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Introduction

This chapter describes the usage of polarization features of visible light for
automatic landmine detection. The first section gives an introduction to land-
mine detection and the usage of camera systems. In section 2 detection con-
cepts and methods that use polarization features are described. Section 3
describes how these detection concepts have been tested and evaluated. The
results of these tests are given in section 4. Conclusions from these results
are given in section 5.

1 Landmine detection with camera systems

Landmines as left behind after military or civil conflicts are a huge problem.
The main current practice to clear mine fields is by prodding and by use of a
metal detector. Prodding is very time consuming, dangerous and demands a
lot of concentration from the deminer. The metal detector is used to find all
metal objects. However landmines that contain little or no metal also exist
and moreover, in former battle zones a lot of metal shrapnel is left behind.
The lack of sophisticated tools that are reliable makes the process of demining
very slow. To improve the clearance speed in the future, many nations have
put effort in landmine-detection research.

The research on sensor systems focuses on three main topics [1, 2]. Firstly,
the development of new sensors. Secondly, the improvement of existing sen-
sors. The third research topic is the integration of these sensors into a sensor-
fusion system. The use of one sensor is generally believed to be insufficient
for landmine detection meeting the requirements of humanitarian demining
(100% detection) for the reason that a single sensor has a false-alarm rate
which is too high or a detection rate which is too low. The goals of sensor-
fusion are to reduce the probability of false alarms P(fa), to increase the
probability of detection P(d), or to improve a combination of both.

1.1 Polarization camera

One of the sensors that is considered for a multi-sensor landmine detection
system is the thermal infrared (TIR) camera [3]. TIR cameras are able to de-
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tect small temperature differences (as low as 15 mK). Landmines often have
different heat conductivity and heat capacity compared to the soil and the
vegetation around them. Due to these differences in thermal properties, dif-
ferences in temperature between a landmine and the background may develop
when the soil is heated or cooled down. However, TIR images of landmines
in natural scenes contain clutter, since other (natural) objects like trunks,
holes, and rocks also may have different thermal properties compared to
the background. In the visual spectrum it is well known that unpolarized
light reflected from a smooth surface becomes polarized [4]. This is also true
for TIR radiation. However, for TIR radiation not only the reflection, but
also the emission is polarized. Since in general the surfaces of landmines are
smoother than the surfaces found in a natural background, the presence of
significantly polarized TIR radiation is an extra indication for landmines (or
other non-natural objects). Using a polarization setup, the performance of
the TIR camera can be improved and thus have a larger contribution to the
multi-sensor system [5, 6, 7].

When compared to a TIR polarization camera a VIS polarization camera
is in general much cheaper and more robust. The drawback that buried land
mines can not be detected with a VIS polarization camera is in some appli-
cations less important. This chapter only deals with the automatic detection
of landmines using a VIS polarization camera.

1.2 The use of VIS polarization in area reduction

Reduction of the suspected area (before close-in detection is started) is very
important in mine-clearance operations, irrespective of the detection tech-
nique (prodding or using an advanced multi-sensor system). Area reduction
is the process through which the initial area indicated as contaminated (dur-
ing a general survey) is reduced to a smaller area. Area reduction consists
mainly of collecting more reliable information on the extent of the hazardous
area.

Mechanical methods to reduce the area for mine clearance are among oth-
ers rollers and flails. So called Pearson rollers [8], mounted on an armored
commercial front-end loader are sometimes used to rapidly reduce areas ad-
jacent to locations where anti-personnel (AP) landmines are suspected. Since
the AP mine rollers have proven to be successful within humanitarian mine
clearance, The HALO Trust has developed an anti-tank (AT) mine roller unit
to be mounted on a front-end loader like the AP mine roller. The AT roller
system is designed to detonate anti-tank mines, but each detonation of an
AT mine will incur a down time for repair of the rollers, since some damage
is expected on an AT mine detonation.

In order to minimize the amount of physical AT mine detonations, a
camera system is developed that uses polarization properties of visual light
to reach a high-detection rate of AT mines, combined with a low false-alarm
rate. The camera system is fitted to the roof of the vehicle and is forward
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looking. The goal is to detect as many surface-laid AT mines as possible
and to stop the vehicle before the roller detonates the mine. Contrary to
close-in mine detection, 100% detection is not a requirement in this scenario,
since mines missed by the camera will be detonated by the rollers. For some
applications a very low false-alarm rate (less than 3 alarms per 100 m forward
movement of the vehicle) combined with a moderate detection rate would be
a valuable system. The following list presents some possible camera system
concepts and the assumptions they have on the camera image modality:

— Black and white (BW), visible light, video camera;
— color, visible light, video camera;

— BW, visible light, video camera with polarization;
— Color, visible light, video camera with polarization.

All mine-detection camera systems are based on assumptions regarding
the appearance of landmines for image processing and landmine detection.
The above-mentioned camera concepts of a visible-light camera with or with-
out polarization have different mine-detection capabilities.

2 Detection

In addition to the conventional way of detecting mines using image inten-
sity [9] and/or color features, an additional way is created by the use of
polarizers. Polarization can add significantly to the systems robustness and
its detection performance [5, 6, 7], especially in the case of detecting artificial
objects within a natural background. However, the performance of polariza-
tion features depends more on the operating conditions than the color or
intensity features, which are more invariant to those conditions. For exam-
ple, the position of the sun (both azimuth and elevation), viewing angle with
respect to the sun position, and weather conditions (daylight, clouds) have
an impact on the use of polarization. Extensive tests have given some in-
sights into the application of polarization system and its effect on the system
characteristics.

2.1 Detection concepts

The mine-detection concept that we propose should combine features and
cues from different image-processing techniques:

Color and/or intensity analysis: Detection is based on object color [10]
or intensity contrast with the surrounding background [9]. The contrast
threshold is defined by global or local image statistics (mean and standard
deviation) of the image.

Polarization analysis: Objects are detected based on their polarization
contrast with the surrounding background [7].
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Edge detection and grouping: Straight or partly circular edges are ex-
tracted because they can indicate artificial objects. The subsequent step
groups edges into hypothetical artificial objects (e.g. using an edge-based
Hough transform [11]).

For this concept, each image-processing technique results in a set of possi-
ble object detections with computed color, edge or polarization features for
which additional features (e.g., morphological) can be calculated. The result-
ing set of objects is put into a pattern-recognition classifier that performs the
final mine detection based on all computed features and previously learned
examples. In order to ensure robustness of this classifier it is important that
the image-processing techniques deliver invariant features. For example, scale
invariance [12] can be found with proper camera calibration.

2.2 Detection methods

For the tests that are described in section 3 we have made a first partial im-
plementation of the mine-detection concepts described in the previous para-
graph. For these tests we have implemented a threshold on intensity and
polarization, and a blob analysis scheme as pattern-recognition classifier.

Threshold on intensity

The assumption that landmines have intensity values that are different from
local surroundings can be exploited using intensity contrast images. As mines
can be brighter or darker than the background, the intensity contrast can be a
so-called positive or negative contrast with the background. The (normalized)
positive intensity contrast image is defined as:

~ I(z) —min(J)
Tpos(7) = max (/) — min(7) e

The (normalized) negative intensity contrast image is defined as:

On both contrast images a threshold can be applied to obtain an image with
binary values indicating the detection of landmines. The applied threshold
is a parameter of the detection method, and its choice of value depends on
the scenario of application and required performance. The positive intensity
contrast detections are defined as:

Dlpos (SIJ) = {Ipos(x)}t (3)

The negative intensity contrast detections are defined as:
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Dr,y(2) = {Ineg(2)}, (4)

where the threshold operator is defined as:
_f1if(x) >t
ven = {021 5)
Threshold on polarization

Landmines that have a smooth artificial surface (and/or have intensity values
that are different from local surroundings) can be detected using polariza-
tion contrast. Polarization contrast can be defined using the Stokes vector [4],
which is a mathematical representation of polarization. Using this representa-
tion, optical elements can be described as matrix operators on these vectors.
The Stokes vector is constructed by measuring the intensity of four different
polarization states:

— Iy measures all states equally through an isotropic filter,

— I, measures the intensity through a horizontal linear polarizer,

— Iy5 measures the intensity through a linear polarizer oriented at 45 de-
grees,

— I, measures the intensity through a polarizer which is opaque for left
circular polarization.

Using these measured intensities, the Stokes parameters I, Q, U, V are defined
as:

I =21,

Q = 21, — 21,

U= 2]45 — 2]0 (6)
V =21 — 21,

Often different representations are used for the linear polarization:

LP=\/Q>+U? (7)

DoLP = ? (8)
U= %cn“ctan (g) (9)

with LP the amount of linear polarization, DoLP the degree of linear po-
larization and ¥ the angle of polarization (orientation of the polarization
ellipse). The polarization detections are defined as:

Dypoi(z) = {f(I,Q,U)(x)}, (10)

where f(I,Q,U)(z) is a function that projects the first three elements of the
Stokes Vector to a scalar. For example the linear polarization LP (eq. 7),
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with @ and U being the Stokes components that are determined for each
pixel. The amount of linear polarization is, in the implementation for the
tests, taken as the polarization feature. The normalized polarization contrast
image is defined as:

LP(z) — min(LP)
maz(LP) — min(LP)

LP,,s(z) =

The polarization detections are defined as:

Drp,,. (2) = {LPpos()}, (12)

Combination of intensity and polarization

For implementation for the tests, we have combined intensity and polarization
in the following way:

F(x) = {Ipos ()}, V {Tneg(2) - LPpos()},, (13)

The blobs in the resulting binary image F'(x) are extracted by means of a
connected-component algorithm. Blobs are groups of connected pixels that
represent possible landmine detections. Blobs with a size smaller than thresh-
old t3 are removed from image F(z). As such, the complete detection proce-
dure has three parameters: thresholds t;, to, and t3.

The reason for this combination is as follows: The combination takes a
disjunction of the positive intensity and polarization contrast to use either
positive intensity or polarization, whichever has more contrast at the appro-
priate moment. The conjunction between the negative intensity contrast and
the polarization is applied for reasons of false-alarm reduction. Furthermore,
it is assumed that intensity and polarization are complementary features.
This assumption has been validated from the results of the tests.

3 Detection tests

To test the detection concepts, detection tests have been performed. This
section describes the camera hardware and the detection and performance
evaluation software that have been used for the detection tests. These detec-
tion tests have been performed using a static setup, looking at a static scene.
This section also describes the test procedure, including preparation of the
test fields, selection of the test mines and pre-processing of the measured
data before detection evaluation. Several factors that are expected to influ-
ence the detection performance have been taken into account when setting
up and performing the static tests. Factors that are expected to influence the
detection results are:
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— Light conditions (elevation and relative azimuth of the sun);

— Distance between camera and mine (number of pixels on mine);
— Mine type;

— Condition of mine surface;

— Burial depth (fraction of mine body visible for camera);

—  Vegetation;

— Orientation of top surface of mine (horizontal or tilted).

3.1 Polarization Measurement Setup

Generally there are two different approaches used for the measurement of
(infrared or visual) polarization. Either time division or spatial division is
necessary to measure up to four elements of the Stokes vector using only one
focal plane.

With time division, different polarization images are measured sequen-
tially. This is usually performed by mounting a polarization filter in front
of the camera and taking a sequence of images with different polarization
directions. For measurements of the full (four elements) Stokes vector, a re-
tarder (for instance a quarter wave plate) is rotated followed by a fixed linear
polarization filter. This common approach of either rotating a polarizer or a
retarder is reported by the majority of literature [13, 14, 15].

Using spatial division, the different polarization states are measured si-
multaneously at the cost of reduced spatial resolution. For example, every 4
adjacent pixels of a focal plane array (FPA) are grouped. In front of each of
these 4 pixels a different polarization filter is mounted, each with a different
orientation [16, 17].

When more than one focal plane is available, an optical prism assembly,
mounted behind the camera lens can be used to separate an image into three
equal components. Each image is captured with a CCD. In front of each CCD
element a polarization filter with a different, fixed orientation is mounted.
This solution is only known for visible light since visible light CCDs are
much cheaper than IR FPAs.

Our approach for the measurement setup is the use of time division and
a rotating polarization filter. With this setup only linear polarization can
be measured (the first three Stokes components). The measurement set-up
consisted of a black and white visible-light camera system, mounted on a
tripod. The camera has a frame rate of 25 Hz and the images are grabbed from
the analog video output of the camera using a frame grabber. The rotating
polarization filter (Polaroid sheet) was mounted in front of the camera lens.
The filter was rotating at a constant speed. A trigger pulse from the rotation
set-up started the acquisition of the frame grabber in the computer. Since
the camera was running at a fixed frame rate, the time between the frames
and thus the rotation of the polarization filter between the different frames
is fixed. A recorded sequence (about 56 images) contains at least one full
rotation of the filter, which had a rotation time of just over 2 seconds. This
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camera had a fixed iris and a limited dynamic range, which appeared to be
a limitation with shiny mines.

3.2 Test setup
Test fields

In order to perform measurements with different relative sun positions, four
test fields were constructed, each in a different direction relative to the cam-
era, which was placed in a central position. Three of the four fields had a
stony background; the field in the west direction had a grass background.
During data collection, the camera made recordings of the different measure-
ment areas with the camera being rotated on the tripod to view the different
areas. From the camera viewpoint, the four areas faced the North, South,
East, and West directions.

Fig. 1. Two examples of the four measurement areas (facing North, South, East
and West). The example on the left is the West measurement area that has grass
as background. The other measurement areas have stones as background clutter as
shown in the example on the right.

Test mines

Replicas of four different types of AT mines that appear frequently in mine
afflicted countries have been chosen for the tests. One type has a shiny surface
(TM62P-3), while the surface of the PMN consists of mat rubber. The surface
of the P2 consists of concentric rings which is expected to cause detection
difficulties. Quite often only the cap of the mine is visible and not the whole
mine body. In the test field only the TM62P-3 mines were surface laid. From
the P2 and PRBM-3 only replicas of the detonators were placed (as if the
mine body was buried). The PMN AP mines were used since these mines
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have roughly the same diameter as the detonator of an AT mine. These
PMNs were surface laid. Each measurement area contains three samples of
four mine types and six false alarms. The mines and false alarms were placed
in a rectangular area with a width of 3 m and a length of 6 m. 18 objects (3x6)
were placed on a square grid. Table 1 shows the layout of the measurement
areas.

Table 1. Lay-out of all four measurement areas. The objects are placed on a 1 m
grid. The six false alarms mentioned in this table are boulders with sizes and/or
colors that are comparable to the mines that are used.

distance to camera| column 1 | column 2 | column 3
row 1 13 m PRBM-3 | TM62P-3 | PRBM-3
row 2 12 m TM62P-3 P2 TM62P-3
row 3 11 m P2 PRBM-3 P2
row 4 10 m false alarm|false alarm|false alarm
row 5 09 m PMN [false alarm| PMN
row 6 08 m false alarm| PMN |false alarm

Specular reflectivity and thus polarization contrast depends on the smooth-
ness of the mine surface. Measurements were performed with clean mine sur-
faces and with mine surfaces with some sand on them.

During most measurements, the mines were placed horizontally. However,
some measurements were performed with tilted mines, with tilt angles in
different directions relative to the camera.

Measurement procedure

Every 30 minutes during data gathering recordings were taken of each field.
The time difference between the recordings of the four fields is less than
1 minute. Most recordings took place between sunrise and sunset. Only a few
recordings were taken during the twilight period.

Data pre-processing

The detection algorithms as described in section 2.2 use Stokes images as
input. The recorded data consists of image sequences with different orienta-
tions of the rotating polarization filter for the different images in the sequence.
Several pre-processing steps are needed to convert the raw data to calibrated
Stokes images. 1. Determination of rotation frequency of polarization filter.
2. Correction for intrinsic polarization of camera. 3. Determination of offset
angle of filter. 4. Determination of three Stokes parameters for each pixel.
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3.3 Performance evaluation tools

The performance of the camera system was evaluated using the ROC curve.
In an ROC curve the detection rate is plotted against the false-alarm rate
for adjustable optimization parameters. Each working point on the ROC
corresponds with a set of values for the thresholds ¢1, t2, and t3 (eq. 13). The
detection rate is defined as the fraction of detected landmines.

The corresponding number of false alarms per unit area is calculated using
the following method: The camera system will be fitted on top of a vehicle
that moves forward, and we count multiple false alarms that are on the same
horizontal line of the measurement area as one false alarm. This is because
the vehicle must stop only once if one or more false alarms are detected on
the same horizontal line in front of the vehicle.

) Untitled : z i o [ 23

file Edit Wew Insert ook Window Help

ICeaas kA Ar/ oo

100 200 300 400 500 600 700

oK Valus 7 % o
< >
MarkRegicn ' Circular " show mon SAVE

 FRectangular = show pol v is checked

Fig. 2. Performance evaluation tool to make ground truth of measurement areas.
The left panel shows the calculated LP image (eq. 7). The light-grey area, which
is roughly 3 m wide and 6 m deep, in the right panel is used in the detection step.
The white circles give the ground truth.

In order to evaluate the performance of the results of the tests a tool was
developed to construct the ground-truth of the recorded sequences. Fig. 2
shows the graphical user interface for the tool. In the left window of the tool
a visualization of the recorded polarization sequence is shown. Within that
window we can mark the region of interest by drawing a boundary box, which
appears as a shaded grey area on the right. Detections and/or false alarms
outside that box are not taken into account for the results of that sequence.
The ground-truth mine positions can be entered by placing a circular or
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rectangular object on the mines on the left. The size of the mine can be
altered and the ground-truth mines appear in white on the right.

4 Test results

This section presents detection results on recordings made in the late summer
period on the test field described in the previous section.

In the following subsections the detection results for different example
data sets are presented. The examples are given to show the advantage of
using polarization and to assess the influence of several factors (as mentioned
in the previous section) to the detection performance as well as to validate
the landmine-detection concepts.

4.1 Polarization versus intensity

In this subsection we look at the difference in detection results obtained on
a data set that was recorded under ideal recording conditions: completely
clear sky during the whole day, with a shortwave irradiance that continu-
ously increases from 300 W/m? at 9:00 till 750 W/m? at 14:00 local time.
Fig. 3 shows two ROC curves obtained from the complete data set (all hours,
all mines, all viewing directions). In the bottom curve only positive intensity
contrast has been used for detection. In the top curve only the amount of
linear polarization has been used. From this figure we may conclude that
polarization is the most important feature for detection. Although detection
based on intensity only has very low performance, the combination of po-
larization and intensity features generally results in a better ROC. For this
specific data set fusion of both features gives an increase in true detections
of not more than 5%.

4.2 Position of the sun

In this subsection we assess the influence of the relative position of the sun
on the performance of the system. Again a data set has been used that was
recorded under ideal conditions: completely clear sky during the whole day,
with a shortwave irradiance that continuously increases from 250 W/m? at
9:00 till 800 W/m? at 14:00 local time. For each individual measurement hour
and each individual mine type an ROC was calculated. This results in 4 ROC
curves per measurement hour. Subsequently in each of those ROC curves the
percentage of true detections at a false-alarm rate of 3% was chosen. Fig. 4(a)
shows this percentage of true detections versus the time of measurement
for the four mine types. ROC curves were also calculated for each viewing
direction (and all mines types combined, with the exclusion of the P2 mine
type). Fig. 4(b) shows the percentage of true detections versus the time of
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Fig. 3. Two ROC curves obtained from one data set that show a clear difference in
detection performance when using polarization features. In the bottom curve only
intensity features are used for detection. In the top curve only polarization features
are used.

measurement for the four viewing directions. The horizontal dashed lines in
the two graphs are the detection results for the whole measurement period
(instead of the result of one hour) per mine type (in fig. 4(a)) and per viewing
direction (in fig. 4(b)), also with a false-alarm rate of 3%. From fig. 4(a) we

100 %
- PREM-3 (0.58 %)
-o- TWE2P-3 (0.59 %) % ZA
P2 (0.08 %) .

-~ PMN (057 %) \ \

1 \//\

True detections
True detections
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(a) (b)

Fig. 4. (a) Detection rate vs. time of measurement for the four mine types. (b)
Detection rate vs. time of measurement for the four viewing directions. In fig. (b)
the results for all mine types with the exclusion of the P2 mine type are shown.
In both figures a false-alarm rate of 3% was chosen. The horizontal dashed lines in
the figures are the detection results for the whole measurement period (instead of
the results of one hour) per mine type (fig. (a)) or per viewing direction (fig. (b)).
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may conclude that detection results per mine type do not differ much, except
for the P2 mine, that shows a very low performance. This effect can be
explained by the fact that the P2 mine has no flat top surface whereas the
other mines have. As a result this specific mine type cannot be detected very
well using polarization features.

Furthermore, fig. 4(a) clearly shows the dependency between the recording
hour and the detection rate. For all mines (except the P2 mine type) the
detection graph shows similar behavior. At 9:00 to 10:00 hours we have top
performance, at 12:00 hours the graph shows a local minimum and after 12:00
hours there is increased performance again, with the exception of 15:00 hours.
This indicates that there is a relationship between the relative position of the
sun and the detection results, given that the recording conditions were ideal.

From fig. 4(b) we may conclude that three out of four viewing directions
perform better than 50% detection with a false-alarm rate of 3% when we
look at the detection results for the whole measurement period (horizontal
dashed lines). However, looking at the results per hour, there are some signif-
icant variations. This indicates that different parameter settings are used for
different hours which do not closely match the global settings for the whole
period. From a detailed inspection of the recorded images, we may conclude
that a viewing direction directly towards the sun results in the highest polar-
ization contrast of the mines. When the viewing direction is along with the
sun, the polarization contrast of the mines is lowest.

4.3 Influence of clouds

In this section we look at the detection results for a data set that was
recorded under cloudy conditions. The shortwave irradiance changes between
200 W/m? and 800 W/m? on a time scale of only a few minutes. With the
detection results of this data set we assess the influence of cloudy weather on
the performance of the system.

Fig. 5(a) presents the detection results for the four mine types. With the
exception of the P2 mine the detection results are good. Furthermore, the
variation in the results is only significant in the morning and at the beginning
of the evening. When we compare the results with the results for the four
mine types recorded under a completely clear sky (fig. 4(a)) we can see that
there is no drop in performance during the middle of the day. Also the results
for the whole period (dashed horizontal lines) are significantly higher.

Fig. 5(b) presents the detection results for the four viewing directions. For
all viewing directions the results for the whole period are above the required
50% detection rate. Note that these results include also the P2 mine which
explains the somewhat lower performance in fig. 5(b) when compared to the
dashed lines in fig. 5(a) and fig. 4(b). Furthermore, the variation in the results
is only significant in the morning and at the beginning of the evening, with
the exception of the East direction. When we compare these results with the
results for the four viewing directions recorded under a completely clear sky
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Fig. 5. (a) Detection rate vs. time of measurement for the four different mine
types. (b) Detection rate vs. time of measurement for the four viewing directions.
A false-alarm rate of 3% was chosen.

(fig. 4) we can see that there is far less variation between the four viewing
directions. This probably stems from the fact that under cloudy conditions a
more uniform light source, that varies less with viewing direction, illuminates
the mines. Under the clear sky conditions the sun as a point source gives the
highest contribution to the illumination.

4.4 Surface orientation

This section describes the results of tests performed using the camera system
on tilted mines. The tests were conducted to assess the influence of the mine
orientation on polarization results when compared with mines that are not
tilted The tests were divided into three parts:

— Mines tilted away from the camera;
— Mines tilted towards the camera;
— Mines tilted to the side.

In all three situations a tilt angle of 10 degrees was used. Only the mines
in the 1* and 3'® column of the four measurement areas were tilted (see
Table 1). The mines in the inner column remained horizontal to serve as a
reference point.

Results for mines tilted away from camera

Fig. 6 presents the detection results for mines tilted away from the camera
(fig. 6(a)) and non-tilted mines (fig. 6(b)) for the four viewing directions.
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Comparison of the dashed lines shows that for each viewing direction the
detection results of the mines tilted away from the camera are at least 10%
lower than the detection results of the horizontal mines.
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Fig. 6. Detection rate vs. time of measurement for the four viewing directions.
A false-alarm rate of 3% was chosen. (a) Results for mines tilted away from the
camera. (b) Results for the non-tilted mines.

Results for mines tilted towards the camera

Fig. 7 presents the detection results for mines tilted towards the camera
(fig. 7(a)) and non-tilted mines (fig. 7(b)) for the four viewing directions.
Comparison of the dashed lines shows that detection results for mines tilted
towards the camera only deteriorated for the North viewing direction when
compared with the horizontal mines of the same data set. The other viewing
directions showed improved performance. The East viewing direction per-
forms poorly for tilted and non-tilted mines because of shadows in the morn-
ing imagery and background clutter in the recordings later on the day.

Results for mines tilted along the viewing direction

Fig. 8 presents the detection results for mines tilted along the viewing direc-
tion (fig. 8(a)) and non-tilted mines (fig. 8(b)) for the four viewing directions.
Comparison of the dashed lines shows that except for the north direction de-
tection results deteriorate for tilted mines when compared with the non-tilted
mines. However the results per hour of the west direction do not differ much.
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Fig. 7. Detection rate vs. time of measurement for the four viewing directions. A
false-alarm rate of 3% was chosen. (a) Results for mines tilted towards the camera.
(b) Results for the non-tilted mines.
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Fig. 8. Detection rate vs. time of measurement for the four viewing directions. A
false-alarm rate of 3% was chosen. (a) Results for mines tilted along the viewing
direction. (b) Results for the non-tilted mines.

5 Conclusions

In this chapter we have described the usage of polarization features of visible
light for automatic landmine detection.

Given the results of the conducted experiments the following conclusions
can be drawn:

— Combination of intensity and polarization gives the best performance of
an automatic landmine detection system.

— Performance depends on viewing direction, relative to the position of the
sun. Looking towards the sun (i.e., when the sun is in a sector of 445
degrees when looking in the forward motion direction) seems to be the best
viewing direction. This is illustrated by the results for some of the data
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sets from the West viewing direction (see for example the magenta curve
in fig. 4(b)). Note that for the West viewing direction the background
clutter is far less (grass field) when compared with the other directions,
which have debris as background clutter.

— The East viewing direction performs less well because of the position of
the sun relative to the viewing direction during most measuring hours.

—  Performance depends on the time of day and shows large variations, which
may be partly due to weather conditions, shadows and a fixed camera iris.
A camera with a larger dynamic range could solve part of these variations.

— Performance depends on the type of mine: detection results do not differ
much for the mines used in the test, with the exception of the P2 mine
that shows a very low performance. This can be explained by the fact
that the P2 mine has no flat top surface, and as such, cannot be detected
very well using polarization.

— Detection of tilted mines proves to be more difficult, except for mines
tilted towards the camera.
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