deriving the a priori probabilities takes into account
the best thresholded result for each index, so that each a priori estimate can be computed from the
discriminated change/no_changed categories in the thresholded image. According to Bayes theory, the
relations between the observed measures in each index and the a priori probabilities will be represented
by the membership function Fj(x), as:

p(Xl,...,Xn/a)j)-p(a)j) s
p(Xl""’Xn) ( )

F,(X)=plo, / X,,... X, )=

J

On the other hand, [5,44], assume that each informational source (s), by its nature, is affected by a

certain reliability factor (4, z/is =1). Thus Equation (15) may be rewritten as:

s=1

(Xl""’Xn /wj)'p(wj /gi)
p(Xl,...,Xn/gj) (16)

C p
F(X)=plw,/ X,,..X,)=Y A -

s=1
where (; is introduced, so that the probabilistic group will depend on the statistical parameters (u, o,
p(wi)), which are in turn derived from a defined index as a consequence of the corresponding
thresholding process. Consequently, for a set of n sources or CD indices X = /X, ..., X,/, a value will
be classified as one of these two categories in accordance to the maximum likelihood rule:

F=maslF (17)

As suggested by [45], a different approach of addressing this question is assuming the independence
between informational sources, which is judged to be acceptable in this case, given the nature of the
operation applied to each change index, the computation of an index is not affected by the computation
of other indices. Indeed, values of an NDVI difference change detection (CDI) index does not exhibit
the same properties than a CVA CDI and do not hold any relationship, even if both CDI are computed
from the same dataset, hence the independence. In these cases, [19] suggest the following membership
function for the multisource model:

F (x)=pla,) "’1 {p(a), / X%(wj )}i' s)

i=

and may be rewritten logarithmically as:

N w. /X,
sl () =1egplo )+ ton M ) 1)
i=1 J
On the other hand, this same concept can be applied in accordance to Bordley’s formulation [46],
which considers that the redundant information contained in a set of n sources may be fused using the
Odd function (O) and the likelihood ratio (L), both derived from the Bayes’ theory:
p(Xi /wj) ) p(a)j)

L(Xl /CO]):W and O(CU] = b > (20)
J J

J
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where O(w;) are the prior odds and @, the complementary of class w;. Hence, as a consequence of the
assumption of independence, the posterior odds, given the different informational sources, are identified
by the expression:

0w,/ X,....x,)= 0o, [ [ L(X, /) @1

and the a posteriori probabilities are related to the posterior odds through:
oo, /X,,...X,)
1+0(@,/ X,,.... X,)

Fi(X)=plo,/X,,..X,)=

J (22)

Then, Equation (22) will define the membership function for one of the two change/no_change
classes. The latter and Equation (16), are the models that are applied and assessed in the next section. It
can also be observed that Equation (21) does not require specifying any reliability factor for each
separate source. In addition, the thresholded indices might help to approximate for each change
detection index either, the a priori probabilities of each category, as well as the statistical parameters
necessary to assess their corresponding density probability functions.

The different phases of the proposed methodology are then gathered in the flow-diagram depicted in
Figure 2.

Figure 2. Methodological framework.

_| cDIndex1 || Thres.
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First, the registered and radiometrically normalized datasets specified in Section 2.1 are used as
initial input variables. Then, change detection (CD) indices are generated. Although it would be
possible and desirable to use more than two CD indices, in this work, only two indices have been used
at each resolution level. The rationale of this choice is simply due to the need of measuring efficiently
the variation of the weighting factors along the integration process, as this allows assessing correctly
the contribution of each index. Next, thresholding processes are carried out and their results are
analyzed. Finally, the multisource integration processes as well as the corresponding quality analysis
are addressed. Likewise, for assessing the quality of these two informational fusion methods, the
method based on confusion matrices and their related accuracy estimates will be applied as suggested
in Section 2.2.1.
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3. Results and Discussion

In this section, the results obtained from the above-mentioned processes and illustrated by means of
Figure 2 are presented and discussed.

3.1. Change Detection Indices

Change detection index processing has been carried out in a different way depending on the dataset
considered and its resolution level, as it has already been pointed out in Section 2.1. However, it is
very important to emphasize that, as a result of the distinct spectral properties of the involved datasets,
different indices have been derived at each resolution level. Although, the choice of a particular index
may be scene dependent, this work is mainly focused on testing different thresholding procedures as
well as on assessing the mentioned informational fusion procedures. For this reason, this study is
limited to the same geographical area.

Thus, for the first dataset (resolution level 1) the CVA method and the NDVI difference index have
been applied. For the first change detection index bands 1 (green), 2 (red) and 3 (near infrared) have
been used. Whereas for the second change detection index only bands 2 and 3 are required. Figure 3
shows the normalized (earlier date) and the reference (later date) images, as well as the derived change
detection indices for level 1.

Figure 3. Level 1 processing, SPOT5 XS (a) 2005 normalized image; (b) 2008 image;
(¢) CD CVA index; (d) CD NDVI difference index.

(d)

As it is appreciated, in addition to the similarities exhibited in both cases, some differences can also
be recognized and are shown in Figure 3(c). Moreover, some changes are better highlighted depending
on the given index. This is due to the fact that the CVA method is based essentially on the chromatic
differences between the two images. Whereas, the NDVI difference is not influenced by radiometric
effects, so it may be useful to provide complementary information in the cases of vegetation changes.
Nonetheless, in some situations it is very difficult to decide which are due to real changes or simply
produced by lighting conditions, as it might happen in the lower right corner of these images
Figure 3(c).
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For resolution level 2, where panchromatic images are used, the simple difference and the ratio are
two appropriate change detection indices for this type of data. As it has been mentioned before, for this
level, the study has been restricted to two working areas, which are shown along with their
corresponding change detection indices in Figure 4. For this level, after a preliminary visual survey,
almost no dissimilarities are observed between the difference and ratio CD indices. However, as it is
pointed out in Figure 4(c,d) (area Al), high grey level variations are appreciated, which indeed
represent real changes between the two dates Figure 1(a,b).

Figure 4. Level 2 processing, SPOTS PAN (a) area Al: 2005 image; (b) area Al: 2008 image;
(c) area Al: CD Difference index; (d) area Al: CD Ratio index; (e) area A2: 2005 image;
(f) area A2: 2008 image; (g) area A2: CD Difference index; (h) area A2: CD Ratio Index.
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In area A2 (Figure 4(g,h)) some differences between the two indices are still recognized, but they
are not as apparent as in the previous case. These preliminary results enforce the idea that different
indices derived from the same image may also contain complementary information. This means that a
particular change detection index can highlight some information which is not shown by another index,
and vice versa, as shown in Figure 4(c,d,g,h). Thereby, change detection indices complement themselves.

Figure 5. Level 3 processing, aerial images (a) area Al: 2005 Orthoimage; (b) area Al:
2007 Orthoimage; (c¢) area Al: CD CVA index; (d) area Al: CD Texture-Homogeneity
CVA index; (e) area A2: 2005 Orthoimage 2005; (f) area A2: 2007 Orthoimage; (g) area
A2: CD CVA index; (h) area A2: CD Texture-Homogeneity CVA index.
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For level 3, the corresponding processes have been applied to the same areas. Although, these data
are also multispectral images, the near infrared band is not available, so it has been impossible to
derive the CD NDVI difference index. Subsequently, the CVA method appears to be most suitable for
this purpose. Moreover, as it has been anticipated in Section 2.2.1, an additional CVA index has been
computed using textural features based on the homogeneity operator. Figure 5 shows the results of the
CVA method applied to the original dataset of level 3, as well as to their corresponding textural
features. At this stage, the differences between the derived CD indices are properly distinguished.
Although, in both cases the same method is applied, the most notable differences are observed when
the textural measures are introduced Figure 5(d,h). Finally, and for convenience, all indices based
on the difference index, have all been transformed into positive values by applying the absolute
value function.

3.2. Thresholding Processes

The results achieved along the thresholding processes are summarized in Tables 1-3. Each resolution
level dataset is analyzed separately, and the applied algorithms are arranged according to their
particular principle, as described in Section 2.2.2. For each index, the best thresholding method is
designated with bold characters.

Table 1. Individual and global accuracies obtained for the thresholded indices corresponding

to level 1.
. CVA DIFF. NDVI
Thresholding . .
Method Class  Individual Overall Kappa Individual Overall Kappa
Acc. % Acc. % Coeff. Acc. % Acc. % Coeff.
. C 68.0 66.5
Ridler—Iter NC 4.6 82.2 0.64 28,1 78.0 0.55
C 69.1 68.5
t 2. .64 . .
Otsu NC 04.5 82.6 0.6 87.4 78.6 0.56
C 44.0 1.25
Kapur NC 98.0 72.7 0.43 100 53.8 0.01
. C 85.5 834
Li NC 87.4 86.4 0.73 66.6 74.5 0.50
C 3.7 36.5
Shanbhag NC 100 54.9 0.04 94.9 67.5 0.32
. C 44.0 2.8
Renyi-Sahoo NC 98.0 72.7 0.43 100 54.5 0.03
C 44.02 1.1
Y 2. 4 . .01
en NC 98.05 72.7 0.43 100 53.7 0.0

For level 1 and the CD CVA index (Table 1), the best solution has been reached applying the Li
method, with 86.4% overall accuracy. Likewise, individual accuracies for the two categories (change
and no-change) are higher than 85%, which indicates a good performance of this type of algorithm for
this change detection index. This improvement is also reported by the producer’s (85.5% and 87.4%)
and user’s accuracies (85.5% and 87.3%) derived from the confusion matrices, for change/no change
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categories respectively, which also ensure the goodness of this thresholding method for discriminating

these two classes in the referred CD index. References about the correct outcomes of the Li procedure

have not been reported in the literature, except those given by the own authors [37,38].

Table 2. Individual and global accuracies obtained for the thresholded indices corresponding

to level 2, arcas Al & A2.

DIFFERENCE RATIO
Thresholding Cl Individual Overall Kappa Individual Overall Kappa
ass

Method Acc. % Acc. % Coeff. Acc. % Ace. % Coeff

Al A2 Al A2 Al A2 Al A2 Al A2 Al A2
639  70.8 82.1 748

Ridler—It 760 866 052 0.72 848 86.1 0.70 0.71
I Ne 889 985 877 945
C 650 714 822 748

Ot 764 868 053 072 848 86.1 0.70 0.71
st NC 887 984 17.8  94.5
C 442 5611 624  56.0

K 677 808 036 0.59 786 80.5 058 0.58
aput NC 929 994 959  98.9
C 856 879 89.9 853

Li 849 904 0.70 0.80 859 84.2 0.72 0.68
! NC 841 922 81.6 83.3
C 070 3.0 291 425

Shanbh 485 583 0.00 0.03 632 75.1 028 045
abhas — Nc 100 100 997  99.6
C 465 575 624 56.0

Renyi-Sah 687 813 038 0.60 786 80.5 058 0.58
CIVESAIOO T NC 925 994 95.9  98.9
C 465 575 567  52.8

% 687 813 038 0.60 761 792 053 0.55
en NC 925 994 969  99.1

Table 3. Individual and global accuracies obtained for the thresholded indices

corresponding to level 3, areas Al & A2.

CVA CVA-TEXT-HOMOGENEITY
Thresholding Class Individual Overall Kappa Individual Overall Kappa
Method Acc. % Acc. % Coeff. Acc. % Acc. % Coeff
Al A2 Al A2 A1l A2 Al A2 Al A2 A1l A2
. C 233 50.5 534  74.0
Ridler—Iter NC 775 812 49.5 679 0.01 0.32 g4 06 68.3 84.6 037 0.68
C 243  50.8 534 740
t 49. . .01 0.32 . 4. . .
Otsu NC 769 8034 9.7 67.6 0.01 03 g4 06 68.3 84.6 037 0.68
C 2.8 32.8 18.0 523
K 454 . . 31 4. . A1 0.54
apur NC 911 858 5 68.7 0.06 0.3 937 987 543 787 0 0.5
C 415 574 763 829
Li 4, 1.2 0. 21 . 1. S1 0.
' NC 675 e4n OO 012 009021 o0 gy 756 BLT 051 0.63
C 15.5 479 0.70  19.6
hanbh 47. . . . 48.4 . . 22
Shanbhag NC 814 689 7.3 70.3 0.03 0.37 99 5 100 84 653 0.00 0
C 4.4 39.6 17.97 523
Renyi-Sah 45.2 . . . 4. . A1 0.54
enyi-Sahoo NC 890 945 5 70.8 0.06 0.36 932 987 543 787 0 0.5
C 4.5 40.1 16.5 50.7
Y 45.2 71. . . . .1 0.1 52
en NC 888 944 52 71.0 0.06 0.37 937 988 537 78.1 0.10 0.5
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The satisfactory results achieved by the CVA index of SPOTS multispectral images, might certainly
be due to the medium-high range of different changes values found by the CVA operator in this study
area, which in fact are seen by the algorithm as a high entropy or informational content. As a
consequence, this CD index is adequately binarized by this method. Probably, for this type of data,
minimum cross-entropy procedures deliver better results than those based uniquely in density and
distribution functions, as well as those based on fuzzy entropies.

Always for level 1, in the case of the difference CD index based on NDVT’s, it is found that the
information content is comprised between the value range [0,1], which implies that the
change/no-change categories values are close to each other or within a short range of values.
According to [14,47] the Otsu thresholding method provides satisfactory results when the measures of
each category are similar, which is indeed the case for the classes contained in this index. These
observations are formulated for the Ridler-Iter procedure [33] as well. While, the best results are
achieved by these two methods, the overall accuracy does not reach in any case 80% and the individual
accuracies for the change category are also not as expected (66.5-68.5%). Similarly, for
change/no-change classes, producer’s (68.5% and 87.4%) and user’s (82.7% and 76.0%) accuracies
also decrease, which may indicate that the NDVI CD index might not be suited for this particular
geographical area. Nonetheless, the outcomes of these two procedures exhibit better a quality
compared to those based on entropic algorithms. The result of the Otsu method is thus selected for
further processes, as it shows a better overall accuracy and kappa coefficient. Figure 6 shows the best
results obtained for level 1 in agreement with the quality values given previously. For the CVA case, it
is confirmed that the radiometric differences tend to be overrated, while in the second case (NDVI
difference index) these changes are not detected Figure 3(d). However, in both cases, the thresholded
images have been solved adequately with the selected methods (Table 1).

Figure 6. Level 1 thresholded indices: best results (a) CVA—Li method (binary image);
(b) NDVI-Otsu method (binary image).

(b)

Concerning level 2, the results of the different thresholding methods are presented numerically in
Table 2. In this case the operations have been carried out on the two study areas indicated in Figure 1(c),
and organized in Figure 4(a,b,e,f).
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In Table 2, it is observed that the Li method performs correctly for both indices. Indeed, in
comparison with other results, for the difference index, in the case of the two selected study areas, this
method delivers the best accuracies. For the overall accuracies, they differ between 85% and 90%,
with a good agreement Kappa coefficient. In area Al, for this thresholding method and the
difference operator, good producer’s accuracies are reached for the two considered categories
(change/no_changed), 85.6% and 84.1%. Regarding user’s accuracy, these values are similar, 85.3%
and 84.5. Whereas, in area A2 very good values are obtained in both cases and classes: 87.9% and
92.2% (producer’s acc.—change/no_change), 89.5% and 91.0% (user’s acc.—change/no change)
Moreover, it might also be confirmed, that this entropy-based method solves appropriately situations
where a large informational content is present, as it happens in this level, which has 2.5 m of spatial
resolution, in comparison to level 1 with only 10 m, although the increase of information may also be
responsible of introducing some degree of noise.

As a consequence of the values given in Table 2, the Li method produces good outcomes either for
the difference index as for the ratio index. However, in the case of the ratio index, similar results are
also observed for the Iter and Otsu methods. These two methods are even slightly more accurate
(0.5%) than the Li method. Additionally, for these two methods and area A1, producer’s accuracies are
82.1% (change) and 87.8% (no_change), as well as 87.8% (change) and 82.1% (no_change) for user’s
accuracies. Furthermore, for area A2, 74.8% (change) and 94.5% (no_change) producer’s accuracies
are reached, while 91.2% (change) and 83.3% (no_change) user’s accuracies are obtained. These
values also differ slightly from the Li case. As a consequence of these results, the outcomes of these
thresholding methods applied to the ratio CD index are considered acceptable.

Regarding the variability range of the ratio index values, it appears to be shorter (NVig min = 0,
NViat max = 9) than the values interval of the difference CD index (NVit min = 0, NVir max = 68). As it
has been stated by [14], in these cases, iterative and clustering algorithms, as the Iter and Otsu
procedures, perform better than entropic methods, as it happens to a certain extent with the Li method
and clearly with the remaining entropy based algorithms. In order to verify this issue, a visual analysis
has been carried out, which has definitely confirmed the suitability of the Otsu and Ridley-Iter methods.
The final results corresponding to the most appropriate thresholding methods are depicted in Figure 7.
Comparing these methods with the change detection indices shown in Figure 4, it may be stated that
the applied procedures lead to a reliable representation of the change and no_change areas.

At this second level of resolution, it can also be appreciated that different thresholding methods lead
to similar results, as it was the case for level 1. Moreover, for both levels, with different sensor modes,
Pancromatic vs. Multispectral, and 2.5 vs. 10 m spatial resolution respectively, the Li method has
yielded the best accuracies for the CD indices with higher variances, and the iterative and clustering
methods for the lowest, as it is the case for the NDVI and ratio indices. Thus, this implies
that the statistical variance of the index plays an important role when selecting a specific
thresholding algorithm.

Finally, for level 3, as it could be expected from the change detection index shown in Figure 5(c,h),
some difficulties in the thresholding results have also been encountered. These are originated due to
the initial properties (analogue to digital conversion) of the dataset corresponding to the earlier date,
which has been explained in Section 2.1.
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Figure 7. Level 2 thresholded indices: best results (a) Area Al: Diff. Index—Li method
(binary image); (b) Area Al: NDVI-Otsu method (binary image); (¢) Area A2: Diff.
Index—Li method (binary image); (d) Area A2: Ratio Index—Otsu method (binary image).

Figure 8. Level 3 thresholded indices: best results (a) Area Al: CVA Index-Yen method
(binary image); (b) Area Al: CVA-Text-Hom.—Li method (binary image); (¢) Area A2:
CVA Index—Yen method (binary image); (d) Area A2: CVA-Text-Hom.-Li method
(binary image).

(d)

Subsequently, the deficiencies identified in the corresponding change detection indices are also
transmitted to the thresholding results. As it may be expected, the CVA method delivers poor results
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(Figure 8(a)). However, for the second analyzed area (Figure 8(c)), it can be appreciated, that the Yen
method exhibit correctly certain changes contained in the input data file (CVA index), thus yielding an
improvement in the accuracy. This result might be due to the capability for solving the compactness
between categories of the Yen method [41].

Change and no change classes are also observed to be well discriminated in the CD index
Figure 5(g). This achievement is closed to the Shanbhag and Reny-Sahoo thresholding results, which
are also referred to as entropy based methods. Nevertheless, despite of this improvement, this index
will not contribute with a high quantity of information to the fusion process.

On the other hand, the calculation of textural measures and its subsequent processing through
another CVA index has provided a solution to this problem. Contextual operations performed by the
homogeneity textural operator have corrected the degraded radiometric information in the analogue
dataset, which apparently has resulted in a global enhancement, and is in accordance with [12,48], who
have pointed out the importance of considering these operators for change detection processes in the
case of high spatial resolution images. This solution has provided here a successful alternative for
solving problems related with radiometrically deficient datasets.

Thus, the CVA CD index computed with these new features is thresholded adequately by means of
iterative (Ridler), clustering (Otsu) and entropic (Li) algorithms. However the latter exhibits a better
overall performance, 79% vs. 76% (by averaging the overall accuracy of both areas). Producer’s and
user’s accuracies exhibit also similar values, so they are not reported here. Moreover, revising the
statistics of this CD index, its dynamic range varies from NV i, = 0 to NV, = 140, which is a rather
large interval denoting an important informational content. Thus, this last result confirms again the
usage of the Li method. The thresholding results corresponding to this index (CVAy) are depicted
graphically in Figure 8(a—d), where the differences with the thresholded CVA CD index derived from
the original dataset, are clearly highlighted. An obvious increase of information can be appreciated when
textural measures are taken into account.

In this section, several methods belonging to different thresholding families have been assessed for
binarizing change detection indices. These methods have been applied to images acquired by specific
spaceborne and airborne sensors at different dates. It has been confirmed that the entropy-based
methods are appropriate for images with a high degree of information. This appears reasonable when
the spatial resolution of the images increases, but also for datasets with high dynamic ranges as it
happens with the CVA of the SPOT multispectral dataset. Whereas, for images with change and
no_change categories values close to each other, the iterative or clustering methods provide a better
alternative as it has been the case for the Ratio or NDVI’s difference CD indices. Although, this
statement should also be checked in other geographical environments. Furthermore, as it is denoted by
Chan et al. [47], the results obtained using the proposed thresholding methods show that each of
these algorithms produce a different result and that the proper implementation of a particular
thresholding method does not necessarily imply that it is optimal for another index (or not even for a
different dataset).

Then, once the best solutions at each resolution level are identified, each thresholded image can be
used to extract from its corresponding change detection index the statistical parameters for change and
no change categories. This task has been achieved employing these images as mask layers, performing
statistical zonal operations based on their binary values. The corresponding result allows providing the
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probability density functions with the required parameters for the correct evaluation of the CD decision
rule process using the multisource analysis suggested in Section 2.2.3. In this work, all categories
populations are considered to be normally distributed, so mean values and standard deviations are the
values required carrying out the following working stage. Bruzzone and Prieto [4,5] have studied and
assumed normal distributions for histograms representing image differences, after different studies this
assumption has also been considered, verifying its correctness.

3.3. Informational Fusion Analysis

In this section, the summative (¥) and multiplicative (IT) methods described in Section 2.2.3 are
implemented and evaluated. For this purpose, the extracted statistical parameters, for change and
no_change categories of each processed CD index, are used. This analysis has been performed for the
three considered resolution levels. Furthermore, by means of this multisource methodology, the
contribution of each CD index is also examined, as each index is also affected by a reliability or
weighting factor (Equation (16)). However, in the case of Equation (22), this possibility is not
considered, as the inclusion of different factors in the process will indeed not produce different results.
In the extreme cases where A = 0, the result will always be null as well.

All results are gathered in tables, where the accuracies reached at each resolution level are
represented. For this purpose, the same check areas used in Section 3.2 have been used for building up
the corresponding confusion matrices and deriving overall accuracies, as well as other related accuracies
reached for each category. True positives and false negatives rates are also reported [49,50]. The best
results reached at each resolution level are also represented graphically using rose plots. Moreover,
ROC (Receiver-Operating-Characteristics) curves have also been constructed for better interpreting the
performance of the experiments carried out for each resolution level.

Table 4 shows the results of the summative and multiplicative multisource processes for level 1.
In both cases, the best achieved overall accuracy is higher than 85%. In this table and for the summative
process, the outcomes for different index combinations and their corresponding reliability factors are
represented. In particular, the contribution of the CVA index is observed to be higher than the NDVI
difference index, which improves only a 0.2% for similar weighting factors (Acya = 0.5 or Acya = 0.6),
and where the agreement coefficient (k = 0.73) is also slightly better. This might also prove that when
two indices are taken into account in such a process, the final result is not disturbed and can also
benefit from the informational content of the two indices. For the reported combination n°® 7 in
Table 4, satisfactory producer’s accuracies are reached for the change/no change categories: 84.5%
and 88.5% respectively. Likewise, similar values are also obtained for user’s accuracies and the same
categories, 86.6% and 86.7%. This implies a good performance of the change/no_change assignment
process by means of this informational fusion procedure. These values do not differ for the remaining
combinations with overall accuracies around 86%.

Concerning the multiplicative method, a unique result is reported, as different weighting factors
combinations do not produce different results. Also, combinations 1 and 11 (Table 4) are unsuitable, as
multiplication by a null factor will produce a result with null values as well. Thus, these cases should
also be avoided for the multiplicative method as it is suggested in this paper. These situations are
denoted by an x in Tables 4 and 5. For this unique result an 86.1% overall accuracy has been reached,
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which is close to the best outcomes of the summative method (cases 6 to 11 in Table 4). In this case,

analogous remarks can also be drawn regarding producer’s and user’s accuracies, as well as about the

assignment process. Producer’s accuracies for these categories are 81.4% and 90.2%, while user’s

accuracies are 88.0% and 85.6%, which can be considered quite acceptable.

Table 4. Level 1. Individual and global accuracies obtained for the multisource process as a
function of the weights assigned to each index (CVA & Diff. NDVI). Sumative method (X),
Multiplicative method (IT).

Individual  Overall Kappa P()j;:tlil:es Pi?::jes
Combination Class Acc. % Acc. % Coeff. Rate Rate
)y I1 Xz I1 )y I1 )y IT X I1
1. Acva = 0.0, Axpyv1 = 1.0 I\?C g;; i 781 x 055 x 065 x 011 x
2. heva =0.1, Axpyr = 0.9 I\?C g;; _ 782 - 055 - 065 - - -
3. Acva = 0.2, Anpyr = 0.8 I\?C g;; _ 782 - 055 - 065 - 010 -
4. heva = 0.3, Anpvr = 0.7 I\?C g;g _ 783 - 056 - 065 - 010 -
5. Acva = 0.4, Anpvi = 0.6 I\?C gg(l) _ 792 - 058 - 067 - 010 -
6. Acva = 0.5, Anpy1 = 0.5 I\?C zgi _ 8.7 - 073 - 083 - 0.11 -
7. Acva = 0.6, Anpy1 = 0.4 I\?C 2:2 2(1)421 86.7 86.1 0.73 0.72 0.84 0.85 0.12 0.12
8. Acva = 0.7, Aypvi = 0.3 I\?C zzg _ 84 - 072 - 08 - 012 -
9. Acva = 0.8, Anpyv1 = 0.2 I\?C 2:? _ 84 - 072 - 08 - 012 -
10. Acva = 0.9, Aypyvi = 0.1 I\?C 2:; _ 864 - 072 - 08 - 012 -
11. Acva = 1.0, Anpy1 = 0.0 I\?C zgi * 85 x 072 x 08 x 012 x

The results reached for both methods, summative and multiplicative, are shown graphically in

Figure 9. It is interesting to observe how the multiplicative method helps to reduce, to a certain extent,

some degree of noise, while preserving the most representative changed or unchanged areas as

detected by the corresponding change detection indices. However, this may lead to no desired

consequence, when a specific index underestimates seriously one of the two categories. This problem

will be further appreciated in level 3. Nonetheless, for this resolution level and dataset, these two

informational fusion procedures appear to be suitable methods for categorizing change and

no-change classes. Moreover, the summative process allows also identifying the best CD index or

combination of indices.
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Figure 9. Level 1. Change Detection documents (Acva = 0.6, Axpyvi = 0.4) (a) Summative
method; (b) Multiplicative method.

(a) | (b)

The results achieved for level 2, where panchromatic data with 2.5 m spatial resolution has been
used, show a similar performance for the two multisource methods. It should be noted that for
assessing this level, and for the sake of simplicity, the accuracy measures for the two study areas have
been averaged, assigning mean values to the quality measures of the summative and multiplicative
processes. These results are displayed in Table 5. In this case, the overall accuracy of the implemented
summative method improves a 2% in comparison with the best implementation in level 1. An overall
accuracy of 88.3% is achieved, which appears to be a satisfactory result. Also producer’s and user’s
accuracies are very satisfactory for combinations with this overall accuracy. These results are reported
here for the combination n°® 7 (Table 5), as it has delivered slightly better results. In the case of the
producer’s accuracy 86.4% (change) and 89.9% (no-change) values have attained, while 88.0%
(change) and 88.5% (no-change) values have reached for user’s accuracy.

Again, the indices behave differently, and the difference CD index shows a higher contribution.
However, the ratio CD index does not disturb in any case this process when combined properly with
the other index. Furthermore, when different reliability factors (Aprr = 0.6, AraTio = 0.4) are applied to
these indices, the results tend to remain unchanged with the highest accuracy rate. This would imply
that while the difference index plays a more relevant role in this process, the second index is also
important. Hence, it is suggested to keep both indices, as they might contribute jointly to this end
result. The results corresponding to the summative method applied to level 2 are represented
graphically in Figure 10(a,c).

Regarding the multiplicative process, the overall accuracy has decreased a 2% compared to the
summative informational fusion method. However, this score is still satisfactory with an 86.1% overall
accuracy (Table 5). Values for producer’s accuracy are 79.5% (change) and 92.0% (no_change),
whereas values for user’s accuracy are 89.5% (change) and 83.9% (no_change). Even though, these
accuracies are considered satisfactory. Despite this loss of overall accuracy (2%), the same effect
regarding noise is noticed for this level and method Figure 10(b,d). Therefore, it can be stated that the
multiplicative algorithm considered in this study is able to supply also suitable results, when the
dataset is constituted of reliable indices such as the difference and ratio indices. Nonetheless, again the
weights factors do not play any relevant role in this procedure.
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Figure 10. Level 2. Change detection documents (Acya = 0.6, Axpyr = 0.4) (a) Summative
method-area 1; (b) Multiplicative method—area 1; (¢) Summative method-area 2;
(d) Multiplicative method-area 2.

Table 5. Level 2. Individual and overall accuracies obtained for the multisource process as
a function of the weights assigned to each index (Diff. & Ratio). Additive method (Z),
Multiplicative method (IT).

T Fal
Individual Overall  Kappa rue ase

Positives  Positives
Combination Class Acc. % Acc. % Coeff.

Rate Rate

Z I1 )y IT Z I1 X II z I1
1. Apmr = 0.0, AraTio = 1.0 NCC ;gi z 854 x 0.7 x 076 x 0.06 x
2. dpirr = 0.1, AgaTi0 = 0.9 NCC ;g; : 855 - 071 - 076 0.07 -
3. Apmrr = 0.2, AraTio = 0.8 NCC ;gi : 856 - 0.71 - 076 - 0.07 -
4. Aprrr = 0.3, Agatio = 0.7 NCC ;gg : 8.7 - 071 - 077 - 007 -
5. Apirr = 0.4, Aratio = 0.6 NCC ;Zg : 859 - 071 - 077 - 007 -
6. Apirr = 0.5, Ajatio = 0.5 NCC g?? : 877 - 075 - 083 - 009 -
7. Apirr = 0.6, Agatio = 0.4 ¢ 86.4 795 88.3 86.2 0.76 0.72 0.86 0.8 0.10 0.08

NC 90.0 92.0
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Table 5. Cont.

True False
Individual Overall Kappa
PP Positives  Positives

Combination Class Acc. % Acc. % Coeff.
Rate Rate

> IT ) IT > IT > IT > IT
C 86.5 -

8. e = 0.7, Aratio = 0.3 NC 898 i 88.3 - 0.76 - 08 - 0.10 -
C 87.0 -

9. Aok = 0.8, Ajatio = 0.2 NC 894 i 88.3 - 0.76 - 087 - 0.10 -
C 87.0 -

10. Apirr = 0.9, Aratio = 0.1 NC 895 i 88.3 - 0.76 - 087 - 0.10 -
C 87.0 X

11. )\DIFF = 10, )\«RATIO =0.0 NC 80.5 X 88.3 X 0.76 X 0.87 X 0.10 X

At this point, it should be mentioned, that the accuracies measures reached for these two levels have
also improved slightly in contrast to those achieved individually by the thresholding techniques
specified in Section 3.2. In fact, those results could be regarded as change detection documents.
However, this informational fusion implementation allows a better integration of those results, rather
than combining directly the thresholded indices.

Thus, regarding the results reached at these two first levels, it is evidenced that summative and
multiplicative procedures referred to as multisource methods [17-19,42,43], are able to provide
suitable methodological frameworks for integrating different indices derived from a same dataset in
order to produce change detection documents. With the first method it is also possible to asses which
of the indices provide the most significant informational content. Furthermore, due to the promising
results reached with the second method, additional efforts must still be carried on for optimizing this
methodology. It is also very important to note that the thresholding operations have supplied a solid
base for extracting statistical parameters corresponding to change and no_change categories.

Unfortunately, it is not possible to draw the same observations and comments for level 3. As it has
been discussed in the previous section, this case presents certain difficulties caused by the radiometric
deficiencies in the first date of the dataset. Even though, this problem was partially overcome deriving
textural features, it has not been sufficient to reach acceptable results. For this reason, the achieved
values for the quality measures shown on the previous tables are not all given, and only the most
representative outcomes are reported for this third level.

The differences between the results accomplished for levels 2 and 3 can be appreciated in
Figures 10 and 11, which show clearly the bad performance attained in the third level for both
informational fusion procedures. In addition, some degree of false alarms and noise is also observed in
level 3 for the summative method Figure 11(a,b).

In this sense, a medium accuracy has been achieved for level 3 with the summative procedure. The
best results are obtained when larger weights are assigned to the textural CVA index (Acva = 0.3,
Aevar = 0.7 and Acya = 0.4, Aevat = 0.6), with 79.7% overall accuracy, although similar accuracies are
also reached exclusively by this CD index. Regarding producer’s and user’s accuracies, these are not
evaluated due to the results achieved at this level.
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Figure 11. Level 3. Change detection documents (Acya = 0.6, Axpyi = 0.4) (a) Summative
method—area 1; (b) Multiplicative method—area 1; (¢) Summative method-area 2;
(d) Multiplicative method-area 2.

On the other hand, this value decreases rapidly, when higher weights are assigned to the second
index. In these cases the overall accuracy is around 60%, and the remaining quality measures do not
exhibit better values. This poor accuracy is also observed for the multiplicative method, which is in
fact produced by the absence of information in the CVA index. Therefore, in such cases, this method
tends to eliminate the information contained in the other index. This consequence can be clearly
noticed in Figure 11(b,d). As a final remark regarding this level of resolution and dataset, it is
considered that the accuracies would have been higher with images registered exclusively by digital
sensors, as the one used for the second date. Moreover, when dealing with very high spatial resolution
datasets, additional ancillary information must also be taken into account, such as Digital Surface Models
(DSM) in urban environments, as well as other integration strategies, like those suggested in [12,50].
Despite these poor results, this experiment also demonstrates that this evaluation methodology is able
of providing an issue for assessing the contribution of a particular index.

The last part of this section describes the graphical representation of the quality measures for the
three levels of resolution. For the summative method, only the best results (cases 7-11, 7-12 and 3-14)
achieved for each level are shown in Figure 12. For this purpose rose plots [51] have been used. These
diagrams are constructed from the information contained in confusions matrices, their different sectors
indicate the percentages of true and false positives, as well as the corresponding negatives. The high
proportions of true positives and negatives vs. the lower proportions of false negatives reveal the good
performance of this informational fusion method for levels 1 and 2 for the given cases. This tendency
changes for level 3, where the sectors corresponding to the false positives and negatives increase

noticeably.
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Figure 12. Summative method (¥) rose plots (a) Level 1-case 7 (Table 4); (b) Level 2-case
7 (Table 5); (c¢) Level 3.

Level 1—case 7 Level 2—case 7 Level 3—case 4

T 05 0 ns 1

(a) (b)

[ I False Positive [ True Paositive (Sensibility)___ | False Negative B True Negative (Specificity) ‘

Furthermore, ROC (Receiver Operating Characteristic) plots have been used to represent the
performance of the complete experiment carried out at each resolution (Figure 13), where the true
positives and false negatives rates for each set of weighting factors combination are plotted in these
spaces. The resulting curve and the area enclosed with the horizontal axis denote the reliability of the
implementation of the conducted tests.

Figure 13. Summative method (X) ROC curves (a) Level 1; (b) Level 2; (¢) Level 3.
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These curves demonstrate that the better performance corresponds to the second level, where
SPOTS5 Panchromatic data have been employed Figure 13(b). As the informational fusion procedures are
the same for the three cases, this result proves that the panchromatic images are able to deliver better
results in comparison with multispectral data, in this case SPOTS5 XS. Instead, the curve derived for
level 3 shows that the results at this level are less satisfactory, as it was expected. Moreover, blue
points in Figure 13 indicate the best rates at each resolution level, which corresponds to the cases
highlighted in Tables 4 and 5 for levels 1 and 2.

Similar illustrations have been employed for the multiplicative method. Regarding Rose plots
corresponding to levels 1 and 2 (Figure 14(a,b)), a reduction in false positives is observed in benefit of
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the no-change category, which would imply that an important part of the noise has been assigned to
that category, as it has been perceived in Figures 9 and 10.

Figure 14. Multiplicative method (IT) rose plots (a) Level 1; (b) Level 2; (¢) Level 3.
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Regarding level 3, although a similar trend is also observed, this representation depicts the deficient
results reached for this level (Figure 14(c)). Finally, for representing the results of the multiplicative
method by means of ROC curves, a unique solution was accessible for each level, so these curves are
built up based on these single results (Figure 15).

Figure 15. Multiplicative method (IT) ROC curves (a) Level 1; (b) Level 2; (¢) Level 3.
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ROC curves for levels 1 and 2 exhibit a correct performance (Figure 15(a,b)), while the
corresponding curve for level 3 (Figure 15(¢c)) is even worse than the curve depicted in Figure 13(c),
which explains the deficient quality of the images shown in Figure 11(b,c). However, in general, these
curves must also be interpreted carefully, since they only represent a unique test and do not represent
an entire experiment, as it the case for the summative method.

As a consequence of these studies, these multisource analysis methods have shown a great potential
for integrating different change indices, as well as for assessing their contribution in a change detection
scheme. Moreover, the outcomes reached by means of any of the suggested methods, summative or
multiplicative, are a direct consequence of the data quality and the corresponding derived indices, and
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do not depend on the spatial resolution level. Furthermore, an important amount of noise and/or false
alarms has been encountered in the different results, although the data was previously filtered with
traditional noise reduction methods. This question, simultaneously with the implementation of additional
non-parametric procedures capable of integrating efficiently different change detection indices, must
also be addressed in future studies.

4. Conclusions

In this work, a set of methods and algorithms have been implemented aimed at obtaining change
detection documents using data acquired by airborne or spaceborne optical sensors. Due to the nature
of the data provided by these systems, it has been possible to derive several change detection indices
for the different multiresolution datasets. This study has been carried out with two change indices at
each spatial resolution level, so that the multisource integration algorithm can benefit from the
complementary information exhibited by the corresponding indices. As the spatial resolution of the
images increases, the use of textural features based on the co-occurrence matrices provides an
alternative for enhancing the contextual information and solving some problems associated with
radiometric deficiencies, as it has been the case with in this work for a particular dataset.

The automated thresholding algorithms tested in this study confirm their sensitivity and efficiency
for differencing between change and no change categories, and allows estimating precisely the
statistical parameters of these classes. For the two first resolution levels, these categories have been
determined with at least 85% overall accuracy. Nevertheless, there is no universal thresholding
method, but rather each method may be more appropriate for a specific change detection index. For
CD indices such as the CVA or the difference index, iterative and clustering methods have produced
better results, while for entropy algorithms the Li method has yielded a better performance. Hence, the
application of these methods depends on the index dynamic range. Furthermore, these algorithms have
proved to assist efficiently change detection procedures regardless of the spatial resolution level of the
considered sensors.

The chosen informational fusion algorithms are appropriate for the implemented change detection
methodology. Overall accuracies of 86.7% for level 1 and 88.7% for level 2 have been achieved with
the summative method. In the multiplicative case, correct results are also reached, 86.1% and 86.2%
for level 1 and 2 respectively. Due to the problems encountered in level 3, it has not been possible to
reach good accuracies. However, it is expected that with data acquired exclusively by means of digital
airborne sensors, the quality of the different derived products (change detection indices) and related
results (threshold and change detection documents) may improve considerably. Thus, this study has
verified that, while a change detection process may be accomplished only by means of a single change
detection index, it is also recommended to consider additional alternatives or change detection indices
before adopting a definitive option. The implications of this study are that new issues are still open for
optimizing the methods suggested in this work, as well as the significance of always considering more
than one index in a change detection scheme. In this work we have assumed that the histograms of
differences follow a normal distribution, future studies could be carried out to accurately analyze the
form of such distributions. Regarding the optimum weights in the informational fusion procedure, they
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will be influenced by each image dataset, as well as on their derived change detection indices and the
related geographical area.

As a final conclusion, because in image change detection noise presence can be a serious problem,
due to the occurrence of false changes, in further studies it should be of interest to apply techniques for
noise removal, perhaps as a posterior step to image change detection. Optimization approaches applied
in some previous works have been proven with satisfactory results in different environments and
conditions. These techniques try to remove noisy pixels mislabelled as change/no-change based on the
information supplied by their neighbours. So, a pixel labelled as change could be relabelled as
no_change if the majority neighbours have been labelled as belonging to this last category and
vice-versa [52].

Acknowledgements

This work is supported by the “ESPANA VIRTUAL” project, financed by the “Centre for Industrial
Technological Development” (CDTI) of the Spanish Ministry of Science and Technology. The authors
thank also the CNIG for providing the data and for its valuable support. Thanks are due to the
anonymous referees for their very valuable comments and suggestions.

References

1. Locatelli, B.; Loisel, C. Changement climatique: La vérité est-elle au fond du puits? Une analyse
des controverses sur les puits de carbone. Nat. Sci. Soc. 2002, 10, 7-19.

2. Kastner, T.; Erb, K.; Nonhebel, S. International wood trade and forest change: A global analysis.
Glob. Environ. Change 2011, 21, 947-956.

3. Aach, T.; Kaup, A. Bayesian algorithms for adaptive change detection in image sequences using
Markov random fields. Signal Process Image Commun. 1995, 2, 147-160.

4. Bruzzone, L.; Prieto, D.F. Automatic Analysis of the difference image for unsupervised change
detection. IEEE Trans. Geosci. Remote Sens. 2000, 38, 1171-1182.

5. Bruzzone, L.; Prieto, D.F. An adaptive semiparametric and context-based approach to unsupervised
change detection in multitemporal remote-sensing images. I[EEE Trans. Image Process. 2002, 11,
452-466.

6. Radke, R.J.; Andra, S.; Al-Kofahi, O.; Roysam, B. Image change detection algorithms: A
systematic survey. IEEE Trans. Image Process. 2005, 3, 294-307.

7. Metternicht, G. Change detection assessment using fuzzy sets and remotely sensed data: An
application of topographic map revision. ISPRS J. Photogramm. Remote Sens. 1999, 54, 221-233.

8. Lu, D.; Mausel, P.; Brondizio, E.; Moran E. Change detection techniques. Int. J. Remote Sens.
2004, 25, 2365-2401.

9. Buyjor, F.; Trouvé, E.; Valet, E.; Nicolas, J.M.; Rudant, J. Application of log-cummulants to the
detection of spatiotemporal discontinuities in multitemporal SAR images. [EEE Trans. Geosci.
Remote Sens. 2004, 42, 2073-2084.

10. Inglada, J.; Giros, A. On the possibility of automatic multisensor image registration. /[EEE Trans.
Geosci. Remote Sens. 2004, 45, 2104-2120.



Sensors 2012, 12 3559

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25

26.

27.

Sjahputera, O.; Davis, C.H.; Claywell, B.C.; Hudson, N.J.; Keller, J.M.; Vincent, M.G.; Li, Y.;
Klaric, M.N.; Shyu, C.-R. GeoCDX: An automated change detection & exploitation system for
high resolution satellite imagery. In Proceedings of the 2008 IEEE International Geoscience and
Remote Sensing Symposium, Boston, MA, USA, 7-11 July 2008.

Le Hegarat-Mascle, S.; Seltz, R.; Hubert-Moy, L.; Corgne, S.; Stach, N. Performance of change
detection using remotely sensed data and evidential fusion: Comparison of three cases of
application. Int. J. Remote Sens. 2006, 27, 3515-3532.

Rosin, P.L. Unimodal thresholding. Pat. Recognit. 2001, 34, 2083-2096.

Sezgin, M.; Sankur, B. Survey over image thresholding techniques and quantitative performance
evaluation. J. Electron. Imaging 2004, 13, 146—-168.

Melgani, F.; Moser, G.; Serpico, S.B. Unsupervised change-detection methods for remote-sensing
images. Opt. Eng. 2002, 41, 3288-3297.

Moser, G.; Serpico, S.B. Generalized minimum-error thresholding for unsupervised change
detection from SAR amplitude imagery. IEEE Trans. Geosci. Remote Sens. 2006, 44, 2972-2982.
Richards, J.A. Analysis of remotely sensed data: The formative decades and the future.
IEEE Trans. Geosci. Remote Sens. 2005, 43, 422-432.

Peddle, D.R.; Ferguson, D.T. Optimisation of multisource data analysis: An example using
evidential reasoning for GIS data classification. Comput. Geosci. 2002, 28, 45-52.

Benediktsson, J.A.; Sveinsson, J.R. Consensus based classification of multisource remote sensing
data. Multiple classifier systems. Lect. Notes Comput. Sci. 2000, 1857/2000, 280-289.

Prieto, D.F. Change detection in multisensor remote-sensing data for desertification monitoring.
In Proceedings of the Third International Symposium on Retrieval of Bio- and Geophysical
Parameters from SAR Data for Land Applications, Wilson, A., Ed.; Sheffield, UK, 11-14
September 2001; ESA SP-475, ESA Publications Division: Noordwijk, The Netherlands, 2002;
pp. 255-260.

Khoshelham, K.; Nedkov, S.; Nardinocchi, C. A comparison of Bayesian and evidence-based
fusion methods for automated building detection in aerial data. Int. Arch. Photogramm. Remote
Sens. Spat. Inf. Sci. 2008, 37, 1183—1188.

Yang, Y.; Lin, Y. Object-based level set model for building detection in urban area. In
Proceedings of the 2009 Joint Urban Remote Sensing Event, Shanghai, China, 20-22 May 2009.
Hermosilla, T.; Almonacid, J.; Fernandez-Sarria, A.; Ruiz, L.A.; Recio, J.A. Combining features
extracted from imagery and lidar data for object-oriented classification of forest areas. Int. Arch.
Photogramm. Remote Sens. Spat. Inf. Sci. 2010, 38, 194-200.

ERDAS Imagine. 2012. Available online: http://www.erdas.com/ (accessed on 9 January 2012).

. Yuan, D.; Elvidge, C.D. Comparison of relative radiometric normalization techniques. ISPRS J.

Photogramm. Remote Sens. 1996, 51, 117-126.

Chatelain, F.; Tourneret, J.-Y.; Inglada J.; Ferrari A. Bivariate gamma distributions for image
registration and change detection. I[EEE Trans. Image Process. 2007, 16, 1796—1806.

Alberga, V. Similarity measures of remotely sensed multi-sensor images for change detection
applications. Remote Sens. 2009, 1, 122—-143.



Sensors 2012, 12 3560

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.
38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Inglada, J.; Mercier, G. The multiscale change profile: A statistical similarity measure for change
detection in multitemporal SAR images. In Proceedings of 2006 IEEE International Geoscience
and Remote Sensing Symposium, Denver, CO, USA, 31 July—4 August 2006.

Haralick, R.M.; Shanmugam, K.; Dinstein, I. Textural features for image Clasiffication. /EEE
Trans. Syst. Man Cybern. 1973, SMC3, 610-621.

Kayitakire, F.; Hamel, C.; Defourny, P. Retrieving forest structure variables based on image
texture analysis and IKONOS-2 imagery. Remote Sens. Environ. 2006, 102, 390—401.

Asner, G.P.; Bustamante, M.M.C.; Townsend, A.R. Scale dependence of biophysical structure in
deforested areas bordering the Tapajo’s National Forest, Central Amazon. Remote Sens. Environ.
2003, 87, 507-520.

Fung, T.; LeDrew, E. The determination of optimal threshold levels for change detection using
various accuracy indices. Photogramm. Eng. Remote Sens. 1988, 54, 1449-1454.

Ridler, T.; Calvard, S. Picture thresholding using an iterative selection method. /EEE Trans. Syst.
Man Cybern. 2007, 8, 630-632.

Otsu, N. A threshold selection method from gray-level histograms. Automatica 1975, 11, 285-296.
Nacerdine, N.; Hamami, L.; Tridi, M.; Oucief, N. Non-Parametric histogram-based thresholding
methods for weld defect detection radiography. World Acad. Sci. Eng. Technol. 2005, 9, 213-217.
Kapur, J.; Sahoo, P.; Wong, A. A new method for gray-level picture thresholding using the entropy
of the histogram. Comput. Vis. Graph. Image Process. 1985, 29, 273-285.

Li, C. H.; Lee, C. Minimum cross entropy thresholding. Pat. Recognit. 1993, 26, 617-625.

Li, C.; Tam, P. An iterative algorithm for minimum cross entropy thresholding. Pat. Recognit. Lett.
1998, 19, 771-776.

Shanbhag, A.G. Utilization of information measure as a means of image thresholding. Graph.
Models Image Process. 1994, 56, 414-419.

Sahoo, P.; Wilkins, C.; Yeager, J. Threshold selection using Renyi’s entropy. Pat. Recognit. 1997,
30, 71-84.

Yen, J.C.; Chang, F.J.; Chang, S. A new criterion for automatic multilevel thresholding. /EEE
Trans. Image Process. 2002, 4, 370-378.

Solberg, A.H.S.; Jain, A.K.; Taxt, T.; Multisource classification of remotely sensed data: Fusion
of Landsat TM and SAR images. [EEE Trans. Geosci. Remote Sens. 1994, 32, 768-778.

Luo, R.C.; Chih-Chen, Y.; Kuo Lan, S. Multisensor fusion and integration: Approaches,
applications, and future research directions. /EEE Sens. J. 2002, 2, 107—119.

Yonhong, J.; Swain, P.H. Bayesian contextual classification based on modified M-estimates and
Markov random fields. IEEE Trans. Geosci. Remote Sens. 1996, 34, 67-75.

Clark, J.J.; Yuille, A.L. Data Fusion for Sensory Information Processing Systems; Kluwer
Academic Publishers: Norwell, MA, USA, 2010; p. 239.

Bordley, R.F. A multiplicative formula for aggregating probability assessments. Manag. Sci.
1982, 28, 1137-1148.

Chang, C.-I.; Du, Y.; Wang, J.; Guo, S.-M.; Thouin, P.D. Survey and comparative analysis of
entropy and relative entropy thresholding techniques. /EEE Proc. Vis. Image Signal Process.
2006, 753, 837-850.



Sensors 2012, 12 3561

48.

49.

50.

51.

52.

Shackelford, A.K.; Davis, C.H. A hierarchical fuzzy classification approach for high-resolution
multispectral data over urban areas. IEEE Trans. Geosci. Remote Sens. 2003, 41, 1920-1932.
Fawcett, T. An introduction to ROC analysis. Pat. Recognit. Lett. 2006, 27, 861-874.

Champion, N.; Stamon, G.; Pierrot-Deseilligny, M.; Saint Mandé¢, F. Automatic revision of 2d
building databases from high resolution satellite imagery: A 3D photogrammetric approach. Lect.
Notes Geoinformation Cartogr. 2009, 1, 43—66.

Renza, D.; Martinez, E.; Arquero, A.; Sanchez, J. Analysis of man-made structure changes by
means dual tree complex wavelet transform. In Proceedings of the 30th EARSel Symposium:
Remote Sensing for Science, Education and Culture, Prague, Czech Republic, 30 May—2 June 2011.
Pajares, G. A hopfield neural network for image change detection. /[EEE Trans. Neural Netw.
2006, 77, 1250-1264.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



