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Evaluation of some features for extended
target extraction in polarimetric and

non-polarimetric radar

PIET VAN GENDEREN AND VSEVOLOD KOVALENKO

Detection in most surveillance radars is based on the condition of point targets against a more or less homogeneous back-
ground. Currently, the resolution of many new types of radar is increasing, at least in the range dimension. Therefore
many objects can no longer be considered as points. Also as a consequence, the background is becoming more diverse, in stat-
istical terms. The scene addressed in this paper concerns a ground clutter environment, and extended objects observed with a
polarimetric radar with modestly high resolution (i.e. 6 m in range). A step-by-step approach is proposed for the detection and
parameter assessment of extended objects and adding classification based on polarimetric features. The evaluation of this
approach is based on recordings of real natural scenes and artificially inserted extended objects. It has been observed that
in multi-stage detection object classification benefits from several features, including polarimetric ones. It is proposed that
the quality of the contour circumscribing the object is the prime factor for quality of features next to polarimetric features.
Clutter is affecting, however, the edges of the contours, and therefore may have a major impact on features that are dependent
on the shape of these contours. The results also suggest that in the case of large targets with a basically simple shape, like ships,
the eccentricity of the shape of the extended object is consistent from scan to scan and probably could support the target

tracking.
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. INTRODUCTION

In the literature many algorithms have been reported on the
detection of objects against various types of background [1, 2].
In fielded applications, the robustness against deviations of
real-life conditions from assumed theoretical models underlying
the various available ones, on the one hand, and the cost of
implementation, on the other, motivate which algorithm to
select. Considering both the sophistication of the algorithms
and the computational power of the platforms used in the pro-
ducts, we observe an evolution. Today’s radars tend to have a
higher bandwidth and higher dynamic range, thereby observing
the background with more detail. Lessons learned from fielded
systems include that in automated systems the process of detect-
ing objects based on just signal-to-noise ratio does not deliver a
balance between detection and false alarm rate that satisfies the
operational user. Solutions to restore this balance depend on the
parameters of the radar involved, on the clutter background, and
on the types of targets [3, 4]. Therefore they tend to be non-
generic and hence tailoring them to actual requirements is
necessary.
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The current paper starts from an approach where a multi-
staged detection process delivers an initial detection, here
referenced as a primitive detection. See also [5]. This primitive
detection is supported by a two-dimensional (range—azimuth)
region in the coverage of the radar. In the next stage, features
are extracted from this support region and finally object detec-
tion is based on these features.

The radar as used in the evaluation is a polarimetric radar,
measuring the scattering matrix by alternating transmissions
in the horizontally and vertically polarized electromagnetic
waves in a linear orthogonal polarization basis. The receiver
has two orthogonal polarimetric channels operating simul-
taneously, and therefore all four elements of the scattering
matrix are being measured. The radar’s range resolution is
some 6 m and the beam width is 2°. Since the rotation rate
of the antenna is quite high, the time-on-target is very short
(approx. 10 ms), leaving insufficient time for Doppler analysis.
The scenes evaluated here concern ground-based scenarios.

The paper is organized in the following way. Section II pre-
sents some primitive detection methods, based on common
constant false alarm rate (CFAR) techniques. Also the pro-
posed multiple stage process of detection and feature extrac-
tion is discussed, including the polarimetric detector. Then,
Section IIT presents the evaluation of the process based on
both real-life recordings and synthetic objects for non-
fluctuating synthetic objects, and Section IV shows the
results for a synthetic object with internal fluctuations of the
radar cross section (RCS). The paper is concluded with a dis-
cussion of the results.
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. MULTI-STAGED OBJECT
DETECTOR

Many detectors can be found in the literature. Among the
most common is the cell averaging CFAR. This detector
assumes a homogeneous background with a known prob-
ability density function (pdf); however, this assumption does
not apply to the clutter background observed here. In
Section III the results of a few of the many different CFAR
mechanisms that can be found will be compared. The ones
tested here in the first stage of the process are the classical
cell averaging CFAR (CA-CFAR), an order statistics CFAR
(OS-CFAR), and a CFAR based on a high-resolution clutter-
map. All of these detectors are based on signal-to-background
ratios only.

Since our radar is polarimetric, one algorithm dealing with
the contrast between objects and the clutter background in the
polarimetric domain has also been included. The method we
have selected is based on the seminal paper by Kelly [6].
The basic detector proposed in [6] for radar equipped with
N spatially distributed sensors is a generalized likelihood
ratio test, leading to the detector
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Here z; is the signal as measured in the kth resolution cell, Ris
the sample covariance matrix of the clutter, and s is a steering
vector. H,, is the hypothesis on a signal being absent or
present, respectively. The radar in our case does not have an
array antenna. In contrast, the four polarimetric channels
are regarded as the sensor vector. This implies that the
vector s is considered as the polarimetric steering and thus
as an exploitation of prior knowledge. In our case this prop-
erty is used for classification purposes.

It can be seen that (1) has a linear-quadratic dependency
on the measured signal z;. We prefer a linear link between
the detector’s output and the measured data, for the sake of
the robustness of the method. Such a detector was proposed
by Robey et al. [7]. Its expression is

TIRobey- (2)

We have analyzed other detectors as well. Without presenting
further details, it is suggested that although some differences
exist, the results presented later in this paper are to be gener-
ally valid.

In the second stage of the multi-staged process, features are
extracted from those segments of the radar coverage that
belong to primitive detections obtained by the various detec-
tion mechanisms described above. So, for each of these primi-
tive detections the video that supported this detection was
retained, and features were extracted based on this segment.
Figure 1 provides a clarification.

The following features were extracted from the video:

(a) A contour was extracted circumscribing the object. The
video segment was isolated based on the primitive detec-
tions, followed by a process from the domain of image

Fig. 1. Example of an extended object. Shown are the white contour
circumscribing the object, the supporting region (vertically hatched), and a
diamond representing the size and orientation of the object. The span of the
horizontal axis corresponds to som, and the span of the vertical axis
corresponds to 180 m.

processing, i.e. dilation and successively erosion. In the

erosion process, a structuring element was selected

mimicking the echo of a weak point target, so that basi-
cally the segment circumscribed by a contour consists of

a number of connected echoes from point objects.

A brief visual explanation of the effect of the dilation/
erosion process can be seen from Fig. 2. Figure 2(a)
shows the (hypothetical) range-azimuth plane of primi-
tive detections. In the dilation step, each primitive detec-
tion is extended in a prescribed way. In our case it is
extended to become a 3 X 3 square group of primitive
detections. The result is in Fig. 2(b). Then the erosion
step includes the fact that the dilated image is convolved
with a shape that represents the echo as expected from a
weak point source, here resulting in Fig. 2(c).

The length of the contour, expressed in the number of
points along the contour, is one of the features to be
evaluated.

Given the contour, the shape of the object was evaluated

in two different ways:

e By cross-correlating the contour of an object under
test with objects observed in previous antenna revolu-
tions, in order to develop a degree of similarity. The
contour was treated as a set of complex numbers
c(n) = x(n) + jy(n), where x(n) and y(n) are the coor-
dinates in the azimuth and range dimension, respect-
ively, after resampling of the contour. Parameter n is
the scan number. This resampling was done so that
the number of points of all contours was the same,
while for each individual contour the distance
between successive points was the same. According
to this procedure, the resampled contours were
scale-invariant. The degree of similarity was then
measured by computing the cyclic cross-correlating
the resampled contours of the two objects involved.

(b)

Fig. 2. Example of the result of the dilation/erosion steps. Horizontal: radar
sweeps; vertical: range bins. (a) The original range-azimuth plane with
primitive detections. (b) The same plane as in (a), but with dilated primitive
detections. (c) The same plane as in (b), however after the erosion process.
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Another feature that was retained is the length of the
contour, before resampling:

e Higher order moments were computed on the binary
image inside the contour. The values of these
moments are represented in Fig. 1 by the diamond:
the length of its main axis and secondary axis and
their orientations. A method that would assess the par-
ameters of an ellipse that best fits the interior of the
contour would result in directly related features.

(c) Each resolution cell inside the contour was compared
with a set of three basic polarimetric reference objects.
These reference objects were a trihedral, a dihedral,
and a helix. The output of the Robey test statistic in
(2) was developed using the scattering matrices of these
detectors as the input for the steering vectors s. The
total result then is a vector with three elements, describing
the similarity of the object under test with the reference
objects. The value of Dg,pe, from (2) should be low for
two vectors that are similar. The vector constructed in
this way represents the polarimetric features that are
used further in this paper.

(d) The total energy inside the contour was measured. For
evaluation of the quality of this feature, the normalized
standard deviation of the total energy over the sequence
of scans was measured.

In the third and final stage, the features of the object under
test were compared with the features of objects that were
detected previously in order to find whether any similarity
could be found. The algorithm used for this comparison was
based on the Bayes rule, though with the diagonalized covari-
ance matrix. In this method some prior information must be
used to dimension the conditional pdfs of the features, given
the class of objects:

P(Zi|Cr)P(Ck)

P(Ci|Zk) = 3 P(ZIG)P(C)

(3)

Here P(Cy|Z) is the posterior probability on class C given all
measurements Z; until now.

. EVALUATION OF THE
FEATURES

The features described in Section II were evaluated using
a clutter background recorded by the polarimetric radar.
A diagram showing an image of the total received power in
one antenna revolution is given in Fig. 3 on a logarithmic
intensity scale. The artificial target was coherently superim-
posed on the background video. Its geometry is schematically
drafted in Fig. 4(a), while Fig. 4(b) shows the video “stamp”.
The target moved from the position at [range = 600 m,
azimuth = 3°] in a straight line to [range= 3600 m,
azimuth = 6°]. Thus its ground truth is exactly known. It
has been used for assessing the position accuracy. The
average signal-to-clutter ratio in this area is of the order of
+7dB. However, the clutter is very spiky. The
signal-to-clutter ratio with respect to the higher discretes in
the same area is of the order of —35 dB. The results are sum-
marized in Table 1 for the target as described above. The table
provides the measured numbers for five scenarios, ie. a

Range(m)

azimuth(®)

Fig. 3. The natural scene used in the evaluation. The intensity is in dB w.r.t.
thermal noise.

classical CA-CFAR detector operating in a background of
thermal noise and four different detection mechanisms oper-
ating in a clutter background. The case for the noise may serve
as reference for the best achievable values for the given target.
The various candidate methods for primitive detection were
implemented and the features as listed in Section II were
extracted.
Some observations can be made from this table:

1) The primitive detection based on the tuned Robey detector
cluttermap performs best as far as detection alone is con-
cerned. However, the features extracted from the corre-
sponding contours are not very accurate. Also it should
be recalled that prior information has been used. If this
was not the case, the probability of detection would have
been lower.

2) The cluttermap-based detection (CMAP) is second best
with a lower detection rate and a better quality of the
features.

3) CA-CFAR and OS-CFAR suffer from higher detection loss
and less good quality of the features.

4) Concerning the polarimetric detector it was already com-
mented that it needs a steering vector based on the scatter-
ing matrix of the sought object. The lower quality of its
features compared to the CMAP detector is probably due
to a high degree of distortion of the edges of the contours,
because of the coherent mixing of the object echo with
echoes from objects in the background. Figure 5 shows
the object from Fig. 1, embedded in two different clutter
scenarios. The effect on the shape is obvious.

50 55 60 85 70 75

Fig. 4. (a) Schematic layout of the artificial target. The polarimetric scattering
matrix is varying. Gray level corresponds to RCS. (b) Radar video of the target.
The layout is as in (a). Linear intensity scale.
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Table 1. Overview of the properties of the collected features.

CA-CFAR CA-CFAR Tuned Robey CMAP OS-CFAR
Noise background Clutter Clutter Clutter Clutter
background background background background
Mean St. dev Mean St. dev Mean St. dev Mean St. dev Mean St. dev
Contour
#Points 58.1 10.6 42.5 11.3 61.9 6.6 66.8 23.8
Direction 0.0025 0.108 0.205 0.08 0.099 0.137 0.228 0.051 0.188 0.134
Length axis 28.7 0.39 12.5 3.1 8.8 2.8 13.4 2 14.1 5.3
Polarim. similarity 0.058 0.237 0.276 0.195 0.501
Accur.
Range(m) 2.3 10.8 6.6 10.2 18.3
Azim.(°) 0.004 0.07 0.10 0.03 0.15
Shape 0.006 0.129 0.59 0.57 0.57
Energy 0.003 0.26 0.33 0.14 2.3
Probability of detection 1.0 0.65 1.0 0.85 0.85

Two detectors, i.e. the polarimetric Robey detector and the
cluttermap-based detector, will now be further compared in
order to assess the consistency of the features of individual
objects over successive antenna scans. If consistency is
strong, the features might be very useful for discriminating
false alarms from proper alarms or for object classification
purposes.

The procedure is the one described in Section II, using (3).
The prior knowledge used in the evaluation is summarized
in Table 2 with regard to Section II, using (3). The prior
knowledge used in the evaluation is summarized in Table 2
with regard to the properties of the contours originating
from clutter echoes. A Gaussian pdf is assumed. The initial
probability that a new contour is from a wanted object is set
at 0.05, an arbitrary value. The polarimetric features, compar-
ing the primitive detection under test with three reference
scatterers, were treated individually, in contrast to the
impression from Tables 1 and 2, where their aggregate simi-
larity was summarized.

In this evaluation not all features were included: the shape
feature shows too low a discriminating power between the
candidate algorithms; it was discarded. Thus the remaining
features were three non-polarimetric features (i.e. length of
the contour, direction of the main axis of the diamond, and
energetic content) and the polarimetric features.

By doing so Fig. 6 shows the probability that an object is the
same as in previous scans for both the (tuned) Robey primitive
detector and the CMAP primitive detector. It can be seen that
the CMAP detector converges somewhat faster than the
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Fig. 5. Two examples of how the original contour, as it was shown in Fig. 1,

can be affected by clutter. The scatterers composing the object have a
constant total RCS.

Table 2. Values of the features for contours originating from clutter

echoes.
Tuned Robey CMAP
Mean St. dev Mean St. dev
Con-tour
#Points 32.0 17.3 38.4 21.7
Direction 0.006 0.126 0.005 0.153
Length axis 6.4 4.1 13.4 2
Shape 0.58 0.58
Energy 2.65 8.3

Robey detector, in this case so much that it might compensate
for the difference in primitive detection performance. Another
relevant comment that can be derived from the analysis is that
the polarimetric features have a noticeable contribution to the
probability that an object is the same as in previous scans.
Figure 7 shows the result per type of feature.

It can be seen that the polarimetric features are very impor-
tant indeed. (Note: the line “polarimetric features only” seems
to give a faster slope than the line “all features”. This is an arti-
fact due to the drawing of the lines: the number of features
involved in the lines is different and moreover the order in
which they contribute in the Bayes algorithm is different.)
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Fig. 6. The probability that a contour is from the same object as the previous
scan as a function of the update number. The horizontal axis counts the
number of updates in the Bayes algorithm. The total span of the horizontal
scale covers 20 antenna scans. No internal fluctuations of the test object.
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Fig. 7. The probability that a contour is from the same object as the previous
scan as a function of the update number using the cluttermap-based detector.
For each antenna scan, the feature update counter increments by 4. No internal
fluctuation of the test object.

V. EFFECT OF INTERNAL OBJECT
RCS FLUCTUATIONS

An issue that deserves further comment is whether or not the
fluctuation of the scatterers composing the synthetic test
object is of relevance. In the above analysis, the test object
was composed of elementary scatterers, each with its own
polarimetric back scatter matrix. In order to include some
effects of intra-object fluctuation, the very same analysis as
in Section III was performed while all individual elementary
scatterers composing the compound extended object were
changing their RCS according to the Swerling 1 fluctuation
model (refer e.g. [8]), with uniform random phase per scat-
terer. For illustration, Fig. 8 shows two contours of the syn-
thetic object. The scatterers composing the object have a
total RCS with a negative exponential pdf. These contours
are to be compared with the ones in Fig. 5, where exactly
the same backgrounds were applied and thus the difference
between the contours is exclusively due to the internal fluctu-
ation of the RCS.

The probability that a contour is from the same object as in
the previous scan, as presented in Fig. 7 for the case of no internal
fluctuations, but this time for the case of internal fluctuations
according to the above-described model, is shown in Fig. 9. It
can be noted that the polarimetric features are less dependent
on internal fluctuations than the non-polarimetric ones.

V. EXPERIMENT WITH A
NON-POLARIMETRIC VESSEL
TRAFFIC MANAGEMENT RADAR

In the experimental campaign also a harbor radar was
involved, and data were made available by TNO-DSS in The

# Rangebins
(=]

# Rangebins
=3

20 10 [] 10 20 20 -10 [] 10 20
# Radarsweeps # Radarsweeps

Fig. 8. Two examples of how the original contour, as it was shown in Fig. 1,
can be affected by clutter. The scatterers composing the object have a total
RCS according to a negative exponential pdf.
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Fig. 9. The probability that a contour is from the same object as the previous
scan as a function of the update number using the cluttermap-based detector.
For each antenna scan, the feature update counter increments by 4. Internal
fluctuations according to the model as described.

Hague. This radar provides a range resolution of 6 m and it
has a beamwidth of 0.5°. Using the same cluttermap-based
algorithms as described before, the eccentricity of the
contour was developed as

e= (1 —(b/a)), (4)

where b and a are the short and the long axis of the ellipse,
respectively. The results of a sequence of some 9o antenna
revolutions are shown in Fig. 10. This graph shows that the
eccentricity is remarkably consistent, except for a few outlying
points. These outliers were caused by plot splitting, one of the
known problems in extended target extraction. The positional
accuracy as measured for this case is estimated to be 0.05° and
2 m. The target involved was a large ship, not far from the
radar antenna. In many such cases, the position is affected
by glinting effects. The level of consistency suggests using
this ellipticity as a discriminating feature and perhaps for
support of target tracking as well.

VI. DISCUSSION AND
CONCLUSIONS

The multi-stage process of detection and extraction of extended
targets is quite promising. The accuracy of the position, shown
in Table 1, is very good and the features explored here offer
good opportunities to discriminate between consistent objects
on the one hand and clutter objects on the other, in particular
considering that the scene is a rather difficult one. How to
combine it with a primitive detector remains a topic for discus-
sion. On the one hand, the detection performance based on the

20 40 60 80 100
Antenna scan number

Fig. 10. The eccentricity of the ellipse circumscribing the target contour as a
function of antenna scan number.
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polarimetric detector has been shown to be competing with the
well-known cluttermap solution and to be superior over order
statistics and cell averaging CFAR processes. On the other
hand, the contour circumscribing the object is distorted and
incorrect elements from the background are included in the
contour, leading to a lower quality of the features. So the
main reason for the cluttermap-based process to be competitive
in this extended object detection and extraction problem is due
to the quality of the contour circumscribing the object. The
polarimetric features measured within the contour are quite
stable; hence they are the main reason for the cluttermap-based
process to converge faster, as illustrated by Figs 4 and 5. Also
some evidence was presented that internal fluctuations in
extended objects have a considerable effect on non-polarimetric
properties, while polarimetric features are more robust against
such fluctuations.

It should be noted that Doppler effects were not included in
the analysis.
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