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Abstract—The advent of a new generation of synthetic aperture
radar (SAR) satellites, such as Advanced SAR/Environmental
Satellite (C-band), Phased Array Type L-band Synthetic Aper-
ture Radar/Advanced Land Observing Satellite (L-band), and
TerraSAR-X (X-band), offers advanced potentials for the detec-
tion of urban tissue. In this letter, we analyze and compare the
performance of multiple types of SAR images in terms of band
frequency, polarization, incidence angle, and spatial resolution for
the purpose of operational urban areas delineation. As a reference
for comparison, we use a proven method for extracting textural
features based on a Gaussian Markov Random Field (GMRF)
model. The results of urban areas delineation are quantitatively
analyzed allowing performing intrasensor and intersensors com-
parisons. Sensitivity of the GMRF model with respect to texture
window size and to spatial resolutions of SAR images is also
investigated. Intrasensor comparison shows that polarization and
incidence angle play a significant role in the potential of the GMRF
model for the extraction of urban areas from SAR images. Inter-
sensors comparison evidences the better performances of X-band
images, acquired at 1-m spatial resolution, when resampled to
resolutions of 5 and 10 m.

Index Terms—Gaussian Markov random field (GMRF) model,
synthetic aperture radar (SAR), urban remote sensing.
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1. INTRODUCTION

ATELLITE remote sensing offers an effective solution

to mapping settlements and monitoring urbanization at a
range of spatial scales. Synthetic aperture radar (SAR) technol-
ogy, being indifferent to weather and illumination conditions,
ensures permanent monitoring. With the development of new
(SAR) sensors, with high spatial resolution, multiple polariza-
tions capabilities, and short revisit time, monitoring of urban
areas by means of SAR images has grown into a valuable and
indispensable tool. Depending on the task, the requirements
concerning resolution, precision, coverage, reliability, actuality,
etc., are very different and are crucial for the optimal sensor
configuration.

SAR research with a clear focus on urbanized areas was be-
gun in the late 1960s [1], [2]. Bryan [3] and Henderson [4] have
carried out most extensive research on issues related to urban
land use mapping from SAR data. A comprehensive review
of SAR applications in urban studies is given in [5]. The in-
dividual benefits of medium spatial and high spatial resolution
SAR imagery and SAR-derived texture measures for settlement
mapping have been widely extolled (e.g., [6] and [7]). However,
very few studies have attempted to compare the performances
of multiparameter systems [8]. Bryan [3] and Haack [9]
assessed the influence of wavelength in urban features iden-
tification. The effect of polarization on the interpretation of
urban features was studied in [8], [10], and [11]. As for SAR
incidence angle, it is known that this acquisition parameter af-
fects feature identification in an urban environment through its
control of range resolution, image layover, and radar shadows.
Comparisons of the effects of incidence angles on urban areas
detection were reported in [12] and [13]. To our knowledge,
no studies have fully analyzed and compared different types
of SAR images in terms of frequency, polarization, incidence
angle, and spatial resolution for urban mapping.

The motivation underlying this letter is to investigate perfor-
mance of multiparameter SAR sensors for operational urban
areas delineation using a proven automatic approach based on a
Gaussian Markov random field (GMRF) model. This approach
has already demonstrated its suitability for operational rapid
urban mapping in [14]. It is particularly designed to exploit
the spatial characteristics of medium to high spatial resolution
images by transforming gray level information into texture
information. This is convenient when looking at high-density
urban areas as well as at medium to large-scale features, like the
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TABLE 1
MULTIPARAMETER SAR DATA SET AVAILABLE FOR THE
COMMUNE OF SAINTE-MARIE (REUNION ISLAND)
ASAR PALSAR TerraSAR-X
(C-BAND) (L-BAND) (X-band)
Date Nov Jan Sept Feb Aug Jan Jan
11 16 21 20 06 14 13
2007 2008 2007 2007 2007 2008 2008
Lo HH HH HH HH
Polarization Vv vV HH v v HH HH
Incidence 14 30 38 44 38 52 32
angle (°) 7 J k > .
Pixel size (m) 12.5 12.5 6.25 12.5 12.5 1 1

boundaries between urban and nonurban areas. The method is
tested on a set of C- and L-band and single-channel X-band im-
ages acquired at different polarizations over the town of Sainte
Marie in the Reunion Island. To investigate the optimal sen-
sors configuration for automatic urban areas delineation using
the GMRF model, different subsets are considered, composed
of single-polarization-channel SAR data with different spatial
resolutions and incidence angles. The data set allows perform-
ing intrasensor and intersensors comparisons and analyzing the
sensitivity of the GMRF model with respect to texture window
size and to spatial resolutions of SAR images. The results are
quantitavely analyzed by considering classification accuracy
and the percentage of false alarms as measures of performance.

II. MULTIPARAMETER SAR DATA
COMPARISON METHODOLOGY

A. Data Set and Study Area

For our comparative analyses, we consider a data set of seven
SAR images (Table I).

All the images are georeferenced to a SPOT-5 HRG-PAN
scene used as a reference for geographic information. The
presence of multiplicative speckle noise in SAR images reduces
the ability of the image to distinguish urban features. A Lee
sigma filter is chosen to reduce speckle effects with a window
size of 5 x 5. To demonstrate the effect of spatial resolution on
the choice of texture window size used in the GMRF model,
TerraSAR-X 1-m resolution images are resampled to 5 and
10 m using the nearest neighbor approach. This resampling
approach can be applied with a limited effect on speckle and
without severe side effects such as information loss.

The image data set is available for the commune of Sainte-
Marie on the north side of the Reunion Island, a mountainous
area with cultivated land and cities concentrated on the coastal
lowlands. Sainte-Marie has a population of 26 582, and a terrain
elevation ranging between 0 and 1800 m. This commune is
one of the main locations presenting urban expansion in the
Reunion Island in recent years, with large tracts of agricultural
land being converted into built land uses.

B. Overview of the GMRF Model

For an automatic delineation of urban areas, we use a proven
strategy that consists in estimating a texture parameter from a
SAR image through an eight directional GMRF models. This
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approach was initially developed by [15], generalized in [16],
and recently evaluated in [14]. We briefly recall the definition
of the texture parameter. Full details can be found in [15].
This parameter is obtained from a multidirectional analysis of
the texture. We consider eight directions in the discrete space
and a GMRF for each direction. A pixel has two neighbors
corresponding to the direction d for each model.

It is shown in [16] that the conditional probability is a normal
law, depending only on the mean of the 1-D neighborhood m$

2md + pA? 1
P (Xslms) = N ( 27 O 26892+ /\d)> M
where
d represents the direction;
X is the gray level value of pixel S;
mf‘é average of the two neighbors of S in direction d
and X,;

I local mean;
([ and A texture parameters of the model.

The texture descriptor we consider is given by the conditional
variance

9 1

JP(XS‘XT)d, = 26d(2+ )\d)' 2)

It is estimated by the so-called “comet tail” method in a
window centered in pixel S [6]. The eight estimated values are
then normalized with respect to the eight different directions in
order to correct the bias introduced by the lattice anisotropy.
Normalization is done by decimation that consists in comput-
ing marginal laws on sublattices [16]. The eight normalized
parameters are then combined into a single one (the texture
parameter) characterizing the urban areas: for each pixel, we
classify the eight values in increasing order, and we only keep
the mean of the two median values (even number of parame-
ters). Indeed, these values are high for pixels inside urban areas,
which are characterized by high variances in all directions.
They are low for pixels in forests, fields, and water areas, which
are characterized by low variances in all directions. To keep
more than two median values (four or six) does not improve
the detection of urban areas. The estimated texture parameter
is robust and highly characteristic of urban areas. The resulting
texture parameter image is finally segmented using a K-means
algorithm allowing an accurate delineation of urban areas.

C. Performance Evaluation of Multiparameter SAR Data

The urban mask extraction is applied on the set of SAR
images. This texture model is adapted to single-channel date,
therefore the two channels of dual-polarized Advanced SAR
(ASAR) and Phased Array Type L-band Synthetic Aperture
Radar (PALSAR) images are processed separately. There is a
tradeoff in choosing the window size for the texture analysis.
Indeed, as the window size increases, the texture feature is
better estimated in terms of statistics robustness, but the un-
certainty area between two different textures also gets larger,
and edges are not accurately localized. A window size of 15 x
15 pixels has proved to be a good compromise for images with
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TerraSAR 14/01/08 |\ 10m-52°-HH

TerraSAR 14/01/08 5m-52°-HH
TerraSAR 14/01/08 1m-52°-HH
TerraSAR 13/01/08 10m-32°-HH
TerraSAR 13/01/08 5m-32°-HH
TerraSAR 13/01/08 |\ 1m-32°-HH
PALSAR 06/08/07 12m-38°-HV
PALSAR 06/08/07 12m-38°-HH
PALSAR 20/02/07 12m-44°-HV
PALSAR 20/02/07 {\ 12m-44°-HH
PALSAR 21/09/07 6m-38°-HH

ASAR 16/01/08 12m-30°-W

ASAR 16/01/08 12m-30°-HH

ASAR 01/11/07 |\ 12m-14°-HV

Il Urban class accuracy

False alarm rate

ASAR 01/11/07 12m-14°-HH

0% 20% 40% 60% 80% 100%

Fig. 1. Performance evaluation of multiparametric SAR data for urban areas
extraction analyzed in terms of urban accuracy and false alarm.

spatial resolutions ranging between 5 and 20 m [17]. In order
to provide a fair comparison of the results achievable with the
different images, particular attention has been devoted to the
choice of the reference validation set. The latter was retrieved
by a photo interpretation through a manual delineation of urban
areas on each image.

A small test area of 2 km x 2 km is used for the evaluation
of the results in terms of intrasensor (e.g., PALSAR HH against
PALSAR HV polarization) and intersensors (e.g., PALSAR
data against ASAR data) comparisons.

To provide a quantitative measure we consider two different
accuracies: The general performance measure is provided by
the urban class accuracy that represents the fraction of the
pixels of the validation set that are correctly assigned to the
urban cluster. The false alarm records the fraction of the pixels
that are falsely classified in the urban cluster with reference to
the number of urban ground-truth pixels.

III. STATISTICAL PERFORMANCE ASSESSMENT
A. Intrasensor and Intersensors Comparisons

Fig. 1 shows the accuracy assessment based on the error
matrices produced per image. Three bars are represented for
each of the two available TerraSAR-X images. They actually
correspond to the 1-m images resampled to spatial resolutions
of 5 and 10 m and that are analyzed in terms of suitability
of spatial resolution for the delineation of urban areas. The
two summary graphics of Fig. 1 enable intersensors as well
as intrasensor comparison. As it is apparent from Fig. 1, large
differences in overall accuracies are observed between the
different sensors and between the images of the same sensor.
We also notice that the higher the urban class accuracy, the more
increasing is the false-alarm rate, as shown in Fig. 1.

In terms of intrasensors comparisons, we note that the per-
formance of each sensor depends much more on the polariza-
tion than on the incidence angle or on the spatial resolution.
This can be mainly observed for ASAR and PALSAR images
acquired on January 16, 2008 and August 6, 2007, respectively.

An accuracy of 42% (with a false-alarm rate of 16%) is obtained
for HH polarization ASAR image against 20% only for VV
polarization (with a false-alarm rate of 7%). Likewise, the HV
polarization of PALSAR image results in accuracy of 73%
against 38% for the HH polarization, with a false-alarm rate
of 29% against 13%, respectively.

Differences in incidence angles also influence the urban areas
retrieval model. This is evidenced by the better results obtained
for HH polarization ASAR image (January 16, 2008) acquired
with an incidence angle of 30° compared to the ASAR image
acquired on November 1, 2007 with the same characteristics
in terms of polarization and spatial resolution, but having an
incidence angle of 14°. As for the false-alarm rate, it is of 16%
for the ASAR image at incidence angle of 30° while, for an
incidence angle of 14°, it is of 9% only.

With respect to spatial resolution, there are no significant
differences between 6- and 12-m resolution PALSAR images.
In contrast, a great difference in overall extraction performances
can be observed between 1-m TerraSAR-X images and the
same images resampled to spatial resolutions 5 and 10 m. This
implies that in X-band frequency, the spatial resolution is a
critical parameter for the extraction of urban areas using the
GMRF model.

In terms of intersensors evaluation, it can be noticed that
the HV polarization of the L-band frequency PALSAR image
acquired on August 6, 2007 yields the best accuracy result of
73% and a false-alarm rate of 29%. However, when resampled
to spatial resolutions of 5 and 10 m, TerraSAR-X images
outperform PALSAR whatever the incidence angle. Going from
1 to 10 m, the classification accuracy gradually improves.
However, the improvement is greater at finer resolutions. For
instance, on TerraSAR-X image acquired on January 13, 2008,
the improvement is more than 43% for a spatial resolution of
5 m with reference to 1-m resolution and less than 1.2% for the
10-m resolution compared to 5-m resolution. So far, we noticed
that the false-alarm rate increases with the urban class accuracy.
However, for the 10-m resolution TerraSAR-X images, not only
we get the best accuracy but also have a relatively low false-
alarm rate of 15% and 17% only. From the analysis of Fig. 1, it
is possible to draw some conclusions.

1) The polarization and the incidence angle play a sig-
nificant role in the potential of the GMRF model for
extracting urban areas from SAR images. When taking
into account C- and L-bands only, the HV polarization
yields the best results, and moderate incidence angles
seem to be more suitable for an acceptable discrimination
of urban areas.

2) X-band data provide the best overall accuracies indepen-
dently of the polarization and of the incidence angle. In
particular, with 10-m resolution images, it is possible to
achieve a good discrimination of urban areas with rather
tolerable false-alarm rates.

3) Finally, the delineation of urban areas using the
GMRF model is influenced by the spatial resolution of
TerraSAR-X data. At a metric resolution, urban areas
are characterized by a macrotexture more than by a
microtexture.
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Fig. 2. Urban class accuracy and corresponding false-alarm percentages
obtained for different texture window sizes with TerraSAR-X 1-m resolu-
tion data.

The obtained results suggest evaluating the effect of window
size on the urban areas extraction from TerraSAR-X 1-m reso-
lution data.

B. Effect of Texture Window Size

We now consider different window sizes for analyzing the
1-m resolution TerraSAR-X image acquired on January 13,
2008. The overall accuracies and false-alarm values are eval-
uated for each window size.

From Fig. 2, it is clear that increasing the window size for
the 1-m resolution substantially improves the urban class accu-
racy. At the same time, false-alarm percentages also decrease
progressively. However, for window sizes greater than 51 X
51 pixels, the false-alarm percentages start to rapidly increase.
Although the window sizes tested in this letter do not exceed
91 x 91 pixels, the use of even larger window sizes is not
likely to result in significantly improved classification accuracy,
considering the boundary effect. Hence, the optimum window
size for the texture parameter estimation on 1-m resolution
TerraSAR-X images is 51 x 51 pixels. This generates an
accuracy of 71% and a false alarm of 15%. Even with this
optimal window size, the performances of the 5 m and mainly of
the 10-m image processed with a window size of 15 x 15 pixels
are still better than the original 1-m resolution image. Fig. 3
shows examples of results of urban areas extraction on 1-, 5-,
and 10-m resolution TerraSAR-images. The three images were
processed with window sizes of 51 x 51 pixels for the 1-m
image and 15 x 15 for the 5- and 10-m images.

The 51 x 51 pixels window size is also tested on 5- and
10-m resolution images for the estimation of the texture pa-
rameter and, consequently, the extraction of urban areas. This
test is intended to evaluate the effect of window size on the
performance of the urban areas retrieval model at different
spatial resolutions.

Fig. 4 shows classification accuracies and false-alarm statis-
tics for window sizes of 15 x 15 and 51 x 51 pixels at spatial
resolutions of 1, 5, and 10 m. It shows that increasing the win-
dow size improves the classification accuracy on the 1-m reso-
lution image only while it has an opposite effect on images at
5- and 10-m: accuracy improves in about 23% for the 1-m reso-
lution image, while it declines in about 6% for images at 5 and
10 m. As for the percentage of false alarms, it remains almost

IEEE GEOSCIENCE AND REMOTE SENSING LETTERS

Fig. 3. Overlay of the boundaries of automatically extracted urban areas on
TerraSAR-X images. (a) One-meter resolution image processed with a texture
window size of 51 x 51 pixels. (b) Closer view of the 1-m resolution image cor-
responding to the dotted square area. (c) Five-meter resolution image processed
with a texture window size of 15 x 15 pixels. (d) Ten-meter resolution image
processed with a texture window size of 15 x 15 pixels.

100 1
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Fig. 4. Urban class accuracy and the corresponding false-alarm percentages
calculated for texture window sizes of 15 X 15 and 51 x 51 pixels at spatial
resolutions of 1, 5, and 10 m using TerraSAR-X data.

constant for 5- and 10-m resolution images and decreases by
approximately 6% for the 1-m resolution image. Thus, we con-
clude that for SAR images at very high spatial resolution, large
texture window sizes should be used for a better identification
of urban areas. The choice of the window size results of a
compromise between accuracy and false alarm. As for high-
resolution SAR images (i.e., 5 and 10 m), the choice of a
window size of 15 x 15 is suitable for the delineation of urban
areas using the GMRF model, since it provides high classifica-
tion accuracies with reasonable false-alarm percentages. This
confirms the results obtained by Lorette [17] who, by means
of successive trials, found that a 15 x 15 window size was
suitable for delineating urban areas on images with medium to
high spatial resolutions (i.e., between 5 and 20 m).

IV. CONCLUSION

In this letter, the operational performance of multiparameter
SAR images for urban areas extraction was assessed. The
analysis was conducted on SAR data gathered in different
frequencies (C-band, L-band, and X-band) with different spatial
resolutions and incidence angles. The GMRF model which
is a texture-based model designed for urban areas extraction
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served as a basis for comparison. The comparative performance
analysis showed that in C-band and L-band, the results are
mainly dependent on the polarization and in a lesser degree on
incidence angle. The HV polarization of the L-band frequency
PALSAR (L-band) image results in a high accuracy proving
its relevance for urban areas delineation. This is consistent
with the results of Wu and Sader [18] who showed that cross
polarization HV is better for delineating urban features that
are difficult to separate by like polarized data. SAR incidence
angle also affects feature identification in an urban environment
through its control of image layover and radar shadows. Our
analysis indicates that moderate incidence angles produce bet-
ter results than low incidence angles. Hussin [19] reached the
same conclusion by demonstrating that, for accurate settlement
detection and urban land cover mapping, a moderate incidence
angle (around 40°) is required.

Even though the cross polarization of PALSAR image with
an incidence angle of 38° yields satisfactory results, our com-
parative analysis shows that the highest overall accuracies are
obtained with TerraSAR-X images at spatial resolutions of
5 and 10 m. These findings are consistent with the results of
Bryan [3] and Haack [9] who found that X-band imagery are
slightly better than L-band imagery for overall interpretation of
urban feature.

Conversely, for very high spatial resolution TerraSAR-X im-
ages, we obtain relatively lower performances. These findings
led us to examine the effect of texture window size on the
performance of the urban areas retrieval model at different spa-
tial resolutions. By comparing urban class accuracy and false-
alarm values obtained with different window sizes, we showed
that larger texture window sizes are effective in improving the
classification accuracy. This finding is valid for finer spatial
resolutions (1-m resolution) and in a less extent for coarser
resolutions (5- and 10-m resolutions).

All of the above suggest that there is no single optimum con-
figuration for urban areas extraction from SAR images with the
GMRF model. Nevertheless, the application demonstrates that
TerraSAR-X data can provide good results at spatial resolutions
of 5 and 10 m. The use of 1-m resolution data in a texture-based
model would require a large texture window size, but can also
provide satisfactory results. In its turn, the GMRF model used
for urban areas delineation proves to be capable of performing
well for a range of spatial resolutions.

Further investigations should be conducted using a larger
data set with wider ranges of incidence angles and spatial
resolutions and with all possible polarizations per type of avail-
able SAR sensor. The StripMap (3-m resolution) and ScanSAR
(16-m resolution) operational modes of TerraSAR-X could
be used to avoid radiometric distortions and information loss
induced by the downsampling approach that we applied to the
original 1-m resolution images. Finally, it would be also inter-
esting to duplicate this letter in different urban environments
with various structures. This kind of analysis would particularly
help in determining the optimum SAR configuration and texture
window size as function of the geometrical properties of urban
settings.
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