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Statement of Problem Studied

A series of buried landmine detection measurements using a novel x-ray Compton
backscatter imaging (CBI) method were performed at the University of Florida in 1998
using 12 actual antitank and antipersonnel mines. These tests were conducted indoors
using a soil box and an old x-ray therapy machine for the x-ray source. The resulting
images were stunning in their definitive detail. The signatures were so unique, that it was
apparent that this approach could provide not only for reliable mine detection, but also
for mine type identification. The mine’s exterior shape, combined with the interior air
volumes yield vivid, easily recognized signatures. The image data provides information
on the mine size and shape, (x, y) location and depth-of-burial (DOB).

The new CBI method developed at the University of Florida and used to obtain the
signatures of the live mines has been given the name lateral migration radiography
(LMR). Unlike conventional CBI techniques which utilize only single-scatter photons,
LMR uses both multiple- and single-scattered photons. LMR requires two types of
properly configured detectors. Uncollimated detectors image primarily single-scatter
photons while collimated detectors image predominately multiple-scatter photons. This
allows for the generation of two separate sets of images, one containing primarily surface
or near-surface features and the other also containing subsurface features. These two
image sets make LMR useful for imaging and identifying objects to depths of several x-
ray photon mean free paths (~10 cm) even in the presence of surface clutter.

The first task under this work was the purchase of a compact, high intensity, state-of-the-
art, low-noise, DC x-ray generator to replace the old x-ray therapy machine. A related
task was to develop special, large area scintillator detectors, including special compact
photomultiplier tubes and associated electronics and combine these with the new x-ray
generator to obtain an efficient LMR imaging system. A second task was to construct
simulated or dummy mines that accurately mock up the internals of actual mines,
including especially void spaces. Commercially available dummy mines, developed
primarily for E&M methods, were poor surrogates for the LMR method because the
casing materials used did not have a good match in atomic number, or Z, with the

materials in actual mines.

The next task was to determine the effect of the angle of incidence with the soil of the x-
ray source beam on mine signatures and image quality. Some of the work with the actual
mines suggested that having the source beam strike the soil at an angle different than 90 ’
could Jead to enhanced images and to increased DOB for mine detection. To expedite this
evaluation, Monte Carlo simulations were to be performed, in conjunction with experi-
ments, to determine these effects. Experiments and Monte Carlo simulations were also to
be used to establish limits and conditions under which LMR signatures can be used to
detect and identify buried land mines.



An important task of this research was to develop an image processing approach or
hierarchy for utilizing the multiple sets of LMR images for mine detection. A related
task was the development of specialized LMR image processing, enhancement and
target recognition algorithms. As a proof of principle of mine detection with LMR, a
final task was the construction and testing, out-of-doors, of a portable LMR land mine
detection system.



Summary of Important Results

Lateral Migration Radiography (LMR), a new form of x-ray Compton backscatter
imaging (CBI), is applied to the detection and identification of buried landmines. Unlike
conventional CBI techniques which utilize only single-scatter photons, LMR uses both
multiple- and single-scatter photons. The LMR imaging modality requires two types of
properly configured detectors. Uncollimated detectors image primarily single-scatter
photons while collimated detectors image predominantly multiple-scatter photons. This
allows for the generation of two separate images, one containing primarily surface
features and the other also containing sub-surface features. These two images make LMR
useful for imaging and identifying objects to depths of several mean free paths (to about
10 cm for landmines in typical soils), even in the presence of unknown surface clutter.

A compact, high intensity, state-of-the-art x-ray generator was purchased from Lorad.
The x-ray output range is 10 to 160 kV @ 0.1 mA to 5.0 mA with a 800 watt maximum
power level. The optimal x-ray spectrum for mine detection in typical soils is 125 to 150
kVp. Consideration of the x-ray intensity requirement for good image contrast and
desirable image acquisition times for the humanitarian de-mining application leads to an
x-ray generator power level requirement of 100 to 200 watts. The new generator
possesses good reproducibility and very little noise compared to the old medical therapy
x-ray generator that was used previously to obtain LMR landmine images. Results with
the Lorad x-ray generator show a significant improvement in LMR image quality
compared to results obtained with the old generator.

Surrogate mines were purchased commercially. These mines were designed to simulate
actual land mines in size, shape, and internal structural details. The emphasis on the ma-
terials used in these mines is to give mass densities and electrical properties similar to
those of real mines. The electrical properties are of special importance for E&M methods
of detection. For LMR detection, the proper size, shape, mass density and internal void
details are all important. Also critical, however, is the atomic number, Z. The LMR
images obtained using these commercially purchased surrogate mines were not consist-
ent with the LMR image results obtained using the real mines. Some of the observed
differences were suspected to be due to not having a good match in Z. Consequently,
we had surrogate mines machined locally using acrylic (lucite-L) and acetal (delrin).
These mines were designed to reproduce plastic mine characteristics essential for LMR
imaging, including Z. LMR image results have shown that void spaces in mines are
especially responsible for the unique signatures that allow for mine identification as well
as detection. A detailed description of the work with the surrogate and simulated mines can
be found in the Technical Report “Lateral Migration Radiography Image Signatures for the
Detection and Identification of Buried Land Mines” (see Item 2 in the List of Publications
and Reports) that was done under this research grant.

An image processing approach has been developed that makes use of the physics associated
with the formation of the collimated and uncollimated detector images. Of great importance
here are the different responses of the collimated and uncollimated detectors to given objects



or features. For buried objects, the front collimated detector image shows a shift to the rear
and the rear collimated detector image shows a shift to the front. The magnitude of this
shift is related to the object depth-of-burial (DOB). Surface-laid objects show no such shift
in the collimated detector images. Objects in uncollimated detector images show no shifts,
whether they are buried or surface-laid. Metal objects show intensity decreases relative to
the soil in both detector type images and plastic mines show intensity increases relative to
the soil in both detector type images. Potholes or large voids show an intensity increase in
collimated detector images and an intensity decrease in uncollimated detector images. A
negative slope in the soil surface yields and intensity decrease in the direction of motion in
the uncollimated detector image and an intensity increase in the direction of motion in the
collimated detector image. An adaptive logic is used that performs addition and/or sub-
traction of normalized sets of collimated and uncollimated detector images in a manner
dictated by correlating the observed intensity behavior in the different images. The result-
ing image is then passed through a filter that maximizes the signal-to-noise ratio. This
approach is very effective at removing surface clutter and/or slopes in the soil and in
distinguishing mines from non-mine buried objects. A detailed description of this image
processing approach, including image results, can be found in the Technical Report ‘“Lateral
Migration Radiography Image Signatures for the Detection and Identification of Buried Land
Mines” (see Item 2 in the List of Publications and Reports) that was done under this research

grant.

An innovative rotating collimator for the x-ray source beam was designed and constructed.
The function of this collimator is to achieve side-to-side scanning motion for the beam
without requiring any movement in this direction of the x-ray generator itself. Because this
collimator simplifies the system movement required for image acquisition, there are reduced
vibrations and stresses on the system, improved reproducibility in locating image pixels and
faster image scanning speed. Monte Carlo simulations have identified distortions introduced
by the rotating collimator in the acquired images; because these are known, they can be
compensated for in the image processing software. With the rotating source collimator, a 40
cm by 40 cm soil region has been scanned and images acquired in 20 seconds. The power level
was 650 watts. Good image quality can be achieved at 100 watts, but the scan time is then
increased. For operation at 130 watts, the time required to scan a 40 cm by 40 cm soil area is
100 seconds, which is still good. The rotating source collimator is what allows LMR to achieve
high speed image acquisition. A detailed description of the rotating source collimator can be
found in the Technical Report “Lateral Migration Radiography Image Signatures for the
Detection and Identification of Buried Land Mines” (see Item 2 in the List of Publications and
Reports) that was done under this research grant.

To go along with the high speed scan capability that is achieved with the rotating source colli-
mator, a high speed image display capability has been incorporated into the data acquisition
system. This allows the image to be displayed, line-by-line, real-time, as it is acquired. This
ability is useful so that a rapid decision can be made if it is necessary to rescan an area. A
specialized LMR image processing and image enhancement package using Matlab has also
been developed for post-processing data on a non real-time basis. The package includes stand-
ard, simple low pass filters, as well as a Weiner adaptive low pass filter; histogram equalization
which can be useful for deep-buried mines when image contrast is low; linear combination



techniques which work with both the collimated and uncollimated detector images to re-
move surface features and/or identify types of buried objects on the basis of their different
responses in the two different detector types; optimal filters which maximize signal-to-
noise ratio in a specified region and can be useful for deep-buried mines; and neural net-
works which have been found useful both for removing surface-laid objects and for
identifying deep-buried mines. The neural network used is a very simple, feed forward
network that employed only three sets of images during the learning step. The success of
this simple neural network is very encouraging and further efforts in this area should

be very productive. A detailed description of the image processing and image enhancement
package developed for this project can be found in the Technical Report “Image Process-
ing Techniques for Lateral Migration Radiography Land Mine Images (see Item 5 in the
List of Publications and Reports).

The final phase of this project included the development and testing of a portable LMR
system for out-of door land mine detection. Components and systems include: 1) a rotating
x-ray source collimator; 2) collimated and uncollimated scintillator detectors; 3) system
frame assembly; 4) detector and x-ray generator support platform; 5) motors and sensors
for side-to-side and front-to-rear scanning; 6) x-ray generator and data acquisition control
and processing programs; 7) IR modem and communication programs for stand-off control
of the system; and 8) a Honda generator power supply. The above items were first tested
individually and then as an integrated system. This portable assembly was initially position-
ed over the indoor soil box and successfully used to acquire images of buried, simulated
anti-personnel, anti-vehicle and anti-tank mines. The system was then tested out-of-doors
for several weeks at a farm about 20 miles south of the University of Florida campus. Final
out-of-door testing is expected to occur at Fort A.P. Hill in late August or September, 2001,

The overall dimensions of the portable system are about 2 m (from front to back) by about

1.8 m (from side to side) by about 1.4 m from top to bottom. The Unistrut steel support frame
is about 2 m x 1m x 1m. The overall system weight is about 160 kg, but this initial system has
been significantly over designed, especially with regard to the lead shielding and size of the
detectors. It should be reasonable to build a prototype LMR land mine detection system with
a system weight in the range of 80 kg. A breakout of the weight for the principal components
of this initial system is as follows:

lead shielding and aluminum support platform 35 kg

detector assembies

(scintillator material and mounting frame) 30 kg
unistrut steel frame 28 kg
X-ray generator 16 kg
steel rail assemblies for front to back motion 11 kg
two motor assemblies and lead screw 8 kg
rotating collimator 5 kg
fork lift channel assemblies 27 kg

Total 160 kg



Figures 1 through 4 show the main portions of the portable LMR land mine detection system
before being mounted on its movable vehicle. The long green cylinder shown in the four
figures is the Lorad160 kVp X-ray generator. Figure 1 shows a front view of the assembly
and the larger diameter, short green cylinder at the front end of the x-ray generator is the
rotating source collimator. The flat (circular) ends of the rotating collimator are silver;
the source collimator can also be seen in all four figures. The black belt which connects
to a motor that drives the rotating source collimator can be seen best in Figures 1 and 4.
Figure 4 is a rear view of the assembly. The rotating source collimator provides for a
side-to-side scanning of about 0.5 m on the soil surface, without having to reposition the

system.

The lead-lined shield box that surrounds the x-ray generator can be seen in all four
figures. In Figure 1, the front end of the box is removed; the front end of the box is in
place in Figures 2, 3 and 4. Figure 3 is a side view of the system. The dark green
(Unistrut) steel support frame bars can be seen in all four figures. The diagonal support
frame bars are not in place in Figure 1.

Two of the three detector assemblies, mounted to the bottom of the frame, can be seen in
all four figures. The front collimated detector and the central uncollimated detector are in
place. The rear collimated detector, which is not in place, goes behind the central un-
collimated detector. The front detector collimator lead fin is best seen in the side view in

Figure 3.

The cylindrical steel rods along which the system moves to achieve the front-to-rear
scanning are seen in all four figures, but show best in Figure 4. A second motor assembly
is used to achieve the 0.6 m front-to-rear scanning ability, without having to reposition
the system.

The green rectangular box shown at the rear of the assembly in Figure 1 is the x-ray
generator controller. The two rectangular boxes shown in the foreground in Figure 4

(rear of the system) are the two motor controllers/power supplies. In all four figures, the
system is seen to be resting on yellow horses. Considering the green metal (Unistrut)
frame portion of the system in Figures 1, 2, 3 and 4, the overall dimensions are: from
front-to-back 6.6 ft (~2 m); from side-to-side about 3 ft (~0.9 m); and from top-to-bottom
at the rear of the frame also about 3 ft (~0.9 m). The detectors and mounting assembly
extend about 1.6 ft (~0.5 m) below the green frame. Figure 5 shows the completed LMR
Jand mine detection system mounted on its transportation vehicle.

The LMR mine detection system shown in Figure 5 was used to obtain images out-of-
doors using the simulated land mines developed under this grant. Front and rear
collimated detector images for a 15 cm diameter anti-vehicle land mine for the cases
where the mine was laid on the surface and buried at 1.3 cm and 2.5 cm depths-of-burial
are shown in Figures 6, 7 and 8, respectively. The shown scan fields are 49.2 cm x 54 cm
and the horizontal and vertical axes markings in these figures are distances in cm. The
total active scan time for these images was about 30 seconds and the total time for image




acquisition was about one minute. These images were taken under very poor conditions;
the soil was saturated following days of heavy rains.

In Figure 6, the surface-laid mine casts a shadow. This shadow is behind the mine in the
front detector image and in front of the mine in the rear detector image. The central void
in the mine leads to a high intensity area at the front edge of the mine in the front detector
image and a high intensity area at the rear edge of the mine in the rear detector image.
These phenomena are explained in Chapter 2 of the doctoral dissertation that is included
as Appendix I of this report. This doctoral dissertation, completed by Zhong Su under this
research program, is titled “Fundamental Analysis and Algorithms for Development of a
Mobile Fast-Scan Lateral Migration Radiography System.”

Because the images in Figures 7 and 8 are for buried rather than surface-laid mines,
there is no shadow effect and no front edge or rear edge high intensity area in the mine
image resulting from the central void. Instead, the front collimated detector image of the
mine is shifted to the rear and the rear collimated detector mine image is shifted forward.
This lateral migration shifting phenomena is a key signature of LMR and is explained in
Chapter 2 of Zhong Su’s dissertation in Appendix I.
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Figure 1 LMR Land Mine Detection System - View from the Front (with front
end of lead shield box removed).



Figure 2 LMR Land Mine Detection System — View from Front (with front end of
lead shield box in place).




Figure 3 LMR Land Mine Detection System — View from the Side.
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Figure 4 LMR Land Mine Detection System - View from the Rear
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Figure 5 LMR Land Mine Detection System Mounted on its Transportation Vehicle.
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Figure 6. Front and rear collimated detector images of 15 cm
diameter simulated anti-vehicle land mine laid on
the soil surface (49.2 cm x 54 cm scan field).
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Figure 7. Front and rear collimated detector images of 15 cm
diameter simulated anti-vehicle land mine with a
1.3 cm depth of burial (49.2 cm x 54 c¢m scan field).
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Figure 8. Front and rear collimated detector images of 15 cm
diameter simulated anti-vehicle land mine with a
2.5 cm depth of burial (49.2 cm x 54 cm scan field).
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investigated for which other techniques are unsatisfactory and where LMR, because
of its unique features, may be expected to be successful. An example is in the detection
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Lateral migration radiography (LMR) is a unique x-ray Compton backscatter
imaging (CBI) technique to image surface and subsurface, or internal structure of an
object. An x-ray pencil beam scans the interrogated area and the backscattered photons
are registered by detectors which have varying degrees of collimation.

In early LMR applications, either the LMR systems or the imaged objects are
moved on a rectangular grid, and at each node, the systems register backscattered photon
energy deposition as pixel intensity in acquired images. The mechanical movement of the
system or objects from pixel to pixel causes prolonged image scan time with a high
percentage of system dead time. To avoid this drawback, a particular x-ray beam
formation technique is proposed and analyzed. A corresponding mobile, fast-scan LMR
system is designed, fabricated and tested. The results show a two orders-of-magnitude
reduction in image scan time compared with those of previous systems.

The x-ray beam formation technique, based on a rotating collimator in the LMR

system, implements surface line scan by sampling an x-ray fan beam. This rotating

v



collimator yields unique imaging effects compared to those for an x-ray beam with fixed
collimation and perpendicular incidence: 1) the speed of the x-ray beam spot on the
scanned surface is not uniform; 2) constant movement of the x-ray beam spot changes the
resolution in the image raster direction; 3) x-ray beam spot size changes with location on
the scanned surface; 4) the object image shows a squeezed effect in the raster scan
direction; 5) under a uniform background, the Compton scatter angular distribution
causes the x-ray backscatter field to be stronger, when the x-ray beam has greater
incidence angle; and 6) the x-ray illumination spot trace on the scanned surface is
skewed. The physics generating these effects is analyzed with Monte Carlo computer
simulations and/or measurements. Image acquisition and image processing algorithms are
developed and applied to acquired images to eliminate the undesirable effects. The
images acquired with this system also have the general characteristics of LMR images: 1)
displacement of object image center from the true object center exists for subsurface
objects in the collimated detector images; 2) shadowing effects occur for objects that
protrude above the scanned surface. 3) scanned objects with air volumes present greater
contrast in the acquired images than those without air volumes. Image processing and
object recognition algorithms are developed and applied to the LMR images to enhance
the image quality, to remove surface clutter, and to obtain depth information of
subsurface objects.

The physical analysis of the x-ray beam rotating collimator and the development
of the corresponding mobile fast-scan LMR system and its image acquisition and
processing algorithms show that LMR is a proven technique for fast, mobile object

surface and subsurface examination.
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CHAPTER 1
INTRODUCTION

Lateral migration radiography (LMR)' is a new Compton backscatter imaging
(CBI)2‘3‘4’5’6’7 method. By detecting the reflected photons from an examined object,
surface and subsurface images are formed. Traditional CBI uses x-rays as the source to
illuminate the area of interest and the backscatterred photons are detected. The
backscattered photons include both once-collided photons and multiple-collided photons,
but only the once-collided photons are considered as the signal in the traditional CBI. If a
scatter volume is isolated by a highly restrictive source and detector collimators
(relatively small apertures collimate both the radiation source and the detectors) , there
are very few once-collided photons to be detected. To get relatively good photon
statistics, the required power of the x-ray generator is enormous or the illumination time
is prohibitively long. In contrast to the traditional CBI, the LMR utilizes a different
modality setup and detects multiple-collided photons as an additional signal to provide
more information about the detected objects. Furthermore, the relatively non-restrictive
detector collimators in LMR enable large area detectors to be employed which means that
more backscattered x-ray photons are registered in a relatively short period of time.
Therefore, LMR requires less x-ray power and provides more usable information to the
user in a relatively small time interval. The LMR images have unique characteristics
compared to the traditional CBI images.

In early LMR systemsg, a perpendicular incidence x-ray- pencil beam was

employed to scan the imaged surface. Depending on the mobility of the LMR system and



imaged objects, either the x-ray generator and detector assembly or the imaged objects
were moved on a two dimensional grid to achieve an image scan for each pixel. These
designs not only required certain space for the system to move from pixel to pixel, but
also have a significant portion of the total imaging time as dead time because of the
assembly movement. In order to achieve a fast image scan, a new x-ray beam formation
technique that uses an x-ray beam rotating collimator’ is analyzed and implemented. In
this system, the image raster scan is achieved through continuous sampling of an x-ray
fan beam generated with the rotating collimator. This replaces the motion in the raster
scan direction of the x-ray generator and detector assembly or of the imaged objects. The
LMR system with the x-ray beam rotating collimator has unique imaging physics. Some
of the effects introduced by the rotating collimator on image acquisition and 1mage
formation include the following: the speed of the x-ray beam spot on the scanned surface
is not uniform; constant movement of the x-ray beam spot changes the resolution in the
image raster direction; x-ray beam spot size changes with location on the scanned
surface; the object image shows a squeezed effect in the raster scan direction; under a
uniform background, the Compton scatter angular distribution causes the x-ray
backscatter field to be stronger, when the x-ray beam has a greater incidence angle; and
the x-ray illumination spot trace on the scanned surface is skewed. In this work, data
acquisition algorithms and image processing algorithms are developed to compensate for
or correct some of these effects.

The LMR images have some unique features compared to other x-ray radiography
images. They include displacement of the object center in the image from the true object

center (hereafter named lateral migration shifting), a surface-protruding-object
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shadowing effect, and significant image contrast enhancement from objects with air
volumes. These features appear both in the images of the LMR systems with fixed x-ray
beam collimation and those with rotating collimation. All of these features can be utilized
to obtain information about the imaged objects: lateral migration shifting indicates
subsurface objects present in the imaged area; the shadowing effect indicates that an
object is laid on or protrudes above the scanned surface; air volumes enhance the contrast
and indicate the internal structure of the imaged objects to help in object recognition.
Image processing and object recognition algorithms are developed to utilize these
features to accomplish image enhancement, surface clutter removal, object recognition,
and parameter estimation. The image enhancement algorithms minimize image noise to
improve image quality. The surface clutter removal algorithm utilizes the correlation
between images from detectors with different collimation to eliminate surface clutter. In
the particular application of LMR land mine detection, land mine parameter estimation
and mine recognition algorithms calculate the depth-of-burial of the mine based on the
amount of lateral migration shifting and mine-to-soil ratio of the images; and template
matching techniques are used to distinguish mine from nonmine objects.

For demonstration purposes, a mobile fast scan LMR system with the x-ray beam
rotating collimator is developed and tested in one LMR application area, land mine
detection. The results show that LMR is a proven technology for mobile and fast

examination of surface and subsurface objects.



CHAPTER 2
LATERAL MIGRATION RADIOGRAPHY

Principles

Lateral migration radiography is a CBI technique. CBI employs detector(s) to
register Compton backscatter x-ray photons from the imaged objects. As illustrated in
Figure 1, photons which have experienced one collision and multiple collisions are both
registered by the detector. The once-collided photons are usually scattered from surface
or shallow subsurface material, so they carry substantial surface feature and shallow
subsurface information. The multiple-collided photons carry both surface feature and
relatively deep subsurface feature information because of their multiple interaction paths.
With reference to Figure 1, there are several parameters of the CBI setup which directly
affect the performance of the system: the distance H from the detector lower surface to
the scanned surface, beam to detector gap D and detector width W. With fixed D and W,
varying H varies the solid angle subtended by the detector area to the x-ray beam
interaction volume, and therefore, varies total energy deposition of the backscattered x-
ray photons in the detector. Similarly, with fixed H and D, varying W varies total energy
deposition of the backscattered x-ray photons in the detector; with fixed H and W,
increasing D reduces the backscattered x-ray photon total energy deposition because of
the reduction of the solid angle. If multiple-collided photons are interrogated, a collimator
can be employed to prevent the majority of once-collided photons from entering the
detector (Figure 2a). For the once-collided photons, the average Compton interaction

locations are usually within a mean-free-path length below the imaged surface. So, given



an interaction volume location, collimator length can be calculated based on simple

geometry (Figure 2b).
¢ = W - C= i (H+d)
H+d W+D W+D

This collimator does not prevent the once-collided photons originating from deeper
locations than the location used for collimator length calculation from entering the
detector.

In LMR, both detector setups in Figure 1 and Figure 2 are used and serve different
purposes in the system (hereafter referred to as the uncollimated detector and collimated
detector, respectively (Figure 3)). The uncollimated detector primarily registers once-
collided photons which carry substantial surface feature information. The collimated
detector predominately registers multiple-collided photons which carry both surface
feature and subsurface feature information. This functionality is achieved by optimizing
the collimators of the collimated detector. Depending on the number of detectors of each
type, the setup of an LMR system varies. The setup for one uncollimated detector and
one collimated detector is shown in Figure 3a and the setup of two detectors for each
detector type is shown in Figure 3b.
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Figure 1. Compton backscatter imaging illustration and the backscatter photon paths.
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Figure 2. Illustration of the geometry between x-ray beam, scatter volume, collimator and
detector. a) Illustration of the backscattered photon paths; b) Geometry for collimator
length calculation.
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Figure 3. LMR system setup illustration. a) One uncollimated detector and one collimated
detector setup; b) Two uncollimated detector and two collimated detector setup.




Certain variations of the setups in Figure 3 are also worth discussing, €.g., x-ray
beam angular incidence (Figure 4). Defining the two orthogonal directions in Figure 4 as
the raster scan direction and the frame scan direction, there are two fundamental x-ray
beam varying angular incidence cases: one has angular variation along the raster scan
direction and thé other has angular variation along the frame scan direction. In the frame
scan direction case, the varying x-ray beam angular incidence completely changes the
geometry of the scatter volume, collimator and detector, so the preferred functionality of
each type of detector cannot be achieved. In the raster scan direction case, the geometry
of the scatter volume, collimator and detector is still retained which means that the
functionality of each type of detector can still be achieved. Therefore, the x-ray beam
with varying angular incidence in the raster scan case is applied to a new LMR system.
Details of the LMR system in which the x-ray beam has varying angular incidence in the
raster scan direction are analyzed in Chapter 3.

For the x-ray energies of interest in the LMR system (130 to 180 kVp x-ray
spectra with mean x-ray energies of around 40 to 60 keV)'? two kinds of significant
interactions exist: 1) Compton scatter and 2) the photoelectric effect. In Compton scatter,
the photon is elastically scattered and there is energy transferred from the photon to the
electron. The relative probabilities of these interactions is a function of the effective
(average local) atomic number (Z) and electron density of the material. Therefore,
materials with different Z numbers and different electron densities have different
intensity values in the LMR images.'! In the photoelectric effect, the photon is absorbed

and an electron is emitted. For an x-ray photon energy of about 50 keV or lower, the



higher Z materials have higher photoelectric effect cross sections and lower Compton

scatter cross sections. For low Z materials, it is just the opposite. Therefore, when the
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Figure 4. Illustration of x-ray beam angular incidence cases. a) Perspective view; b) X-
ray beam angular incidence in frame scan direction; ¢) X-ray beam angular incidence in
raster scan direction.



LMR images high Z material, such as metal, the majority of the x-ray illumination
photons are absorbed by the material through the photoelectric effect and few photons are
scattered via the Compton interaction. Thus, metallic materials have low intensity values
in the LMR images. On the contrary, low Z materials, for example, plastic, have a lower
Z number and medium electron density. When plastic is imaged by LMR, a great number
of x-ray illumination photons have Compton interactions and some of the photons are
backscattered to and registered by the LMR detectors. Thus, in the LMR images, a low Z
material is represented by a high intensity value. In LMR, an extremely low density
material contained in a high density material presents an important LMR image feature
which is utilized extensively in pattern recognition. The extremely low density material,
e.g., air, possesses low cross sections for both the photoelectric effect and Compton
scatter and essentially allows x-ray photons to pass through without having many
interactions; the photons have a very large mean-free-path in the material. When this
material is within a high density material, the photon interaction field in this compound
material is significantly different than that of a uniform high density material. Therefore,
the LMR images exhibit great differences for these two cases and these differences
indicate that heterogeneity exists in the scanned material. As an example, faults or
delaminations in multi-layer materials create air gaps in them. When the materials are
imaged by LMR, the parts with faults or delaminations present different intensities than
the parts without in the acquired images, and these intensity differences indicate defects

in the examined material.
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In the physical process of LMR, uncollimated detector(s) predominantly register
once-collided photons and some multiple-collided photons. The once-collided photons
have Compton interactions with glectrons of the imaged materials and each of these
photons has only one Compton interaction in its history. Therefore, the first-collision
photons bear the information of the imaged materials, (i.e., the Compton interaction cross
sections and electron densities) and contribute to the total photon energy deposition in the
uncollimated detector(s). Photons at different energy levels have different mean-free-
paths in different materials, but only about one mean-free-path depth of the imaged
material interacts with photons registered by the uncollimated detectors. Therefore,
features of the surface and about one mean-free-path thick subsurface layer of the imaged
material are detected by the LMR uncollimated detector(s). While for the collimated
detector(s), mainly multiple-collided photons and a few once-collided photons are
registered. The multiple-collided photons generally come from within a couple of mean-
free-path thick subsurface layer of the imaged material which interacts with incident
photons and scattered photons. As multiple-collision photons laterally migrate through
the imaged material, structured electron density variations in the material modify the
diffusing field. These photons, predominantly detected by the collimated detector(s), can
emphasize the discontinuities of different regions in the material. Therefore, the
collimated detector images show the contrast of the transport media as traversed by the

photons in directions transverse to the source beam. (hence, the designation LMR).



LMR Signatures
Lateral Migration Shifting

Monte Carlo numerical simulations and the actual LMR image acquisition
measurements have demonstrated the different ways in which the uncollimated and the
collimated detectors function in an LMR system and form the basis of the physical
phenomena discussed in the previous section as well as the discussion of the origin of
LMR image contrast. Photon lateral migration is very prominent in the collimated
detector images.

Because of the photon lateral migration in the media, there is lateral migration
shifting in the collimated detector images of the scanned subsurface objects. If the LMR
system setup is as in Figure 3b, the object shift directions in the front and rear detector
images are backward and forward respectively. This shift increases with object depth
relative to the scanned surface, and is thereby a measure of the object depth. In order to
explain the process of lateral migration shifting, one of the LMR applications, land mine
detection, is used as an example. However, the lateral migration shifting exists in all
LMR applications. In this dissertation, all the specific LMR images are from the LMR
land mine detection application.

In the collimated detector images of Figures 5 and 6, lateral migration shifting
exists in both the front and rear detector images and their shifts are opposite. For a plastic
mine with the Compton scatter cross section greater than that of the soil, the number of
multiple-collided photons detected from the plastic mine is greater than that from the soil
and this causes the intensity increase in the images. Among the multiple-collided

photons, those migrating through the mine have a higher probability of being registered
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Figure 5. VS-1.6 antipersonnel mine, 2.5 cm depth-of-burial, 15 mm resolution.
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Figure 6. M19 antitank mine, 2.5 cm depth-of-burial, 15 mm resolution.

by detectors. Therefore, during x-ray beam scanning, as the mine is initially encountered,

the front collimated detector registers a higher intensity than the rear collimated detector.




Similarly, when x-ray scanning is on the final encountered mine edge, the rear detector
registers more Compton scatter photons than the front detector. Due to this behavior, the
highest intensity in the front collimated detector image tends to show up earlier than the
physical center of the mine, which appears as backward shifting. In the rear collimated
detector image the opposite happens. This shifting increases as the depth-of-burial of the
land mine increases; therefore, the depth-of-burial of the mine can be estimated from the
amount of shifting (see Figure 7). Analysis of the data of Figure 7, by estimating the
difference between centers of highest intensity area, shows there are about 3.6 pixels of
lateral migration shifting in the 2.5 cm depth-of-burial collimated detector images, and
about 4.4 pixels of lateral migration shifting in the 5.0 cm depth-of-burial collimated
detector images.
Shadowing Effect

Shadowing effects are the result if the object protrudes above the scanned surface
blocking some of the Compton scatter photons. As the x-ray beam scans toward the
object, some of the Compton scatter photons emitted from the surface cannot reach the
front detectors because of blocking by the object. Similarly, as the x-ray beam moves
away from the object, some of the Compton photons are blocked so they cannot be
registered by the rear detectors. Therefore, the shadows are behind the object in the front
detector images and in front of the object in the rear detector images. The shadows are
roughly symmetric about the raster direction axis in both the uncollimated detector
images and collimated detector images. If the object is flush with or underneath the

scanned surface, there is no shadowing effect in the acquired LMR images.
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Figure 7. TMA-4 mine with 2.5 cm resolution.

As an example, in Figure 8, the shadows clearly accompany the mine images of
both the collimated and uncollimated detectors. In actual deployment, antipersonnel
mines are usually placed either on the soil surface or with a shallow depth-of-burial (i.e.,
normally not more than a few millimeters of soil overlay). The surface-laid land mines

can be easily recognized by both the shadowing effects and the vivid air volume signature
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(discussed in the next section) in combination with the mine’s geometric shape in the
LMR images. In contrast, the shallow buried mine emphasizes the air volume signatures

and has no mine case shadow (Figure 9).
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Figure 9. TS/50 antipersonnel mine, flush depth-of-burial, 15 mm resolution.

Air Volume
Air allows free flight of x-ray photons. The existence of air volumes in scanned

objects dramatically modifies the once-scattered photon exit paths as well as the multiple-
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scattered photon migration paths, when compared to objects without air volume. When
the x-ray beam is directly scanning over the air volumes, the photons which pass through
the object material without any interaction will interact with the bottom or side wall of
the air volume. The solid angles subtended by the LMR detectors for these photons are
smaller than those of the photons interacting with an object without air volume. For all
the photons at the first-collision sites, the probability of not being registered by the
uncollimated detectors is higher when air volume is present than for the case of the object
without air volume. As a consequence, an intensity decrease occurs at the location of the
center of the air volume in the uncollimated detector images (see Figures 5 and 6). When
the x-ray beam is scanning the material at the edge of the air volumes, photons scattered
in the direction of the air volume will have a higher probability of being registered by the
uncollimated detectors than the photons emitted in the direction of the object material.
Therefore, there are high intensity areas right at the edge of the air volume and they occur
at the front and back edge of the air volume in the rear and front uncollimated detector
images, respectively (see Figures 5 and 6). For multiple-collided photons, the physical
existence of the air volume modifies the photon field in the transport media. But because
the air volume essentially gives free flight to the migrating photons and the multiple
scattering of photons tends to average out the effect of the air volume, there is diffused
evidence of the air volume in the collimated detector images. Therefore, in Figures 5 and
6, the collimated detector images clearly show evidence of the air volumes but do not
include the singular definition shown in the uncollimated detector images.

In LMR land mine detection images, the inner air volume shapes combined with

the outer geometric shapes of the land mines yield key signature features for land mine
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detection and identification.'? For detonator operation, every land mine has at least one
fuse well to accommodate the fuse, detonator and booster. This fuse well, essentially an
air volume with some plastics or metals, shows up clearly and uniquely in the LMR

images.



CHAPTER 3
X-RAY BEAM ROTATING COLLIMATOR AND THE RESULTING IMAGING
PHYSICS
Other Beam Formation Technologies

In Chapter 2, the LMR systems illustrated are systems with fixed collimation of
the x-ray beam output. Using these systems to implement LMR, the whole assembly of
the x-ray generator and detectors must move on a two dimensional grid and sample the x-
ray backscattered field at each node to form the LMR image matrices. This LMR image
acquisition scheme has some disadvantages. First, a majority of the total image scanning
time is used to move the x-ray generator and detector assembly from pixel to pixel. For
example, scanning a 60 cm by 60 cm area with 1.5 cm resolution using this type of
system takes about 2 hours. Of this two hours, only about 5 minutes are for actual image
acquisition time. So the system dead time is about 95 percent. This not only wastes time,
but also prohibits LMR from being used in some time critical applications, e.g., land
mine detection. Besides the high dead time percentage, the above type of system also
requires a large volume of space for the system to move in both the raster scan and frame
scan directions.

Over the past several years, based upon the need for fast scans and the advances
of technology, some new methods to improve LMR image scan times were tried, or
proposed, but failed because of either technology or financial difficulties. Among them

were the Imatron x-ray g,enera‘[or,I3 the multiple cathode x-ray generator,'* and the

rotating cylindrical collimator with helical slots.
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Imatron X-ray Generator

One way to reduce the total LMR scan time is replacing the raster scan movement
of the generator detector assembly by designing a new type of x-ray generator whose
output can cover the entire raster length. Imatron Inc. designed and manufactured an x-
ray generator, Imatron, to implement this task. In the Imatron, one large rectangular
anode whose length covers the entire raster direction length is bombarded by a
continuous beam of electrons. The electron beam is electromagnetically moved to sweep
along a certain path which is synchronized with the system forward motion speed to
provide an x-ray illumination spot on the scanned surface. In final tests, the Imatron
could not provide consistent pixel-to-pixel x-ray illumination intensity; therefore, it was
not acceptable as part of a fast scan LMR system.
Multiple Cathode X-ray Generator

As another way to raster scan the imaged area without physical movement of the
LMR system, a multiple cathode x-ray generator design‘was proposed by Bio-Imaging
Research, Inc. In this design, there are multiple cathodes and one long common anode.
The axis of the common anode is parallel to the image raster direction. By switching each
cathode on and off sequentially, the x-ray output from the common anode sequentially
scans the imaged surface area and, therefore, achieves an image raster scan with
electronic switching which takes little time compared with that of the mechanical
movement of the whole LMR assembly. Because of financial difficulties, this multiple

cathode x-ray generator was not perfected.



Rotating Cylinder with Helical Slots

Since designing and making a new X-ray generator requires tremendous
technological and financial resources, using an off-the-shelf x-ray generator and
designing a device to implement the raster scan is also considered. One of these devices
is a rotating cylinder with helical slots to collimate the x-ray beam and at the same time,
realize image raster scan (Figure 10). The design of this device was presented by Bio-
Imaging Research, Inc. When this collimator is used in the LMR system, the axis of the
cylinder should be parallel to the image raster scan direction. From the x-ray generator
focal spot, part of the projection from the two slots of the cylinder overlaps and forms an
x-ray illumination spot on the scanned surface. When the cylinder rotates, the spot moves
along the raster scan direction. However, this design has an apparent drawback: half of
the cylinder rotation time is dead time, so there is no x-ray illumination spot on the
scanned surface during this period. Therefore, new x-ray beam rotating collimator design
is presented in the following sections which has no dead time in LMR imaging.

X-ray Beam Rotating Collimator

As another way to accomplish LMR fast scan and at the same time keep relatively
good image quality, an x-ray beam rotating collimator is designed and its imaging
physics is thoroughly studied. It provides fast scan with no dead time and only requires
current x-ray generator and x-ray detector technologies.
Constitution of the Rotating Collimator

This rotating collimator consists of two coaxial cylinders with proper slots opened
in the cylinder wall. The inner cylinder is located coaxial with the x-ray tube head

keeping the center of the slot aligned with the center of the x-ray output window. Outside
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of this cylinder, the other cylinder has 10 equally separated holes aligned in the same
section circle (see Figure 11). Thus, there are 36 degrees between adjacent holes, which
at some time interval during rotation are within 40 degrees of the emerging x-ray fan
beam collimated by the inner cylinder. These two cylinders together make a collimator
which can achieve the raster scan in a continuous mode with no dead time. Therefore,
system movement in the frame scan direction can be continuous to maximize the fast
scan potential of the rotating collimator. The speed of the raster scan can be easily
adjusted by changing the speed of the rotating collimator to meet different image scan
requirements, i.e., image scan time and good image quality. Figure 12 shows the cross

section view of the rotating collimator.

X-ray
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a b

Figure 10. Illustration of rotating cylinder with helical slots. a) Extended view of the
cylinder; b) Application setup.
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Figure 11. Illustration of rotating collimator concept (extended view). a) Inner Cylinder;
b) Outer Cylinder.
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Figure 12. Cross section view of the rotating collimator.

Physical Analysis
With the rotating collimator, the LMR system setup is not dramatically different
from previous LMR systems. In this embodiment, a detector array of two collimated and

one uncollimated detectors is used (the setup is shown in Figure 13). Only one
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uncollimated detector is used because there is no dramatic difference between the signals -

of two uncollimated detectors which mainly register surface features of scanned objects.

Even though the x-ray beam scan in the raster direction with the rotating
collimator is different from those of previous LMR systems, the x-ray beam rotating
collimator system images have all the major LMR signatures: the lateral migration
shifting, the surface protruding object shadowing effect and the air volume contrast
enhancement.

Multiple-collided photons laterally migrate through the media and are registered
by the collimated detectors. At the photon first collision sites, the diffusion paths are
influenced by the x-ray beam angular incidence from the rotating collimator. But after
multiple collisions, the initial influences are essentially erased and there is little
difference in average energy deposition between the x-ray variable angular incidence
case and the perpendicular incidence case. For the surface protruding object shadowing
effect, the objects still block once-collided or multiple-collided photons as they attempt to
pass through the objects. However, the Compton scattering angular difference may affect
the total number of photons blocked by the objects. Similarly, air volumes do not
significantly affect the diffusion paths of the photons from the x-ray beam rotating
collimator compared with those of the x-ray beam perpendicular incidence case.
However, the x-ray beam rotating collimator does physically implement the raster scan in
a quite different manner than for the fixed collimator, perpendicular beam incidence case
and it does affect the LMR imaging physics and corresponding image acquisition and
image processing schemes. In the following sections, the LMR imaging physics are

studied.
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Imaging Physics of the Rotating Collimator

Using the x-ray beam rotating collimator, the raster scan is no longer the same as
when the x-ray beam has perpendicular incidence. When the rotating collimator rotates at
a certain speed, the speed of the x-ray beam spot on the scanned surface is a function of
the angle of the x-ray beam incidence. Furthermore, the spot size on the scanned surface
changes as the x-ray beam incidence angle changes. Because of continuous movement of
the x-ray beam spot on the scanned surface during the image data acquisition, resolution
in the image raster scan direction is not the same aé that in the image frame scan
direction. Studies of the x-ray beam angular incidence show there is also an image raster
direction squeezing effect and a Compton interaction angular difference effect. When the
LMR system is moving forward synchronously with the speed of x-ray beam rotating

collimator, the x-ray spot trace on the scanned surface is skewed.

X-ray Rotating
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X-ray Generator

Uncollimated
Collimated Detector
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Figure 13. LMR system setup with x-ray beam rotating collimator.
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Skewed Images

During the image acquisition process, the x-ray beam rotating collimator is
rotating while there is simultaneously constant frame movement of the x-ray generator
and detector assembly; this combination of movements affects the resulting images. The
trace of the x-ray beam spot on the scanned surface, as shown in Figure 14, is skewed to
the upper right corner of the scanned area. This image distortion can be corrected by

interpolation of the original data on a rectangular image grid.
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Figure 14. X-ray beam trace on the soil surface.

Non-uniform Speed of X-ray Scanning on the Soil Surface

While the rotating collimator is rotating at a constant speed, the x-ray spot on the
ground moves at a non-uniform speed.

When using this rotating collimator, the speed of the x-ray beam spot on the
scanned surface has to be obtained to realize uniform illumination of each pixel. In

Figure 15, V. is the horizontal speed of the pixel when the x-ray beam has perpendicular
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incidence and V,, is the horizontal speed of some other pixels on the raster scan line. The
speed of V,, is derived as follows:
PC/h=tan(6) > V,=h*®/cos’®) = V./ cos’()

where o is the angular speed of the rotating collimator.

SN

P V. c V

Figure 15. X-ray spot surface speed calculation diagram.

As indicated in the above derivation, the speed V, of the x-ray spot at any location
in a raster scan line is not a constant speed but a function of the x-ray beam incidence
angle. When the x-ray generator is set at a certain voltage and current level, for a fixed
size area at different locations along the raster scan line, a different amount of x-ray
illumination occurs at different locations because of different x-ray dwell times on the
given size area. Therefore, normalization algorithms need to be employed to ensure

uniform illumination for each pixel.



Variation of the X-ray Illumination Spot Size

For the illumination case where the x-ray beam always has perpendicular
incidence to the scanned surface, the beam spot shape on the scanned surface is not
changed. However in the case of the x-ray beam rotating collimator, with the changing
of the beam incidence angle, the beam spot size varies accordingly. When the x-ray
beam is away from the perpendicular incidence position, the beam spot on the scanned
surface tends to be elongated in the beam raster scan direction. As the x-ray spot gets
further away from the location of x-ray beam perpendicular incidence, the width of the
beam spot becomes greater. If the spot area at perpendicular incidence is A and the x-ray
incidence angle is 6, the area of the x-ray spot at any location along the raster line is
Alcos(B).

Definition of Resolution

In the x-ray perpendicular incidence case, the data acquisition is executed when
the system is still. Therefore, the definition of resolution is the exact size of the x-ray spot
on the scanned surface. In the x-ray beam rotating collimator case, the continuous motion
of the x-ray spot during the raster scan leads to a different definition of resolution in the
raster scan direction than for the x-ray beam perpendicular incidence case.

In LMR, a certain number of photons are needed to illuminate each pixel to have
reasonable photon quantum statistics. And to reach this number, a certain time is required
to illuminate the pixel. Given the x-ray generator power and its focal spot distance to the
ground, the required illumination time for a certain area by the LMR system is calculated
as follows:

x-ray effective power, P (watts) * dwell time, T4 (second/pixel) = A (joule/pixel)
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where x-ray effective power = x-ray power * (D / focal spot height)?

- T4 = [ A (joule/pixel) / (x-ray effective power in watts) ] seconds.

A (joule/pixel) is the energy representation of the reasonable photon number

required for good statitics. (i.e., yields approx. 10,000 detected photons per pixel)

D is a standard perpendicular distance from focal spot to the scanned surface.

First, the raster scan line is divided into squares called nominal pixels. Then the
rotating collimator rotates constantly at a certain angular speed. Since a certain time is
required to illuminate an area with a certain number of photons, during this period of
time, the x-ray spot has traveled a certain distance BC or DE (Figure 16). Then the total
illuminated area during this period of time, hereon named a real pixel, is greater than that
of a nominal pixel, with a longer length in the raster scan direction. Therefore, the

resulting image will have different resolution for the two orthogonal directions.

—»  Xx-ray spot moving direction

A BC DE F

Figure 16. Illustration of the resolution definition.

Raster Direction Squeezing Effect

As the result of using the x-ray beam rotating collimator as part of the LMR
system, the image formation is different than that of the case where the beam always has
perpendicular incidence. In order to analyze the effect of the x-ray beam rotating

collimator on the acquired images, several MCNP'"® simulations (Monte Carlo computer



simulations) of buried land mines under x-ray beam angular incidence are carried out.
The acquired images or data show different mine burial situations which include a 2.5
cm, 5 cm and 7.5 cm depth-of-burial cases as well as a uniform background with no mine
buried case.

In Figure 17, the 2.5 cm depth-of-burial case, the mine is located at the center of
the scanned area. This mine is a solid dummy mine which has no air space. The
intensity decrease from the center of the object is not isotropic; in the raster scan
direction, the decrease is relatively faster at the same distance from the center than that in
the frame scan direction. This is named a raster direction squeezing effect. With an
increase in the depth-of-burial, this effect gets much more noticeable. This can be seen in
Figure 18 and Figure 19.

Geometric analysis shows, the cause of the squeezing effect is related to
geometric projection between the pixel location and the real x-ray interaction location. In
the LMR system, image pixel locations are defined by the x-ray beam locations on the
scanned surface. For the case of an x-ray beam incident perpendicular to the scanned
surface, the point where the x-ray beam vertical projection hits the object has the same
pixel coordinate location as the source. For an x-ray beam with angular incidence from
the rotating collimator, the incidence beam location on the soil and the location of where
the x-ray beam interacts with the object, except for perpendicular incidence, have
different coordinates. Because x-ray beam angular incidence is in the raster scan
direction, the geometric length of a buried object in the raster direction is represented by
a smaller length in the acquired images. In Figure 20, DE is the length in an LMR image,

while AB, the actual length, is greater than DE.
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Figure 17. MCNP simulation images under x-ray beam angular incidence —2.5cm DOB.
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Figure 20. Illustration of raster direction scanning and its distortion in LMR images by x-
ray beam angular incidence.

Compton Interaction Angular Difference

In Figure 19, the 7.5 cm burial case, there are high intensity edges along the left
and right end of the uncollimated detector images. This shows that there is another
mechanism behind the image formation, the Compton interaction angular distribution.
When x-ray photons interact with the electrons of the object and surrounding material,

the angular distribution of the scattered x-ray photon is predicted by the Klein-Nishina

formula, which is presented as the differential scattering cross section do/ d(2:

)2(1+cosz6’)(1+ a’(1-cosf)’
1+ a(l-cos6) 2 (1+cos> O)[1+a(l —cosH)]

do 9 1
—=27r;
70 o (

where oo = hv/moc?, Z is atomic number, 1o is the classical electron radius and © is the

scattering angle.

When the x-ray photon is at a high energy level, forward scattering is dominant.

The major part of the x-ray spectrum used in LMR system is in the range of 40 to 60 keV,
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which has a slightly forward preference in the photon scattering distribution.  This
anisotropy will result in an intensity difference of backscattered photons when the case of
x-ray beam perpendicular incidence is compared with the case of x-ray beam variable
angular incidence. This can be seen in the MCNP simulation image data of the uniform
background case. Since there is no heterogeneous object in the scanned area,
theoretically the signal intensity of each pixel should be approximately the same. In the
uncollimated detector image data of the angular incidence case (Table 1), there is clear
evidence that when the x-ray beam approaches a greater scanning angle, the
backscattering signal is higher. The signal difference between the x-ray beam at the (0,0)
position and the (0,8) position is about 1.7 % while the standard deviation of the data is
about 0.1 %. This means that the 1.7 % signal difference is definitely not from the
statistical fluctuation of the simulation and very probably it is from the Compton
scattering angular distribution. For the uncollimated detector image data of the x-ray
beam perpendicular incidence case (Table 2), the signal difference is about 0.4 % and has
the same standard deviation as the angular incidence case.

When a subsurface object has shallow depth, the signal is much greater than the
variation caused by the Compton interaction angular difference. As the object depth is
greater, the signal-to-noise ratio approaches one and the Compton interaction angular
preference effect shows up in the image. The reason this effect shows clearly in
uncollimated detector data is that uncollimated detectors register predominantly once
collided photons which carry the signature of the different Compton interaction angular
difference effect associated with the x-ray beam incident angle. The multiple collided

photons, which are registered mostly by collimated detectors, have experienced several




Compton interactions and the initial difference of Compton interaction angular difference
caused by different x-ray incidence angles has been greatly smoothed out. As shown in
Table 1, the collimated detector signal difference is about 0.7 %, the standard deviation is
about 0.3 %, and there is no clear sign of the Compton interaction angular difference
effect because multiple collided photons are mainly registered by the collimated
detectors.

Table 1. Half raster scan line data of uniform background under x-ray beam angular
incidence.

Front Collimated Rear Collimated Front Uncollimated
Detector Detector Detector
Position| Energy | Relative | Energy Relative Energy Relative
Deposition| Error | Deposition Error | Deposition Error
0,0 7.84E-10 | 0.0027 | 7.84E-10 0.0025 2.30E-08 0.0007
0,1 7.88E-10 | 0.0028 | 7.87E-10 0.0026 | 2.30E-08 0.0007
0.2 7.90E-10 | 0.0029 | 7.86E-10 0.0026 | 2.30E-08 0.0007
0,3 7.87E-10 | 0.003 7.85E-10 0.0025 2.30E-08 0.0007
0,4 7.87E-10 | 0.0027 | 7.84E-10 0.0026 | 2.31E-08 0.0007
0,5 7.88E-10 | 0.0026 | 7.89E-10 0.0026 | 2.31E-08 0.0007
0,6 7.90E-10 | 0.0028 | 7.91E-10 0.0027 | 2.32E-08 0.0007
0,7 7.88E-10 | 0.0028 | 7.88E-10 0.0027 | 2.33E-08 0.0007
0,8 7.89E-10 | 0.0028 | 7.91E-10 0.0027 | 2.34E-08 0.0007
Table 2. Half raster scan line data of uniform background under x-ray beam
perpendicular incidence.
Front Collimated Rear Collimated Front Uncollimated
Detector Detector Detector
Position| Energy | Relative | Energy Relative Energy Relative
Deposition| Error | Deposition Error Deposition Error
0,0 7.87E-10 | 0.0027 | 7.84E-10 0.0025 2.30E-08 0.0007
0,1 7.86E-10 | 0.0028 | 7.85E-10 0.0025 2.30E-08 0.0007
0,2 7.84E-10 | 0.0029 | 7.83E-10 0.0025 2.30E-08 0.0007
0,3 7.86E-10 | 0.0028 | 7.81E-10 0.0025 2.30E-08 0.0007
0,4 7.86E-10 | 0.003 7.81E-10 0.0025 2.29E-08 0.0007
0,5 7.86E-10 | 0.0029 | 7.82E-10 0.0025 2.29E-08 0.0007
0,6 7.84E-10 | 0.0026 | 7.81E-10 0.0025 2.29E-08 0.0007
0,7 7.82E-10 | 0.0028 | 7.80E-10 0.0026 2.29E-08 0.0007
0,8 7.80E-10 | 0.0028 | 7.79E-10 0.0026 2.29E-08 0.0007




ROTATING COLLIMATOR UNIQU(I:EHI/I?/IPAng iCQUISITION ALGORITHMS AND
IMAGE ANALYSIS
Image Acquisition Algorithms

Analysis

As discussed in Chapter 3, non-uniform speed of the x-ray bearﬁ raster scan on
the imaged surface and beam spot size variation along the raster scan line are two of the
effects that affect the image data acquisition scheme. Definition of resolution in the raster
direction of acquired images is a key to understanding the resolution difference between
the raster scan direction and motion direction. Two different image data acquisition
algorithms are studied and tested based on different objectives. The first data acquisition
algorithm is based on a uniform x-ray illumination area. In this scheme, sampled data
points are assigned to different pixels according to their corresponding physical locations.
This scheme causes non-uniform illumination among different pixels which can be
mathematically compensated for after the image acquisition. The second data acquisition
algorithm is based on uniform x-ray illumination time for each pixel. This scheme causes
non-uniform pixel size along the raster scan direction which increases the complexity of
the definition of resolution in the image raster scan direction. The first scheme is used in
the image data acquisition process.

In the raster scan of image acquisition, the x-ray beam spot has a non-uniform

speed on the scanned surface. It observes the following relationship:

Vo=V./ cos*(0)
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where 0 is x-ray beam incidence angle relative to perpendicular incidence (see Figure
15).
The speed of the x-ray beam spot is a function of its location. It scans faster at locations
away from perpendicular incidence. However, the data acquisition card can only sample
detector signals at a certain constant rate. If uniform pixel size is preferred, because of the
non-uniform speed of the x-ray spot on the scanned surface, the data acquisition time for
each pixel must be different. Then, the x-ray illumination of each pixel is different, which
means that image distortion (artificial intensity variation) is introduced into images. By
the same token, if uniform data acquisition time is preferred, the corresponding scanned
area of each data acquisition time interval is not uniform which means that non-uniform
image resolution in the image raster direction is introduced. These two cases are analyzed
in the following sections.
Sampling Methods
Uniform pixel size scheme

In this scheme, the underlying principle is that images should have uniform
resolution along the raster scan direction. Assume the x-ray beam rotating collimator
angular speed is o, the data acquisition rate is f, x-ray output power is p, pixel
illumination intensity is I and the number of sampled data points for each pixel is n. (for
all other parameters, refer to Figure 21). Following is a development of pixel illumination
intensity as a function of pixel location.

AX = X;+1 — X; = h * (tan(6;4+)) — tan(B;)) = constant

AB = 6;4 - 6; = arctan(X;+/h) - arctan(x;/h)

w=A0/At = At=A0/ o = [arctan(x;s /h) - arctan(x;/h)] / ®
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I=p* At =p * [arctan(x;+/h) - arctan(xi/h)] / @

n; = f * [arctan(x;+i/h) - arctan(xi/h)] / ®

1

Xi Xi+]

Figure 21. X-ray incidence geometry

The above development assumes that the x-ray beam spot size is constant at
different x-ray beam angular incidences. In reality, the x-ray beam spot size changes as
the x-ray incidence angle changes. It is elongated as the x-ray beam moves away from the
perpendicular incidence. Therefore, by using the above data acquisition scheme, acquired
images still have non-uniform pixel size along the image raster scan direction. To achieve
uniform pixel size along each raster scan line, the above data acquisition scheme needs to
be modified to accommodate pixel elongation at different x-ray incidence angles. The
following is the development.

C = constant, the length of the x-ray beam spot of perpendicular incidence

X = total length along raster scan line
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M = X / C, is total number of pixels

Ax = Xi+1 —%x; = C * cos(J;) = C * {h/ sqrt( h? + xiz)}, where x; =0

AB = 0;;; - ©; = arctan(X;+/h) - arctan(xi/h)

At = AD / ® = [arctan(xi+1/h) - arctan(xi’h)] / ®

= {arctan(x; + C * [h/ sqrt( h* + x%)] ) - arctan(xi/h)} / ®

n;= f* {arctan(x; + C * [h/ sqrt( h?+ xiz)] ) - arctan(xi/h)} / ©

As indicated by the above development, the pixel illumination intensity indeed is
a function of pixel location. The pixel illumination intensity is higher near the center of
an image than at the edges. This artificial pixel illumination intensity variation needs to
be corrected to achieve uniform pixel size and pseudo-uniform pixel illumination. The
correction function is obtained by first normalizing the pixel illumination intensity values
and then taking their reciprocals. Multiplying each correction coefficient by the
corresponding pixel value yields a backscatter field from uniform pixel illumination.
Uniform illumination time scheme

In this scheme, there is a uniform time period for each pixel which means uniform
x-ray illumination for each pixel. However, the size of each pixel is not uniform; pixels
away from perpendicular incidence are larger than ones near it. This is shown in the
following development.

From Chapter 3, V,= V. / cos’(0) where V.=h * o. Define S as the pixel length
along the raster direction, 6 as the x-ray fan beam angle, N as the total number of pixels.
And all other parameters refer to Figure 21.

AB; = (Bi+; - 6;) = 6 / N = constant, angle subtended by each pixel to the x-ray

focal spot




At =ty —ti=const=(0i+1-0)/®, ;=0

s= " vydt= " Vpdy/, do=h* [ 1/cos?®) do

i i

S =h * [tan(bi4) - tan(6;)]

The pixel elongation effect along the raster direction has the following
relationship:

Sp = Sc/ cos(0)

S, is raster direction length of x-ray beam spot under perpendicular incidence

Sp is raster direction length of x-ray beam spot under angular incidence

Therefore, S, =h * [tan(6;+) - tan(0;)] / cos(0;).

The above development shows that the raster length of each pixel is a function of
the x-ray beam incidence angle. In this uniform illumination scheme, the non-uniform
pixel size can not be corrected. The artificial resolution difference along the raster scan is
always in the acquired images. Comparing the two data acquisition schemes, the uniform
pixel size scheme has a clear advantage. It not only has uniform pixel size, but also has
uniform x-ray illumination intensity for each pixel after applying the correction
algorithm. Therefore, the uniform pixel size data acquisition scheme is used in the
measurements.

Image Analysis

Though the uniform pixel size data acquisition scheme is used in measurements
and the image raster direction has uniform resolution, there is still a resolution difference
between the raster scan direction and the frame scan direction in the image. As discussed
in Chapter 3, the x-ray beam spot on the scanned surface for the perpendicular incidence

case is defined as the nominal pixel, and a real pixel is always greater than the nominal
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pixel along the raster direction because of the movement of the x-ray beam spot caused
by the rotating collimator. This resolution difference of two orthogonal directions can not
be eliminated because the x-ray beam spot needs to move to scan. However, the
resolution difference can be reduced to a certain level through a data processing
algorithm.
Linear Asymmetric Weighting Algorithm

For the uniform pixel size data acquisition scheme, when suitable parameters are
selected, a real pixel size is twice as big as that of a nominal pixel along the raster scan
direction. And ’two adjacent real pixels have an overlap of the size of one nominal pixel
(Figure 22). Sampled data points for each real pixel are summed to represent the intensity

of backscattered x-ray photons.

NP, NP, NP,
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NP, nominal pixel. ~ RP, real pixel.

Figure 22. Nominal pixel and real pixel relation geometry.
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In Figure 22, sample Si corresponds to time Ti. Thus, each sample relates to a
certain x-ray illumination spot on the scanned surface. Using the uniform pixel size
scheme, when the x-ray illumination spot fills the second nominal pixel precisely, the
first real pixel scan is finished and all the samples of the real pixel are summed together
as the first nominal pixel image intensity in the acquired images. Similar events happen
for the second real pixel and there is one nominal pixel area overlap between the two real
pixel scans. This means that in each nominal pixel image intensity, there is always
information contributed from its adjacent nominal pixel, and the later samples in the real
pixel scan has more information from the second nominal pixel than from the first one. In
order to reduce the information content from second nominal pixel, a linear asymmetric
weighting algorithm is introduced to process the sampled data of each raster scan. As
illustrated in Figure 23, this algorithm gives more weight to samples containing more
information from the first nominal pixel and gives less weight to samples containing
more information from the second nominal pixel. In this way, information from the first
nominal pixel is emphasized. There is some, but very limited resolution improvement in
the raster direction in Figure 24, which shows collimated detector images of a 15 ¢cm
diameter plastic surrogate mine buried 2.5 cm deep in soil. In the rotating collimator, a V-
belt is employed to drive the rotating collimator. The belt slips during the rotation of the
rotating collimator which presents a certain level of randomness in the raster line of the
acquired images. This randomness, even though is not significant to distort the acquired
image in a dramatic fashion, it can affect the performance of the algorithm. However, the
above algorithm is not the best one to improve the image resolution, a linear symmetric

weighting algorithm is developed and presented in appendix D.
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Figure 23. Tllustration of linear asymmetric weighting algorithm.

Frame Scan (pixels)

15.00
Raster Scan (pixels)

0.36

0.34
0.32
0.30
0.28

Frame Scan (pixels)

15.00 20.00
Raster Scan (pixels)

b

Figure 24. Comparison of collimated detector images of before and after linear
asymmetric weighting filter. a) Image of data before linear asymmetric weighting filter;
b) Image of data after linear asymmetric weighting filter.
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Comparisons of Measurement Images and MCNP Images

In Chapter 3, MCNP simulations show that there is a raster direction squeezing
effect in images. However, there is no trace of this effect in any acquired measurement
image (Figure 25). Reviewing the MCNP simulation algorithm and measurement
parameters, two factors could lead to this difference. First, in MCNP simulations, the
signal-to-noise ratio, to some extent, is controlled by the total number of illumination
photons per pixel. The user can increase the ratio by increasing the number of photons
per pixel. In the measurements, the leakage field strength of the x-ray generator dictates
the signal-to-noise ratio. In the current measurement setup, about 2 % of the detected
photons are from generator leakage. In the MCNP simulations, a “perfect” source with no
leakage is used. The generator leakage effect makes it more difficult to observe raster
direction squeezing effect in any acquired measurement image. Secondly, in the MCNP
simulations, the raster scan is implemented as a stepping-coordinate pixel illumination
rather than as a continuous illumination. In this case, a nominal pixel is a real pixel and
there is no raster resolution definition difficulty. The geometric projection effect
discussed in Chapter 3 is presented in simulation images without any distortion.
However, in measurements, continuous movement of the x-ray illumination spot reduces
the differences between adjacent pixel intensity, and therefore, reduces the contrast of the
squeezing effect in the image raster direction of measurement images. Future MCNP
simulations should simulate continuous movement of x-ray illumination spot on the

scanned surface to examine the similarity and difference between the MCNP and

measurement images.
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In the MCNP simulation images in Chapter 3, there is an intensity increase along
two sides of the uncollimated detector images for the three inch burial case. This is
shown to be due to a Compton interaction angular difference. However, there is no
intensity increase in the corresponding measurement images. The main factor is signal-to-
noise ratio. The 2 % x-ray generator leakage field is strong enough to mask the Compton

scatter angular difference which is less than two percent in the MCNP simulation images.

TITIITITTT]
]

Frame Scan {pixels)

15.00 20.00
Raster Scan (pixels)

Figure 25. LMR uncollimated detector image of 15 cm diameter plastic surrogate mine
buried at 2.5 cm.

Image Processing
The combined motion of the rotating collimator and the x-ray generator and
detector assembly leads to a slant scan trace of the x-ray illumination spot. This should
lead to every object in the plotted images shifting towards the lower right corner. In order

to get data points on a rectangular grid, interpolation correction of the original image data




49

is employed. A 4 cm wide steel bar is laid on the soil surface and its orientation 1s
orthogonal to the assembly motion direction. It is scanned to generate an LMR
uncollimated detector image. Both the original data image and the interpolation corrected
data image are presented in Figure 26. As indicated in the original data image, the slant
scan trace leads to maximum half pixel tilt to the lower right corner compared to one
pixel of theoretical value. Several factors can contribute to this difference. First, simple
human error could result in the bar not being placed exactly orthogonal to the motion
direction. Secondly, a certain fraction of multiple scattered photons is registered by the
uncollimated detectors. Multiple scattered photons carry additional information from
areas other than the x-ray illumination spot which blurs differences between the steel bar
and its surrounding soil. So, in each raster scan, there is only a half pixel tilt to the lower
right corner of the image. In the interpolation corrected image, there is no object tilting to
the lower right corner. However, there is object tilting by half a pixel to the upper right
comner of the image. This is from the image interpolation correction of which each raster
scan line, from the leftmost to the rightmost pixel, has shifted the data one pixel length
upwards in the frame scan direction. However, the image interpolation introduces a
certain level of image averaging which results in blurring of image details. Furthermore,
the level of tilting (rotation) is very small, for large object detection application, e.g., land
mine detection, it is hardly noticed. Therefore, the images without image interpolation

processing are also acceptable.
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Figure 26. LMR images of a steel bar laid on soil surface. a) Original image; b)
Interpolation corrected image.




CHAPTER 5
GENERAL LMR IMAGE PROCESSING AND PATTERN RECOGNITION
ALGORITHMS
Image Enhancement

All real images contain noise, e.g., quantum noise, electronic noise, etc.. In LMR
images, random noise and quantum noise are major reasons for the existence of image
speckles.l6 During image acquisition, other photon sources compete with x-ray photons.
They include gamma ray photons and cosmic rays. Compared to x-ray photons, gamma
ray photons have a higher energy and cosmic rays have an extremely high energy level.
Gamma rays are emitted from surrounding materials and cosmic rays come from outer
space. For x-ray photons, because of the limited power of the x-ray generator and the
nature of Compton backscattering, the total number of backscattered x-ray photons
registered by the detectors is limited; therefore, photon statistical variation is noticed in
some LMR images. Gamma rays and cosmic rays are impulse noises which cause high
intensity image pixels at random positions. X-ray statistical variation causes pixel values
either higher or lower than the mean value. These are salt and pepper noises which are
random black and white spots in the acquired images. Electronic noise exists in the LMR
system, but because of the design of the electronic system and modern technologies, this
noise is suppressed to a very low level. Therefore, major noises in LMR images are “salt
and pepper noise” and impulse noise. In order to remove or suppress these noises to

improve image quality, image filtering is employed. The employed filters include mean

filter or local averaging filter, median filter and Weiner filter."”
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The local averaging filter is a linear filter. In a 4-connneted or 8-connected
neighborhood window of an image pixel, certain weights are assigned to these pixels and
the weighted sum of these pixel values is the filtered value of the center pixel. This filter
is spatially invariant which means that the same weight assignment applies to each
connected neighborhood window. In Figure 27, there are two typical local averaging
filters: one is a 4-connected neighborhood filter, the other is a 8-connected neighborhood

filter.

175 1/16 | 1/8 | 1/16

/5 | 15 | 1/5 1/8 | 1/4 | 1/8
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1/16 | 1/8 | 1/16
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Figure 27. Local averaging filter masks. a) 4-connected neighborhood mask; b) 8-
connected neighborhood mask.

In Figure 28, a 15 cm diameter plastic surrogate mine is buried one inch
deep in soil. There are a number of isolated intensity increases and intensity decreases in
the image. These are salt and pepper noise and impulse noises. After applying 4-

connected and 8-connected neighborhood filters, some of the noises are removed, but
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there is still a certain level present in the images. The filtered images are in Figure 29 and

Figure 30.

156.00 20.00 25.00

Figure 28. Original LMR uncollimated detector image of a 15 cm diameter plastic
surrogate mine buried 2.5 cm deep in soil.

Figure 29. Local averaging filtered images of image of Figure 26. The image filter is
4-connected neighborhood local averaging filter.
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Comparing the two different local average filters, the 8-connected neighborhood
local average filter removes more noise than the 4-connected neighborhood local
averaging filter. This is within expectation, since the 8-connected neighborhood local
averaging filter averages pixel values from a larger area than the 4-connected
neighborhood local averaging filter. Comparing unfiltered image and filtered images,
certain sharp intensity changes from the object to the background in the original image
are blurred into gradual changes in filtered images. This is a drawback of the local
averaging filter.

When salt and pepper noise and impulse noise exist in an image, a local averaging
filter can only remove a certain level of these noises. One of the best filters to remove
these noises is a median filter. A median filter is a nonlinear filter which means that it is
not a weighted sum of pixels in successive windows like the local averaging filter. In a
median filter, within a certain size neighborhood, the median of all the pixel values is
selected and assigned to the center pixel. Applying the median filter, isolated pixel
intensity value increases and decreases are removed efficiently and the sharp
discontinuities in the original image are preserved (Figure 31). Another effective filter
applied to LMR images is the Wiener filter. The Wiener filter is a linear adaptive filter.
When variance of a selected neighborhood is large, the filter does little smoothing; when
variance of a selected neighborhood is small, the filter performs more smoothing.
Therefore, it performs better than a comparable local averaging filter (Figure 32). Even
though the Wiener filter performs best when noise is constant power additive noise, it

still removes the majority of the salt and pepper and impulse noise in the LMR image.
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Figure 30. Local averaging filtered image of image in Figure 28. The image filter is
8-connected neighborhood local averaging filter.
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Figure 31. Median filtered image of image of Figure 28.
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Figure 32. Wiener filtered image of image of Figure 28.

Image Segmentation
After image filtering, objects in filtered images are usually well-defined and can
be processed further to acquire more information from the images. Image segmentation is
an effective method to separate different objects in the images into different regions for
individual processing. Segmentation can be accomplished through various methods;
thresholding is one of these techniques. In this section, an iterative threshold selection
algorithm'® is used to obtain a threshold to separate objects from background.
Iterative threshold selection algorithm:
1. An initial threshold is selected to partition an image into two parts. Here
the initial threshold is an average value of the image intensity.
2. Then an average of each part of the image is computed, the higher value
average is y, and lower value average is po.
3. A mean of these two averages is calculated as a new threshold to re-

partition the image.
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4. Repeat steps 2 and 3 until the new threshold is the same value as the old

threshold.

Using the image in Figure 31 as input, the above algorithm is applied and the
segmented image is shown in Figure 33a. In the segmented image, the background is
eliminated and assigned zeros.

After image filtering and segmentation, some LMR images may have small
artifacts such as isolated peaks or lingering tails. These artifacts usually can be eliminated
through image morphology operations. The erode operation is used in the image
processing program for artifact elimination. Since the morphology operations usually
work on black and white images, a black and white copy of the segmented image is
obtained as an image map in the erode operation. In this operation, a certain size
neighborhood block is specified and used as an eraser to remove any similar shape in the
black and white image. After the erode operation, the original segmented image is
updated based on changes in the eroded black and white image. The neighborhood block
used in the program is shown in Figure 34. Using this block shape, both isolated peaks
and lingering tails are usually removed from the filtered and segmented images (Figure
33b).

The above iterative threshold selection algorithm partitions a single image into
two images. One is an image with objects and the other is background. When objects
with high Compton scatter cross sections and objects with high photoelectric effect cross
sections are both present in the same imaged area, one of them will be incorrectly
classified into the background image. A small modification of the above algorithm can

partition images correctly when both types of objects are present.




58

Figure 33. Median filtered image and its corresponding segmentation image of a 6
inch diameter surrogate mine buried 1 inch deep in soil. a) Segmentation image; b)
Neighborhood eroded image of segmented image.

Figure 34. Neighborhood block used in image morphology operation.
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Modified iterative threshold selection algorithm:

1.

An initial threshold is selected to partition an image into two parts. Here the
initial threshold is an average value of the image intensity.

Then an average of each part of the image is computed, the higher value
average is b, and lower value average is L.

A mean of these two averages is calculated as a new threshold to re-partition
the image.

Repeat steps 2 and 3 until the new threshold is the same value as the old
threshold.

Using p; as threshold number one, values higher than the threshold are
classified into the first image which includes high intensity objects, e.g., a
plastic land mines in the land mine detection application. Using p, as
threshold number two, values lower than the threshold are classified into the
second image which includes low intensity objects, e.g., metallic land mines.
The rest of the image is classified into the third image which is the

background.

In Figure 35a, an LMR uncollimated detector image of a steel bolt and plastic

surrogate

algorithm,

mine is presented. Applying the modified iterative threshold selection

three images are obtained and the segmented images of object with higher

intensity and object with lower intensity than the background are presented in Figure 35b

and 35c¢. The high intensity object, the plastic surrogate mine, is partitioned into the first

image; the low intensity object, the steel bolt, is partitioned into the second image.




60

1500 2000 2500

C

Figure 35. Uncollimated detector image and segmented images of a 15 cm diameter
plastic surrogated mine buried 2.5 cm deep with a steel bolt laid on soil surface. a)
Original uncollimated detector image; b) Segmented high intensity object image; c)
Segmented low intensity object image.
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Image Calculation
Surface Feature Removal
From each LMR image scan, there are three images of the scanned area:
uncollimated detector image, front collimated detector image and rear collimated detector
image. Because of the LMR detector array configuration, these images have strong

correlations between them.'’

N(%,y) = (Pe(x,y)-Mine)/(Max.-Min)*255 - (Pu(X,y)-Min,)/(Max,-Min,)*255
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Figure 36. Surface features removal illustration. In the experiment, a 15 cm diameter
plastic surrogate mine buried 2.5 cm deep and a 12.5 cm by 8.8 cm by 3.8 cm wood block

laid on soil surface. a) Collimated detector image; b) Uncollimated detector image; ¢)
Surface feature removed image.

The uncollimated detector image has primarily surface and near-surface features
and the collimated detector images have both surface features and subsurface features.
Therefore, surface feature removal can be accomplished by manipulating the collimated
and uncollimated images. For example, in Figure 36, there is one plastic surrogate mine
buried 2.5 cm deep and a surface laid wood block. Using image subtraction, the surface

laid wood block is removed in the resulting image.
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In Figure 37, there is a negative soil surface slope of 2.5 cm per 30.5 cm of travel
in the frame scan direction. The intensity responses of the slope in the collimated and
uncollimated detector images are opposite. This slope can be minimized by image
addition. If a mine buried in an area with a surface slope, the previous discussed image
segmentation algorithms may not work properly, part of the high intensity area of the soil
surface may be classified as a part of mine. However after the elimination of the slope in

the LMR images, the image segmentation algorithms can perform as desired.

N(x,y) = (Pu(X,y)-Min,)/(Max,-Min,)*255 + (Pe(x,y)-Minc)/(Max-Ming) *255

Figure 37. LMR images of soil with slope surface. a) Collimated image; b) Uncollimated
image; ¢) Addition image.
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Because of the LMR detector design and the different photon interaction cross
sections of different objects, the responses of the same object can be different in the
uncollimated and collimated detectors. In the land mine detection application, for plastic
mines, the responses in all detector images are higher intensity than the responses of the
soil. In contrast, metallic mines have lower intensities in all detector images. For
potholes, the response in uncollimated detector images is an intensity decrease while in
collimated detector images there is an intensity increase (see Figure 38). Therefore, a
correlation between uncollimated detector images and collimated detector images can be

used to minimize the false positives in land mine detection.
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Figure 38. LMR images of a pothole. a) Uncollimated detector image; b) Collimated
detector image.

Subsurface Object Location and Depth Estimation
After image filtering and image correlation, both random noises and surface

features are removed. Image segmentation partitions an image into several individual
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sub-images that each contain one object. In each sub-image, object and background are
relatively well-defined and can be further processed for object information extraction and
pattern recognition. Subsurface object location and depth can be estimated, since the
object depth is related to the degree of lateral migration shifting between front and rear
collimated detector images. As an application example, a total of twelve real land mine
LMR collimated detector images are used to develop algorithms to estimate land mine
locations and their depth-of-burials. These collimated detector image data are presented
in Table 3. In these real mine image data, one of them (TM-62P3, 2 inch burial) may
have been corrupted electronically during the data acquisition, and because of limited
access of these real mines, reexamination of this mines has not been done.

Using the above data, land mine location and depth-of-burial estimation algorithms are
developed.

Algorithm 1: The coordinates of the maximum intensity pixels in the segmented front and
rear collimated detector images are used to calculate lateral migration shifting and then
calculate the center location of the land mine.

Algorithm 2: The geometric center of the segmented front and rear collimated detector
images are used to calculate lateral migration shifting and then calculate the center
location of the landmine.

Algorithm 3: The coordinate of the raster scan direction is that of the maximum image
intensity pixel. The coordinate of the frame scan direction is obtained as that of the pixel
of the intensity moments center along the column of the maximum intensity pixel in the
front and rear collimated detector images. These coordinates are used to calculate lateral

migration shifting and then calculate the locations of the land mines.
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Algorithm 4: The coordinate of the raster scan direction is that of the geometric center
pixel. The coordinate of the frame scan direction is obtained as pixel lécation of the
average intensity moments center along the column of the maximum intensity pixel and
its two adjacent columns in the front and rear collimated detector images. These
coordinates are used to calculate lateral migration shifting and then calculate the locations

of the land mines.

Table 3. The ratio of maximum to minimum intensity of uncollimated detector and
collimated detector response for 12 real land mines.

Uncollimated Collimated
Mine Type Dimensions |Detector Response |Detector Response Depth-of-burial
(cm) Ratio Ratio (cm)
Front Rear Front Rear
MI19 AT 33.3x33.3 1.20 1.19 3.83 3.50 2.5
1.06 1.06 1.71 1.47 5.0
PTMI-BA3 |AT D=32.8 1.30 1.30 5.00 4.67 2.5
1.07 1.08 1.91 1.83 5.0
TM-62P2 |AT D=30.7 1.33 1.34 2.33 2.36 2.5
1.25 1.32 1.72 1.78 5.0
TM-62P3 |AT D=30.7 1.94 1.76 1.56 1.64 2.5
1.71 1.71 1.5 1.79 5.0
TYPE 72 |AT D=26.9 1.09 1.09 2.60 227 2.5
1.08 1.08 1.54 1.50 5.0
VS-2.2 AT D=24.1 1.07 1.06 240 2.09 2.5
1.06 1.06 1.48 1.45 5.0
TMA-4 AT D=28.4 1.24 1.26 1.79 1.77 2.5
1.08 1.08 1.47 1.38 5.0
TMA-S AT 31x27.4 1.22 1.20 5.50 5.25 2.5
1.07 1.07 1.76 1.60 5.0
VS-1.6 AT D=22.1 1.68 1.71 4.75 5.00 2.5
1.09 1.08 1.56 1.58 5.0
VS-MK2 |AP D=8.9 1.58 1.56 2.00 2.11 SURFACE
1.19 1.18 1.37 1.35 FLUSH
VS-50 AP D=8.9 2.05 2.16 2.44 2.44 SURFACE
1.79 1.89 1.61 1.69 FLUSH
TS/50 AP D=8.9 1.60 1.79 3.43 3.00 SURFACE
1.24 1.30 1.40 1.37 FLUSH

AT = Antitank AP = Antipersonnel
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Table 4. Land mine center location and lateral migration shifting estimation obtained
through four estimation algorithms. h, algorithm 1; p, algorithm 2; w1, algorithm 3; w,
algorithm 4.

Mine Name XY | XY, L, | XY, L, | XY La | XuYw | L.
M-19 (1) 13,13 15,13 5 15,13 4.5 15,14 6 15,14 5.7
2) 13,13 14,12 7 14,12 5 14,13 6 14,13 6
PTMi-Balll (1) | 13,13 | 13,13 5 13,13 5 13,14 5 13,14 |47
(2) 13,13 14,13 6 13,13 5.5 14,13 5 13,13 5
TM-62P2 (1) | 13,13 [ 13,13 |4 13,13 |45 13,14 4 13,14 [ 43

2) 13,13 14,7 10 13,13 0 14,11 1] 13,11 11.3
TM-62P3 (1) | 13,13 [17,12 |5 14,11 0.5 17,14 4 14,13 5
(2) 13,13 19,6 7 13,12 2.5 19,11 11 13,11 0
TYPE72 (1) 14,12 14,12 5 13,12 5.5 14,13 5 13,13 5
(2) 14,12 13,12 5 14,13 6.5 13,13 6 14,13 6
VS-2.2 (1) 12,11 11,11 5 11,11 4.5 11,12 S 11,12 5
(2) 11,11 11,12 6 12,12 5.5 11,13 6 12,13 5.7
TMA-4 (1) 12,12 12,12 6 12,12 3.5 12,13 4 12,13 4
(2) 12,12 15,10 3 13,10 1.5 15,11 5 13,12 4.3
TMA-5 (1) 13,13 13,13 8 12,13 5 13,14 6 12,14 6
) 13.13 11,13 8 12,13 6 11,14 7 12,14 6.3
VS-1.6 (1) 12,11 11,11 5 11,11 4.5 11,11 S 11,11 5
(2) 12,11 11,11 5 12,11 6.5 11,11 5 12,11 5
VS-MK2 (s) 8,8 8,7 3 7,7 1 8,8 1 7,8 1.7
® 8,8 9,7 5 8,8 6 9,9 6 8,0 6
VS-50 (s) 8,8 9.8 2 8,8 0.5 9,9 2 8,9 2
(f) 5,5 6,5 3 6,5 3.5 6,5 3 6,6 3.3
TS/50 (s) 5,5 5,5 1 5,5 0 5,6 0 5,6 0.3
(f) 8,8 8,9 4 7,9 4.5 8,10 4 7,10 4.7
(1) 1 inch depth-of-burial (2) 2 inch depth-of-burial
(s) surface laid (f) flush buried

The results from these algorithms and comparisons with the true land mine center
locations are presented in Table 4. Comparing these results, algorithm 2 and algorithm 4
perform better than the other two algorithms. Their predictions of the center locations of
these land mines are very similar to the true locations and majority of the data show there
is a relationship between lateral migration shifting length and the depth-of-burial
(correlation coefficients between levels of lateral migration shifting and depth-of-burials
for the four algorithms are 0.9875, 0.7626, 0.7794 and 0.9882). However, the amount of

shifting between different land mines for a given depth-of-burial is different, which
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means that lateral migration shifting distance alone can not be used to estimated the
depth-of-burials of land mines. The type of mine has to be taken into account (as does the
type of soil). Division of the lateral migration shifting distance by its corresponding
collimated detector image mine-to-soil ratio creates a feature that can be used to estimate

depth-of-burial of a land mine. This is presented in Table 5.

Table 5. Real mine data and their depth-of-burial estimation classifier.

Collimated
Mine Depth-of-burial L, Ly Detector Average L,/R L./R

(cm) Response

Ratio R
MI9 2.5 4.5 5.7 3.67 1.23 1.55
5.0 5 6 1.59 3.14 3.71
PTMI-BA3 2.5 5 4.7 4.84 1.03 0.97
5.0 5.5 5 1.87 2.94 2.67
TM-62P2 2.5 4.5 4.3 2.35 1.91 1.83
5.0 0 11.3 1.75 0 6.46
TM-62P3 2.5 0.5 5 1.60 0.31 3.13
5.0 2.5 0 1.65 1.52 0.00
TYPE 72 2.5 5.5 5 2.44 2.25 2.05
5.0 6.5 6 1.52 4.28 3.95
VS-2.2 25 4.5 5 2.25 2.00 2.22
5.0 5.5 5.7 1.47 3.74 3.88
TMA-4 2.5 3.5 4 1.78 1.97 2.25
5.0 1.5 4.3 1.43 1.05 3.01
TMA-5 2.5 5 6 5.38 0.93 1.12
5.0 6 6.3 1.68 3.57 3.75
VS-1.6 2.5 4.5 5 4.88 0.92 1.02
5.0 6.5 5 1.57 4.14 3.18
VS-MK2 SURFACE 1 1.7 2.06 0.49 0.83
FLUSH 6 6 1.36 4.41 441
VS-50 SURFACE 0.5 2 2.44 0.20 0.82
FLUSH 3.5 3.3 1.65 2.12 2.00
TS/50 SURFACE 0 0.3 3.22 0 0.09
FLUSH 4.5 4.7 1.39 3.24 3.38

In the table, for algorithm 2, the majority of land mines buried at 2.5 cm deep in
soil have division of lateral migration shifting and collimated detector mine-to-soil ratio

ranging between approximately 0.2 and 2.4 (9 out of 9), and the majority of land mines
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buried at 5.0 cm deep in soil have the division above 2.6 (6 out of 9). For algorithm 4, the
majority of land mines buried at 2.5 cm deep in soil have division of lateral migration
shifting and collimated detector mine-to-soil ratio ranging between approximately 0.9
and 2.25 (8 out of 9), and the majority of land mines buried at 5.0 cm deep in soil have
the division above 2.6 (8 out of 9, 8 out of 8 if TM-62P3 5 cm burial does not count). If
this pattern presents in more real mine data, land mine depth-of-burials can be estimated
by using this product as a classifier.
Object Recognition

With certain objects presented in the acquired LMR images, object recognition
algorithms are necessary to classify or identify the objects. Template matching is one of
these essential approaches. A preliminary examination is presented because of limited
real mine data. Template matching requires the original object image data to be stored in
a computer in a certain format and that each acquired image is checked by image
template matching. An image with a template matching dutput value above a certain
threshold value is expected to have the object in it. One possible template matching
function is given by

ML, J] = Cg[1,J] / {Z"k=12" -1 FY[I4K, J+L]}
where Cg, = £"k= 2" o T[K,L]*F[I+K, J+L] is a cross-correlation function
T[LJ] represents the object template, F{I,J] is the acquired image

Calculations of M yield maximum values in the acquired image. By applying a
certain threshold value for the local maxima, an object match is found.

In the LMR system, the uncollimated detector has the ability to detect land mines

buried at a maximum of 3 ¢cm or 4 cm and its image shows the geometric shape of the
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mine and its air volume. This image can significantly help land mine detection personnel
to distinguish a land mine from other non-mine objects and probably identify what type
of mine it is. When a land mine is buried deeper than 3 cm but less than 10 cm,
uncollimated detector images are overwhelmed by soil surface variation and random
noises, but the collimated detectors can still detect the land mine. Therefore, in the land
mine recognition process, uncollimated detector images are examined first; if there is an
air volume combined with a geometric-shaped object, a land mine is recognized. If there
is no land mine recognized in the uncollimated detector image, collimated detector
images are examined for land mine recognition.

Since there are limited real land mine data, a database of templates of various land
mines buried at different depth-of-burial can not be setup. In order to experiment with the
template matching technique, An LMR image of one of the real mines'is used as a
template to apply to similar shaped and sized land mine LMR images. The image
template is from the collimated detector image of the VS-1.6 and the test image is from
the VS-2.2 antitank mine collimated detector image. Applying the above template
matching function, one local maximum value is present in the acquired image and its
location is at the object intensity peak location in the image.

LMR image template matching needs a great number of real mine data to generate
image templates for all kinds of mines. When the land mine LMR image template
database is built up, an empirical threshold for the template matching function can be
obtained and a land mines can be distinguished from non-mine objects through image

template matching.



CHAPTER 6
MOBILE FAST-SCAN LMR MODULE

General Mechanical Design and System Composition

The mobile fast-scan LMR module has been fabricated and will be tested in an
outdoor land mine field laid by the US Army. As illustrated in Figures 39, 40 and 41, this
module includes an x-ray generator, an x-r.ay beam rotating collimator, detector panels,
an aluminum mounting platform, a Unistrut steel frame structure and motion positioning
and control components. An off-the-shelf industrial x-ray generator is used to provide the
x-ray source. The x-ray beam rotating collimator is mounted on the x-ray generator to
facilitate image raster scan. The x-ray generator is mounted on the aluminum platform.
Plastic scintillator detectors are mounted under the aluminum platform to register the
backscattered x-ray field. The whole platform rides on two steel rails whose ends are
mounted on a steel frame which provides a rigid and compact structure. The rotating
collimator is driven by a servo motor through a pulley belt and the platform is driven by
another servo motor through a lead screw. The module is carried by a fork lift when
employed in the mine field scan. The module is designed to work as a confirmation
sensor for other fast scan devices because of its relatively fine image resolution. If
necessary, it can work as an independent land mine detection device discontinuously

examining adjacent patches of the land mine field.
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X-ray Generator
Since the module will be used in land mine detection, a compact, robust, constant

potential and full duty cycle x-ray generator is needed. The module will need to work in

Figure 40. Front view of LMR mobile fast-scan LMR module.
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Figure 41. Drawing of the LMR mobile land mine detection module.

various environments to detect land mines. The generator is moved with the module and
is moved within the module, so compactness and robustness of the x-ray generator are
necessities for a flexible and long lasting LMR module. During each image scan, the x-
ray generator tube head is set at a certain voltage and current and they should not vary
significantly; otherwise, artificial patterns will appear in acquired images because of non-
uniform illumination of different pixels. A constant potential x-ray generator can
maintain almost constant voltage on the x-ray tube head and has very little voltage ripple.
In a land mine detection mission for the Army, a path needs to be cleared in a certain

amount of time. Only a full duty cycle x-ray generator can accomplish the job. Any non-
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full duty cycle x-ray generator needs time to cool off the anode. Given all the above
requirements of the x-ray generator, the LORAD LPX-160 is selected as the x-ray

generator for the mobile LMR module. Its specifications are listed in Table 6.

Table 6. LORAD LPX-160 x-ray generator specifications

Tube Head 7.25 inch diameter 30 pounds
(Physical Specifications) 28 inch length

Tube Head 10 - 160 kV 0.1-5.0mA
(Electronical Specifications) (1 kV increment) (0.1 mA increment)
Control Unit 127 x 187 x 12" 35 pounds

X-ray Beam Rotating Collimator

Within this mobile LMR module, the rotating collimator is a key component to
realize a fast image scan. As explained in Chapter 3, the rotating collimator has a stator
and a rotor. The rotor slides on the stator and the stator is mounted on two aluminum end
pieces which each connect to a brass ring. The brass rings are mounted on the x-ray
generator body by set screws (Figure 42). On the stator, there is a 1 cm wide slot which
subtends 38 degrees to the center of the stator. This slot, combined with lead shielding
inside the stator, generates an x-ray fan beam by confining a cone beam from the x-ray
generator output window (Figure 43). On the rotor, ten equally separated holes align on
one section circle (Figure 44 and Figure 45). A rectangular lead strip whose
circumference is the same as that of the inside of the rotor has ten equally separated slits
corresponding to the hole positions of the rotor. This lead strip is glued on the inside of
the rotor to define a suitable x-ray illumination spot on the scanned surface. To minimize
the friction between the stator and the rotor, three Teflon strips are glued on the inside

edges and center of the rotor. On the outside of the rotor, a series of pulley belt grooves
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are machined which accommodate a pulley belt to drive the rotating rotor (Figure 46).
Beside each hole of the rotor and aligned with each slit, a magnet is glued on as a trigger
to start each raster scan. When the LMR module does image acquisition, the stator
collimates x-ray output into a fan beam; the rotor rotates the slits to sample the fan beam
continuously. Therefore, there is no dead time during image acquisition. This yields

faster image scans than that of the previous LMR systems.
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Figure 42. Rotating collimator assembly components.
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Detector Position, Material and Dimension
Detector Material: Scintillator vs Sodium Iodine

In x-ray photon detection, popular detectors are the plastic scintillator detector
and the sodium iodide detector. Of these two kinds of detectors, the plastic scintillator is
organic and the sodium iodide is an inorganic crystal. They have different scintillation
light output, different mean-free-path for x-ray photons, different weight per unit volume,
different durability and availability.

For a given detector thickness, different mean-free-paths in the two kinds of
detectors for the same x-ray photon spectrum will result in different photon energy
deposition. Furthermore, because the terrain of a land mine field might be quite bumpy
which leads to severe concussion and vibration of the system, durable detector material is
a key consideration for a successful land mine detection system. The detector material’s
specific gravity is also a very important factor because the detectors have dimensions of
140 c¢cm in length and 5 to 20 cm in width.?’ A low density of detector material will
significantly lighten the system’s weight. Availability of such large area detectors is also
a significant factor when choosing the detector material. The mean-free-paths of a
typical LMR backscatter x-ray photon spectrum in both plastic scintillators and sodium
iodide have been acquired through MCNP simulations and all the major comparisons of
the two detector materials are shown in Table 7.

In the comparisons of Table 7 and 8, the sodium iodide detector has the
advantages of high energy deposition of x-ray photons and high light output. This means
that the sodium iodide detector has a higher signal strength than the plastic scintillator

does. But there are two practical disadvantages of the sodium iodide detector in an LMR
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module for land mine detection, availability and durability. The use of sodium iodide
detectors involves a relatively high initial expense and requires frequent replacement as
they get damaged. In contrast, the plastic scintillator can be easily manufactured in large
pieces and works fine when it has small cracks inside. Furthermore, the energy
deposition disadvantage of plastic scintillator to the sodium iodide is greatly reduced if
the thickness of the detector is a few centimeters or more. Therefore, the LMR module

uses the plastic scintillator as the detector material.

Table 7. Comparisons of plastic scintillator detector and sodium iodide detector.

Plastic Scintillator Sodium Jodide

Density (g/cm’) 1.032 3.67
Durability Performance not greatly | Impaired  performance

affected by cracks with cracks
Availability(140x20x5 cm) Easy Not easy
Light output(relative scale) 1 3.5
Mean-free-path (cm)
(typical LMR backscatter x- 4.7—4.8 0.04—0.046
ray spectrum)

Table 8. Energy deposition ratio of sodium iodide detector to plastic scintillator at
different thickness

Detector thickness(cm) Energy deposition ratio
(Sodium lodide / Plastic Scintillator)
0.1 230
0.5 49
1.0 25
3.0 8.5
5.0 5.7

Uncollimated Detector Positioning
In the usual setup of LMR system, the uncollimated detector is at the same height

above the ground as the collimated detectors, as shown in Figure 1. A lower height for
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the uncollimated detector can increase the solid angle subtended by the detector to the x-
ray interaction volumes. This can be achieved if the bottom side of the uncollimated
detector is positioned at the same level as the bottom edge of the longest lead collimator
of the collimated detectors. This repositioning of uncollimated detector height does not
affect the signal strength of the collimated detectors because of the unchanged x-ray
backscattered field for the collimated detectors. MCNP simulations are carried out to
examine this repositioning and the results of the height changes on the uncollimated

detector are shown in Table 9.

Table 9. Signal strength ratios of uncollimated detector at different heights.

Detector height | 21.7 26 30 35
(cm) -
Signal strength 1.5 1.3 1.15 1
(relative scale)

By lowering the uncollimated detectors to the above lowest height from the height
of the collimated detector (30.5 cm), the signal strength of the uncollimated detector can
be increased by about 30 percent; this improvement is significant and nothing has been
compromised. In the mobile LMR module, for mechanical design simplicity, lowering
the uncollimated detector is not adopted.

Detector Electronics and Electromagnetic Interference Shielding

The uncollimated and collimated detectors register some of the backscattered x-
ray photons and convert them into visible photons in the plastic scintillators. To acquire
these photons and convert them into detector signals, photomultiplier tubes are employed.

The photo-multipliers are HAMAMATSU R6095 which are designed to work in the
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pulse mode for scintillator counting (Table 10). The project electrical engineer, Dan
Ekdahl, modified them to work in current mode in this application (Figure 47). In Figure
47, a high voltage bias is applied to the photomultiplier tube to amplify the number of
photoelectrons (Figure 48). A preamplifier is employed to convert the low-level, high-
impedance current output of a photomultiplier tube into low-impedance voltage output
(Figure 49). In the project, Dan Ekadhl designed and manufactured a miniature
preamplifier circuit and a miniature high voltage bias circuit to provide a very compact
detector electronic system. The preamplified signals from the photomultiplier tubes at
both ends of the detector are input to a summing amplifier which sums and amplifies the
detector signals and inputs them to the data acquisition system (Figure 50). In these
circuits, miniature voltage regulators (Figure 51) and dual charge pumps are employed

(Figure 52).

Table 10. Characteristics of R6095 photomultiplier tube.
Anode
Spectral Response | Photo- to Average
Remarks Peak cathode | Window | Cathode | Anode | Typical
Range | Wavelength | Material | Material | Voltage | Current | Gain
(nm) (nm) (Vdc) (mA)
For visible
range and | 300- 420 Bialkali | Borosilicate | 1500 0.1 2.1X10°
scintillation | 650
counting

During the system measurements, it was found that the x-ray generator emits a
relatively strong electromagnetic wave at 50 kHz and at higher harmonics, and this

interferes with the signal amplified by preamplifiers of the detectors. To eliminate this
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electromagnetic interference, a brass housing assembly for each preamplifiers and high
voltage bias circuits was fabricated for mounting on the end of the photo-multipliers
tubes (Figure 53). The brass housing assembly includes the brass front sleeve,
preamplifier and high voltage bias circuits house, and an end cap with connectors (Figure
54). The preamplifier circuit is mounted at the front end of the house (Figure 55a) and the
high voltage bias is mounted at the back end of the house (Figure 55b). On the end cap,
there are three connectors: one is a 12 'V power input connector; one is a signal output

connector; and the last one is an electronic ground connector.
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Figure 47. Circuit drawing of photomultiplier tube assembly.
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Figure 53. Assembly of photo-multiplier tube and brass housing of preamplifier and high
voltage bias circuits.
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Figure 55. Photo-multiplier high voltage bias and preamplifier circuits and their locations
in the brass housing. a) High voltage bias and preamplifier circuits; b) Preamplifier

circuit in the front end of the brass housing; ¢) High voltage bias circuit in the rear end of
the brass housing.
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Motion Control and Data Acquisition Synchronization

In the mobile LMR module, the image scan is accomplished by coordination

between the rotating collimator speed and platform motion speed. The two components

are driven by two servo-motors. Controllers for the two motors are daisy-chained

together and one of them is connected to a computer RS232 serial port. A LABVIEW

program is written to control the movement of the two motors through the serial port and

to acquire image data through a data acquisition card which connects to the output of the

x-ray detectors. A diagram of the system component connections is shown in Figure 56.
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Figure 56. Diagram of LMR land mine detection assembly component connections.
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In the LABVIEW program, motion control commands are sent to the controller of
the rotating collimator motor to drive the rotating collimator at a certain speed. The speed
of the rotating collimator is measured through a magnet sensor to acquire the period of
magnetic impulses caused by the magnets on the rotating collimator. Based on this speed
and the pixel size, the required platform motion speed is calculated and is sent to the
controller of the platform motion motor. Then the platform carrying the x-ray generator
and detector assembly is moved forward synchronously with the speed of rotating
collimator. When each hole of the rotor sweeps through the fan beam defined by the
stator, one raster scan of the image is accomplished. After a preset number of lines of
raster scan, both motors stop moving and the resulting uncollimated and collimated
detector images are presented on the computer screen. A moment later, a motion control
command is issued to the platform motion motor to move the platform back to the
starting position.

Platform Repositioning and Safety Switches

With leadscrew motion methods, backlash is inevitable. Multiple direction
changes of the platform motor could accumulate positioning error to a level such that
normal image scanning cannot proceed. In land mine detection applications, multiple
scans of many areas within a certain periods of time are very common. Therefore, a
platform repositioning and safety mechanism is designed and implemented in the mobile
LMR module.

Two safety switches are installed on the front and rear ends of a side bar of the
frame to disable the platform motion motor in case the platform is in undesirable

positions (Figure 41). These switches are contact switches. When the platform moves into
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undesirable positions, one side of the platform presses a lever on the switch and the motor
is disabled until the lever recovers its original position. Two positioning switches are
mounted inside of the safety switches near the front and rear ends of a side bar of the
frame. These two switches are the same type of contact switches as the safety switches
and they work as two sensors. When the platform reaches these switches, physical
contact causes an electronic impulse to be sent to the data acquisition card and the motion

control program stops movement of the platform motor so the platform is at the right

position for an image scan (Figure 41).



CHAPTER 7
SUMMARY AND CONCLUSIONS

In this dissertation, the fundamental physics of LMR have been analyzed and a
new x-ray beam formation technique, wusing an x-ray beam rotating
collimation/collimator, was proposed, analyzed, constructed and tested. The new x-ray
beam formation technique significantly reduces the LMR image acquisition time and
simplifies the LMR system. The physical effects and the imaging physics of the x-ray
beam rotating collimator were thoroughly studied and corresponding image acquisition
algorithms and image processing algorithms were developed and tested. Using this x-ray
beam rotating collimator, a practical mobile LMR fast scan system was also developed
and tested in one of the LMR applications, land mine detection.

LMR employs two types of detectors, uncollimated and collimated detectors, to
detect the backscatter x-ray field. The uncollimated detector(s) mainly register once-
collided photons which carry information from the examined surface and from about one
half to one mean-free-path thick layer of subsurface. Collimated detector(s)
predominantly detect multiple-collided photons which migrate through the scanned
media and carry information from both the examined surface and from a two or three
mean-free-path thick subsurface layer. Therefore, uncollimated detector images have
well-defined surface features and some subsurface features; collimated detector images
have significant subsurface features and a certain level of surface features. In the LMR
image signatures, lateral migration shifting exists for subsurface features in the

collimated detector images; a shadowing effect for objects protruding above the scanned

89
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surface is present in both collimated and uncollimated detector images; and air volumes
within examined objects greatly enhance image contrast and help in distinguishing
different objects.

In contrast to the x-ray beam formation technologies of previous LMR systems, a
new x-ray beam formation technique, x-ray beam rotating collimation/collimator, was
thoroughly analyzed for its physical effects and imaging physics. The rotating collimator
has a stator and a rotor. The stator with a slot on a section circle collimates the x-ray
generator output into a fan beam, and the rotor, with equally separated slits on a same
section circle plane, continuously samples the fan beam to implement image raster scans.
The rotating collimator causes the x-ray beam to have a varying angular incidence on the
scanned surface which introduces a number of physical effects that are not present when
the x-ray beam has fixed perpendicular incidence on the scanned surface; however the
LMR signatures still exist in the images of both cases. Image acquisition algorithms and
image processing algorithms are developed to minimize the unwanted effects on the
LMR images caused by the x-ray beam varying angular incidence or x-ray illumination
spot movement during image data acquisition. These effects include:

1. Non-uniform speed of the x-ray illumination spot on the scanned surface.

When the rotating collimator rotates at a constant speed, the speed of the x-ray
illumination spot on the scanned surface varies as the x-ray incidence angle
relative to perpendicular incidence varies. The speed of the x-ray illumination
spot on the scanned surface is a function of the x-ray beam incidence angle.
The non-uniform speed of the x-ray spot introduces non-uniform x-ray

illumination for each image pixel.
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2. Variation of x-ray illumination spot size. As the x-ray beam incidence angle
changes, the size of the x-ray illumination spot on the scanned surface also
changes. The length of the spot in the raster scan direction is elongated which
leads to the spot covering more area than for the case of an x-ray beam with
fixed perpendicular incidence. An image data acquisition algorithm is
developed to ensure uniform x-ray illumination for each pixel. This algorithm
corrects the combined effects of x-ray illumination spot size variation and its
non-uniform speed on the scanned surface.

3. Definition of resolution. To get relatively good photon statistics, a certain x-
ray illumination time is required for each pixel. During data acquisition, the x-
ray spot on the scanned surface is continuously moving. So the length of the
x-ray illuminated area in the raster scan direction during this period of time is
always greater than that of the image frame scan direction. Different
resolutions in two orthogonal directions of the LMR images are inevitable. A
linear asymmetric weighting algorithm to weight-sum sample points for each
pixel intensity is used to minimize the resolution difference.

4. Raster direction squeezing effect. In the MCNP simulation images, subsurface
object images have greater intensity changes in the raster direction than in the
frame scan direction. This is caused by vertical geometric projection
differences of the x-ray beam interaction locations relative to the x-ray surface
illumination locations. This effect is not observed in the measured LMR

images because it is masked by the x-ray leakage field.
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5. Compton interaction angular difference. When a uniform material is scanned
in the MCNP computer simulations, pixels at greater x-ray incidence angles
have a slightly higher intensity. The Compton interaction anisotropic angular
distribution leads to this effect. In experimental LMR images, this effect can
not be seen because it is masked by the x-ray leakage field.

6. Skewed x-ray illumination spot traces. This is caused by the synchronized
motion between the x-ray generator and detector assembly and the rotating
collimator. It is corrected by interpolation of image data to a rectangular grid.

LMR images from both the x-ray angular incidence and the perpendicular

incidence cases have common LMR image signatures, and these signatures are used to
develop LMR image processing and pattern recognition algorithms to improve the LMR
image quality and extract information of scanned objects or surfaces. The acquired LMR
images are first processed by image filter(s) to suppress image noises and retain image
data fidelity. Then the filtered images are segmented into separated objects for further
image processing and pattern recognition. Since the collimated detector images and the
uncollimated detector images each have a certain level of surface features and subsurface
features, image correlation processing is employed to eliminate unwanted surface
features or identify certain objects. Based on the lateral migration shifting distance and
the object-to-background signal ratio of the collimated detector images, subsurface object
depth can be estimated. As an example, in the LMR land mine detection application,
depth-of-burials of land mines are estimated. A template matching technique is used for

land mine recognition. Since there are only a limited numbers of real LMR land mine




images available, the algorithms for land mine depth-of-burial estimation and template
matching need to be further tested with more extensive real mine data.

A practical fast-scan LMR system with x-ray beam rotating collimator was
designed, fabricated and tested. A 45 cm by 45 cm area can be scanned by this system
within 30 seconds. The scan time of the rotating collimator system is two orders-of-
magnitude faster than previous LMR systems with x-ray beam perpendicular incidence
and the acquired LMR images have similar quality. This fast scan system is also mobile,
so it can be used in various locations, thereby providing a great advantage in some of the
LMR applications, e.g., land mine detection and material defect detection in large
immobile equipment or structures.

Even though the developed LMR system demonstrates good object detection
capability, the system can be improved to lower the x-ray leakage field and reduce
system weight. First, a liquid cooled x-ray generator could be used, so that the rotating
collimator can be made without air flow holes in the end pieces. This will reduce the x-
ray leakage field. Secondly, steel cylinders can be used to make the rotating collimator,
so that gears can be mounted on it to provide smooth rotation of the rotor without any
slippage (the current system uses a pulley belt to drive a rotating collimator made from
PVC tubes). Finally, the detector length can be reduced from 150 cm to about 90 cm
with no significant impact on the acquired LMR images. This will reduce the weight of
the current detectors by about one-third and also their associated lead shielding which is
one-sixth of the total system weight.

When applying the mobile fast-scan LMR system in other applications, e.g.,

material defect detection,? the current x-ray beam rotating collimator LMR system needs
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some modifications. In material defect detection, a smaller size of the x-ray illumination
spot is required to detect small material defects, e.g., air bubbles in aluminum sheets.
Therefore, the slit size on the rotor of the rotating collimator should be made smaller than
2 mm (as used by the current system).

Of all the LMR applications, the constant potential of the x-ray generator is very
important, since it introduces minimum variation of the x-ray output. In the modern
technology of the x-ray generator, constant potential is implemented by applying high
frequency three phase voltage between the x-ray cathode and anode. Higher frequency of
the voltage results in lower variation in x-ray output. Therefore, depending on the level of
acceptable x-ray output variation in a certain application, x-ray generator selection can be

guided by the applied voltage frequency to the x-ray tube.



APPENDIX A

MATLAB CODES OF IMAGE PROCESSING AND PATTERN RECOGNITION

Skewcorrection.mat

% Skewed image
fidA=fopen('detect2_Surfer_unistrutbar.txt’);
[a, countn]=fscanf(fidA, '%f’, [3,inf]);
fclose(fidA);

% Skew correction
dim = length(a);
maxa = max(a’);
mina = min(a');

M = maxa(1l);

N = maxa(2);

minx =mina(3);
maxx = maxa(3);
¢(M,N) = zeros;
delta = maxx-minx;

% Normalize the pixel intensity
for count=1:dim

x=a(1,count);

y=a(2,count);

c(x,y) = a(3, count);
end

% Calculate the skewed node Y coordinate
d(M,N) = zeros;
dr(M,N) = zeros;
del = 1.0/M;
for countm=1:M
for countn=1:N
d(countm, countn) = countn + (countm -1)*del;

dr(countm, countn) = countn;
end
end

% Spline to find values on the node of the rectangular grid
e(M,N) = zeros;
e(1,:) = c(1,1);
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fori=2:M
e(i,:) = spline(d(i,:),c(i,:),dr(i,:));
end

% Output image before skew correction and after
save skewUNCorrect.out ¢ ~ASCII
save skewCorrect.out e ~ASCII

Processing.mat

clear
close all

% Open image file in surfer format (x,y,z)

fidA=fopen('c2051521.367");
[a, countn]=fscanf(fidA, '%f, [3,inf]);
fclose(fidA);

fidB=fopen('c1051521.367"),
[b, countn}=fscanf(fidB, '%ef, [3,inf]);
fclose(fidB);

% Apply image filters
[cal, ca2, cam, caw] = filters(a);
[cbl, cb2, cbm, cbw] = filters(b);

% Segmentation of filtered images
[segobja, segbacka] = segmentation(cam);
[segobjb, segbackb] = segmentation(cbm);

% Calculation of lateral migration shifting and object center location
% Max intensity, Geometric center, Single column momentum averaging
[xc, yc, Le, xp, yp, Lp, xwl, ywl, Lwl] = shifting(segobja, segobjb);

% Multiple column momentum averaging technique
[xw, yw, Lw] = shifting2(segobja, segobjb);

% Compensate for the loss by one of the center location from image filtering
xh = xc+1

yh = yc+1

Lh=Lc

xp = xp+1

yp =yptl

Lp

xwl=xwl+l]
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ywl=ywl+1
Lwl
XW=xw+1
yw=yw+1
Lw

Filters.mat

% Image filters:

% 4-connected neighborhood averaging
% 8-connected neighborhood averaging
% Median filter

% Wiener filter

function [fm1,fm2,fmd,fw] = filters(a)

dim = length(a);
maxa = max(a');
mina = min(a');

M = maxa(1);,

N = maxa(2);

minx =mina(3);
maxx = maxa(3);
c¢(M,N) = zeros;
delta = maxx-minx;

% Normalize the pixel intensity
for count=1:dim
x=a(1,count);
y=a(2,count);
c(x,y) = (a(3, count)-minx)/delta*1.0;
end
[counts,x] =imhist(c,60);
figure(1)
stem(x,counts);

% Local averaging masks
mask1 =[0, 0.2, 0;0.2,0.2,0.2; 0, 0.2, 0];
mask?2 =[0.0625,0.125, 0.0625;0.125,0.125,0.125;0.0625,0.125,0.0625];

ee= conv2(c, maskl);
ff= conv2(c, mask2);
cc= medfilt2(c);
dd= wiener2(c);

cm(M-2,N-2) = zeros;
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dm(M-2,N-2) = zeros;
em(M-2,N-2) = zeros;
fm(M-2,N-2) = zeros;

% Eliminate distorted image values
for countm=1:M-2
for countn=1:N-2
cm(countm,countn) = c¢(countm+1, countn+1);
dm(countm,countn) = dd(countm+1, countn+1);
em(countm,countn) = ee(countm+1, countn+1);
fm(countm,countn) = ff(countm+1, countn+1);
end
end

figure(2)
subplot(2,2,1)
x=1:M-2;
y=1:N-2;
meshc(em);

subplot(2,2,2)
x=1:M-2;
y=1:N-2;
meshc(fm);

subplot(2,2,3)
x=1:M-2;
y=1:N-2;
meshc(cm);

subplot(2,2,4)
x1=1:M-2;
y2=1:N-2;
meshc(dm);

dimout=(M-2)*(N-2);

cmo(3,dimout) = zeros;
dmo(3,dimout) = zeros;
emo(3,dimout) = zeros;
fmo(3,dimout) = zeros;

% Output filtered images
for countm=1:M-2
for countn=1:N-2
x = (countn-1)*(M-2) + countm;



cmo(1,x) = countm;

cmo(2,x) = countn;

c¢mo(3,x) = cm(countm, countn);
dmo(1,x) = countm;

dmo(2,x) = countn;

dmo(3,x) = dm(countm, countn);
emo(1,x) = countm,

emo(2,x) = countn;

emo(3,x) = em(countm, countn);
fmo(1,x) = countm;

fmo(2,x) = countn;

fmo(3,x) = fm(countm, countn);

end
end

outl=fopen(‘finalmeanl.txt','w");
fprintf(outl,'%d %d %d\n',emo),
fclose(outl);

outk=fopen('finalmean?.txt','w');
fprintf(outk,'%d %d %d\n',fmo);
fclose(outk);

outm=fopen('finalmedian.txt','w');
fprintf(outm,'%d %d %d\n’,cmo);
fclose(outm);

outn=fopen('finalweiner.txt','w');
fprintf(outn,'%d %d %d\n',dmo);
fclose(outn);

fml = em,;
fm2 = fm;
fmd = cm;
fw = dm;

Segmentation.mat

% Image segmentations
function [Hobj,Lobj] = segmentation(cm)

[M,N] = size(cm);
cm1(M,N) = zeros;

cm2(M,N) = zeros;
cm3(M,N) = zeros;
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% Iterative thresholding selection

avg2 = 0;

avgl = 1;

avg = mean(mean(cm));
avgold = 0;

nl =0;

n2=20;

ttll1 =0;

tl2 =0;

NN =0;

while abs(avg-avgold)>0.00001
for countm=1:M
for countn=1:N
if cm(countm, countn) > avg

nl =nl +1;
ttl1 = ttl1 + cm(countm, countn);
else
n2 = n2+1;
ttl2 = tt12 + cm(countm, countn);
end
end

end
avgl = ttl1/nl;
avg? = ttl2/n2;

avgold = avg;

avg = (avgl+avg?2)/2;
nl =0,

n2=0;

ttll1 = 0;

ttl2 = 0;

NN =NN +1;

end

% Image segmentation
for countm=1:M
for countn=1:N
if cm(countm, countn) > avgl
cml(countm,countn) = cm(countm, countn);
else if cm(countm, countn) < avg?2
cm2(countm,countn)=cm(countm, countn);
else
cm3(countm,countn)=cm(countm, countn);
end
end



end

for countm=1:M
for countn=1:N
if cm2(countm, countn) ==
cm2(countm,countn) = avg2;
end
if cm1(countm, countn) == 0
cml1(countm,countn) = avgl;
end
end
end

figure(3)
subplot(3,1,1)
x=1:M;
y=1:N;
meshc(cml);

subplot(3,1,2)
x=1:M;
y=1:N;
meshc(cm?2);

subplot(3,1,3)
x=1:M;
y=1:N;
meshc(cm3);

% Output segmented images
dimout=M*N;

cmo1(3,dimout) = zeros;
cmo2(3,dimout) = zeros;
c¢cmo3(3,dimout) = zeros;
for countm=1:M
for countn=1:N
x = (countn-1)*(M) + countm;
cmo2(1,x) = countm;
cmo2(2,x) = countn;
cmo2(3,x) = cm2(countm, countn);
cmo3(1,x) = countm;
cmo3(2,x) = countn;
cmo3(3,x) = cm3(countm, countn);
cmol(1,x) = countm;
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cmol(2,x) = countn;
cmo1(3,x) = cm1(countm, countn);

end
end
Hobj = cml;
Lobj = cm2;

outsegHobj=fopen('finalsegHobj.txt','w");
fprintf(outsegHobj,'%d %d %d\n',cmol);
fclose(outsegHobyj);

outsegLobj=fopen('finalsegLobj.txt','w");
fprintf{outsegLobj,'%d %d %d\n',cmo2);
fclose(outseglobj);

outsegback=fopen('finalsegback.txt','w');
fprintf(outsegback,'%d %d %d\n',cmo3);
fclose(outsegback);

end
SurfaceFeatureRemoval.mat

clear
close all

% Input uncollimated detector image

fidA=fopen('D:\research\dissertationDATA\mine wood\Surfer\detect3_Surfer_mine wood.txt’);
a=fscanf(fidA, '%f', [3, inf]);

fclose(fidA);

% Input collimated detector image

fidB=fopen('D:\research\dissertationDATA\mine wood\Surfer\detect2_Surfer_mine wood.txt');
b=fscanf(fidB, '%f, [3, inf]);

fclose(fidB);

% Normalize the images and using image addition and subtraction
% with empirical coeffecients to execute surface feature removal
dimA=length(a)

c(3,dimA)=zeros;

Avec=max(a');

M = Avec(1);

N = Avec(2);

maxA=Avec(3);

Avec=min(a'),

minA=Avec(3);



Bvec=max(b');

maxB=Bvec(3);

Bvec=min(b');

minB=Bvec(3);

dataC=zeros(M,N);

dataD=zeros(M,N);

for count=1:dimA
¢(1,count)=b(1,count);
¢(2,count)=b(2,count);
d(1,count)=b(1,count);
d(2,count)=b(2,count);
vall1=(b(3,count)-minB)/(maxB-minB)*255;
val2=(a(3,count)-minA)/(maxA-minA)*255;
¢(3,count)=vall- val2;
d(3,count)=vall+val2;
i=a(1,count);
j=a(2,count);
dataC(i,j)=c(3,count);
dataD(i,j)=d(3,count);

end

x=1:M;
y=1:N;
meshc(dataC);

x=1:M;
y=1:N;
meshc(dataD);

outm=fopen('Add.txt",'w");
fprintf(outm,'%f %f %f\n',c);
fclose(outm);

outd=fopen('Subtract.txt','w');
fprintf(outd,'%f %f %f\n',d);
fclose(outd);

Shifting.mat

% Lateral migration shifting calculation and object center location
% Algorithm1: Max intensity location

% Algorithm2: Geometric center location

% Algorithm3: Momentum center location

function [xc,yc,Le,xp,yp,Lp,xwl,ywl,Lwl] = shifting(a, b)
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maxa = max(max(a));
maxb = max(max(b));

[M,N] = size(a);

x1pa =0,
x2pa = 0;
x1pb=0;
x2pb = 0;

% Calculation of X coordinate of the geometric center
for countm=1:M
for countn=1:N
if x1pa == 0 & a(countm,countn) ~= 0
x1pa = countm;
end
if x1pb == 0 & b(countm,countn) ~=
x1pb = countm;
end
end
end

for countm=1:M
for countn=1:N
if x2pa == 0 & a(M-countm+1,countn) ~= 0
x2pa = M-countm+1;
end
if x2pb == 0 & b(M-countm+1,countn) ~= 0
x2pb = M-countm+1;
end
end
end

xa = abs(x1pa-x2pa)/2.0 + min(x1pa, x2pa);
xb = abs(x1pb-x2pb)/2.0 + min(x1pb, x2pb);
xp = floor(abs(xa-xb)/2.0 + min(xa,xb));

ylpa=0;
y2pa = 0;
ylpb=0;
y2pb = 0;

% Calculation of Y coordinate of the geometric center and
% Maximum intensity location
for countn=1:N

for countm=1:M
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if maxa == a(countm, countn)
Xa = countm,
ya = countn;

end

if ylpa == 0 & a(countm,countn) ~= 0
ylpa = countn;

end

if maxb == b(countm, countn)
xb = countm;
yb = countn;

end

if ylpb == 0 & b(countm,countn) ~= 0
y1pb = countn;
end
end
end

for countn=1:N
for countm=1:M
if y2pa == 0 & a(countm,N-countn+1) ~= 0
y2pa = N-countn+1;
end
if y2pb == 0 & b(countm,N-countn+1) ~= 0
y2pb = N-countn+1;
end
end
end

xc¢ = abs(xa-xb)/2.0 + min(xa, xb);
yc = abs(ya-yb)/2.0 + min(ya, yb);
Lc = abs(ya-yb);

ypa = abs(y1pa-y2pa)/2.0+ min(y1pa, y2pa);
ypb = abs(y1pb-y2pb)/2.0 + min(y1pb, y2pb);
yp = abs(ypa-ypb)/2.0 + min(ypa, ypb);

Lp = abs(ypa-ypb);

% Calculate moment center

ttla=0;
ttlb = 0;
x = floor(xc);

for countn = 1:N
ttla = ttla + a(x, countn);
ttlb = ttlb + b(x, countn);
end
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ttlan = 0;
ttlbn = 0;
ttla = ttla/2.0;

ttlb = ttlb/2.0;
for countn = 1:N
if ttlan < ttla
ttlan = ttlan + a(x, countn);
else
ywa = countn;
break;
end
end

for countn = 1:N

if ttlbn < ttlb
ttlbn = ttlbn + b(x, countn);
else
ywb = countn;
break;
end
end
xwl=x;

yw1= abs(ywa-ywb)/2.0 + min(ywa,ywb);
Lwl = abs(ywa-ywb);

Shifting2.mat
% Algorithm 4:
% Lateral migration shifting and object center location calculation by

% Multiple column moment averaging
function {xw,yw,Lw] = shifting2(a, b)

[M,N] = size(a);

x1pa=0;
x2pa = 0;
x1pb=0;
x2pb =0;

% Calculation X coordinate of geometric center
for countm=1:M
for countn=1:N
if x1pa == 0 & a(countm,countn) ~= 0
x1pa = countm;
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end
if x1pb == 0 & b(countm,countn) ~= 0
x1pb = countm;
end
end
end

for countm=1:M
for countn=1:N
if x2pa == 0 & a(M-countm+1,countn) ~= 0
x2pa = M-countm+1;
end
if x2pb == 0 & b(M-countm+1,countn) ~= 0
x2pb = M-countm+1;
end
end
end

xa = abs(x1pa-x2pa)/2.0 + min(x1pa, x2pa);
xb = abs(x1pb-x2pb)/2.0 + min(x1pb, x2pb);
x = floor(abs(xa-xb)/2.0 + min(xa,xb));

% Multiple column moment averaging to calculate Y coordinate

ttla=0;

ttlb=0;

ttlal = 0;

ttlbl = 0;

ttlar = 0;

ttlbr = 0;

for countn = 1:N
ttla = ttla + a(x, countn);
ttlb = ttlb + b(x, countn);
ttlal = ttlal + a(x-1, countn);
ttlbl = ttlbl + b(x-1, countn);
ttlar = ttlar + a(x+1, countn);
ttlbr = ttlbr + b(x+1, countn);

end

ttlan = 0;
ttlbn = 0;
ttlaln = 0;
ttibln = 0;
ttlarn = 0;
ttlbrn = 0;

ttla = ttla/2.0;



ttlb = ttlb/2.0;

ttlal = ttlal/2.0;
ttlbl = ttlbl/2.0;
ttlar = ttlar/2.0;
ttlbr = ttlbr/2.0;

for countn = 1:N
if ttlan <ttla
ttlan = ttlan + a(x, countn);
else
ywa = countn;
break;
end
end
for countn = 1:N
if ttlaln < ttlal
ttlaln = ttlaln + a(x-1, countn);
else
ywal = countn;
break;
end
end
for countn = 1:N
if ttlarn < ttlar
ttlarn = ttlarn + a(x+1, countn);
else
ywar = countn;
break;
end
end

ywa = (ywa + ywal + ywar)/3.0;

for countn = 1:N
if ttlbn < ttlb
ttlbn = ttlbn + b(x, countn);
else
ywb = countn;

break;
end
end
for countn = 1:N
if ttlbln < ttlbl

ttlbln = ttlbln + b(x-1, countn);
else
ywbl = countn;
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break;
end
end
for countn = 1:N
if ttlbrn < ttlbr
ttlbrn = ttlbrn + b(x, countn);
else
ywbr = countn;
break;
end
end

ywb = (ywb + ywbl + ywbr)/3.0;

XW = X;
yw = abs(ywa-ywb)/2.0+min(ywa,ywb);
Lw = abs(ywa-ywb);

Recognition.mat

clear
close all

% Open template candidate image and

% image to be checked by template matching
fidA=fopen('c2052112.547");

[a, countn]=fscanf(fidA, '%f, [3,inf]);
fclose(fidA);

fidB=fopen('c2052012.457");
[b, countn]=fscanf(fidB, '%f’, [3,inf]);
fclose(fidB);

% Image filtering
[cal, ca2, cam, caw] = filters(a);
[cbl, cb2, cbm, cbw] = filters(b);

% Image Segmentation
[segobja, segbacka] = segmentation(cam);
[segobjb, segbackb] = segmentation(cbm);

% Template matching
M = Tmatching2(segobja, segobjb);
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TemplateMatching.dat

% Template Matching to check existance of the object
function mat = Tmatching2(a, b)

[M,N] = size(a);

% Defining image template from real mine image
% Calculate template length

x1lpa=0;
x2pa=0;
x1pb =0;
x2pb = 0;

for countm=1:M
for countn=1:N
if x1pa == 0 & a(countm,countn) ~= 0
x1pa = countm;
end
if x2pa == 0 & a(M-countm+1,countn) ~= 0
x2pa = M-countm-+1;

end
end
end
ylpa=0;
y2pa = 0;
ylpb=0;
y2pb = 0;

% Calculate template width
for countn=1:N
for countm=1:M
if ylpa == 0 & a(countm,countn) ~= 0
ylpa = countn;
end
if y2pa == 0 & a(countm,N-countn+1) ~= 0
y2pa = N-countn+1;
end
end
end

xa = abs(x1pa-x2pa);
zx= min(x1pa,x2pa);
ya = abs(y1pa-y2pa);
zy= min(y1pa,y2pa);
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% Create image template
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APPENDIX B
LABVIEW MOTION CONTROL AND DATA ACQUISITION PROGRAM
ILLUSTRATIONS

Initialization

'

Period

.

Ready

.

Acquisition

.

Integration

.

End

Figure C-1. Main program.
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Motor serial port initialization
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Figure C-2. Functions of initialization subroutine.
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Rotating collimator motor runs
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Figure C-3. Functions of period subroutine.
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Read parameters
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APPENDIX C
RADIATION FIELD SURVEY OF THE LMR MOBILE FAST-SCAN MODULE
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Figure B-1. Radiation field survey. a) Side view; b) Top view.
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APPENDIX D
RASTER SCAN RESOLUTION IMPROVEMENT ALGORITHMS

Though the linear asymmetric algorithm discussed in Chapter 4 does improve the
image resolution in the raster scan direction, it is not the best algorithm. An inverse filter
technique and a least square solution are studied and a linear symmetric algorithm is
dev‘eloped based on a least square solution of a set of linear equations.

Inverse Filter

During the data acquisition, data are acquired at a certain frequency f. Thus, the x-
ray illumination spot newly covers a certain subpixel area. Imagining there is a datum X;
for each subpixel, the data d; acquired for each raster line are the convolution of the x-ray
illumination spot b to a train of data from each subpixel area.

d; = convolution(x;, b)

An inverse filter can be found through a Z-transform, its reciprocal and an inverse
Z-transform to deconvolute the above process and recover the data from subpixels.

Z(d) = Z(x) Z(b)

Z(x) = Z(d)/Z(b)

7! (x) = convolution(Z™(d), Z"'(1/Z(b)))

x; = convolution(d;, 7' (1/Z(b)))

Z(b) = (1- 2")/(1- z™), where m is the number of pixel data points for width of a

pixel.
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1/Z(b) = (1- z™)/(1- ') is an IIR filter which needs to be truncated for computer
calculation.

After acquiring the x;, averaging them to get each pixel value is necessary. The
pixel averaging is essentially a convolution and subsampling which each pixel value is
essentially one measured datum of the raster line. However, since the system works
almost at the photon statistical limit, each measured datum of the raster line is affected by
the Poisson noise. Therefore, the inverse filter technique works only if noise free or very
low noise data acquired from the system which is not the case of the developed system.

Least Square Solution

Another algorithm, linear equation least square solution, provides a measurement
data averaging template to improve the raster direction resolution. Dividing each raster
line into a number of pixels of the size of the x-ray beam illumination spot, for each
measured datum of the raster line, it is considered to be linear contribution from values
from two adjacent pixels.

1*A+0*B+0*C+....... +0*Z=d,+n

0.9*A+0.1*B+0*C+....... +0*Z=dy+m

0*A + 0*B +0*C + ... +0.1*Y + 0.9*Z=d;; + niy

0*A + 0*B+0*C+ ... +0*Y + 1*Z=d; +n;

C*V=D

where C is the coefficient matrix, V is pixel value vector and D is measurement
data vector.

V =(A’A)'A’D 2 V = PD, P is the pseudo-inverse matrix.
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Each row of matrix P is a template for data processing to improve image
resolution in raster direction. Templates for the edge pixels may have boundary effect.
The least square solution program and its acquired template are presented in the

following section. The result shows that the template is a linear symmetric weighting
template.

close all
%number of pixels in the calculation
n=31;
%number of moves from one pixel location the next
m=500;
%coefficient matrix
N=(n-1)*m+1;
A= zeros(N,n);
for i=1:N-1
j=floor((i-1)/m)+1;
A(i,j)=1-rem((i-1),m)*(1.0/m);
AGjHD=1-A(,));
end
A(N,n)=1;
r=rank(A)
%pseudo-inverse of coefficient matrix A
c=pinv(A);
%select middle pixel template, since no boundary effect
t=floor(n/2)+1;
plot(c(t,:),'d")
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Figure D-1. Plot of the image template acquired through least square solution of a set of
linear equations.
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