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The aim of this article is to demonstrate the practical value of radioscopic differentiation of materials
in the 1-10 MeV energy range to the work of customs services. The proposed method for achieving
singling out and identifying four basic groups of materials according to an atomic number is complex.
Atomic numbers are identified using high- and low-energy profiles obtained through the irradiation of
materials on an alternate pulse-by-pulse basis. This is done using a bremsstrahlung beam with
8 MeV /4 MeV dual boundary energies and by using scintillating crystals coupled with silicon photo-
diodes as detecting elements. An image segmentation technique is then used to discern the distribution
of an atomic number on any given image. The color visualization of integral absorption and a material’s
atomic composition is carried out according to the intensity hue saturation (IHS) colorization scheme.
The experiments were carried out on a full-scale prototype of an 8 MeV customs inspection system

developed by the Efremov Research Institute.
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L. INTRODUCTION

The well-known dual energy method of material dis-
crimination is widely used in x-ray inspection systems
for scanning hand luggage for customs and other security
purposes [1-8]. Its major advantage over single-energy
systems is its ability to differentiate between materials
according to their atomic number. Such inspections allow
customs officials to determine the presence of contraband
in inspected cargo in two ways: as far as integral absorp-
tion is concerned and as far as atomic numbers are con-
cerned. (The distribution of the latter is displayed on the
official’s workstation screen).

The differentiation of materials is achieved by compar-
ing the attenuation ratio of low-energy x rays to
high-energy x rays. Discrimination is possible because
different materials have different degrees of attenuation
for high- and low-energy x rays and that allows one to
identify “organic” (low Z) and ‘“‘inorganic” (high Z)
materials in the controlled object.

The typical boundary x-ray energies for such installa-
tions do not exceed 200 kV due to the strong dependence
of a total absorption coefficient from the atomic number
due to the prevailing of photoelectric interaction (o, ~
Z) in this energy range.

Unfortunately, the penetrability of low-energy x rays is
limited to a few centimeters of steel. That makes it useless
for the inspection of shipping containers and vehicles. For
such applications only high-energy x rays with a bound-
ary energy of up to 10 MeV can be used, providing high
quality radioscopic imaging of an inspected object.

However, the x-ray dual energy technique can still be
used for the discrimination of materials in a high-energy
range, but to date this has not been demonstrated in
practice. This is possible because the method encounters
physical obstacles in so far as 1-10 MeV is in the range of
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domination of the Compton effect with its poor Z depend-
ence u.~ Z/A (Figs. 1 and 2). This ratio is approxi-
mately the same for elements from, at least, the top of
the periodic table, and the composition of those defines
the whole variety of organic substances. The slight ab-
sorption variation between materials in the megavolt
range occurs due to the pair production effect wu, ~
7?/A ~ Z, but was previously considered to be insuffi-
cient for discriminatory purposes and almost useless for
practical applications [9]. Single energy systems can only
be used therefore for the inspection of vehicles and
containers.

Recently a few ideas were elaborated to bypass the
aforementioned physical limitations and to obtain the
desired discrimination in a high-energy range. The first
of these [10] involves the decomposition of transmitted x-
ray spectrum onto the components responsible for the
Compton effect and pair production, the balance of which
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FIG. 1. (Color) Dominant gamma attenuation process for ele-
ments (atomic number Z) in gamma energy range 0.1 to 20 MeV.
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FIG. 2. (Color) Total attenuation coefficient as a function of
energy for four elements. Grey curves are spectral distributions
of bremsstrahlung quanta from a thick tungsten target of 8 and
4 MeV energies of an electron beam.

in transmitted spectrum determines the Z content of an
irradiated barrier. The decomposition is due to the an-
isotropy of Compton scattering and the isotropy of pair
annihilation gamma quanta, when X rays interact with
high-Z material of a special detector target. However, the
total sensitivity of this method seriously suffers from the
substantial lowering of informative detector signals due
to the scattering of transmitted x rays on the target.

The second type of proposed discrimination in a high-
energy x-ray range uses a spectral filtering effect of
bremsstrahlung [11,12]. During the scanning there are
two different attenuation profiles corresponding to two
different energy spectra: one without a filter and one with
a filter. The atomic number of the material is evaluated
from a special reference table, which is created by a
calibration procedure. In two alternative embodiments
either the electron beam is deflected onto two different
targets or two bremsstrahlung filters are mechanically
oscillated between the pulses of the accelerator. The major
disadvantage of this method is its low sensitivity due to
the low degree of spectrum hardening by any existing
materials. This method suffers therefore from a low
signal-to-noise ratio and can barely be realized with
satisfactory image quality.

The aim of this article and our recent publications [13—
15] is to demonstrate the practical value of radioscopic
differentiation of materials in the 1-10 MeV energy range
to the work of customs services. The proposed method for
achieving singling out and identifying four basic groups
of materials according to atomic number is complex.
Atomic numbers are identified using high- and low-
energy profiles obtained through the irradiation of mate-
rials on an alternate pulse-by-pulse basis. This is done
using a bremsstrahlung beam with 8 MeV/4 MeV dual
boundary energies and by using scintillating crystals
coupled with silicon photodiodes as detecting elements.
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An image segmentation technique is then used to discern
the distribution of an atomic number on any given image.
The color visualization of integral absorption and a ma-
terial’s atomic composition is carried out according to the
IHS scheme. The experiments were carried out on a full-
scale prototype of an 8 MeV customs inspection system
developed by the Efremov Research Institute.

IL. PHYSICAL BACKGROUND

It is known that a certain noise level is always inherent
to practical measurements, therefore, let us numerically
evaluate the discrimination effect and compare it with the
accuracy of experimental measurements in order to esti-
mate whether the distinction between materials is pos-
sible at all.

The radioscopic transparency of material with a mass
thickness ¢ and an atomic number Z for a bremsstrahlung
beam with boundary energy E, is expressed as a ratio of
radiation intensity before and after the penetration of a
barrier:

J6¢ 4 (E,, E)e”MEY¥DdE,

[E I E. E,)dE,

T(E,t,72) =

QY

where the integrand function is a product of bremsstrah-
lung intensity according to the Schiff formula [16] and
the detector response factor [17]:

d_P(Ee’ E)) = ﬂ(Ee’ E)(1 — e_Mdet(E')’)tde!)w.
dEy 7 dEy 7 :udet(Ey)
2

During the irradiation of the barrier with nominal and
dual boundary energies, two transparency profiles are
obtained, and the evaluation of the atomic number and
the mass thickness of a material can be formulated as a
solution of a system of integral equations [13]. In general
the solution cannot be found in so far as the barrier can
represent a heterogeneous mixture of materials and,
therefore, a number of unknown variables might exceed
the number of equations. Nevertheless, even in such cases
the atomic number still can be evaluated as a weighted
mean of barrier’s constituent components.

In order to ascertain the possibility of discrimination
according to Z and to estimate the effect, it is useful to
introduce a ratio of logarithmic transparencies (inverse
value of absorption) at the nominal E; and dual E,
boundary energies of bremsstrahlung:

IHT(El, 1, Z) _ ﬁeff(El’ 1, Z)
lnT(EZ: tr Z) Heff(EZ: tr Z)

R(E\, E,1,7Z) = 3)

It is evident that for the monochrome gamma beam
the ratio (3) is simply the ratio of the total absorption
coefficients at the nominal and dual energies, which is a
constant and uniquely characterizes irradiated material.
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For cases with broad bremsstrahlung spectrum with dual
boundary energies, which we are looking at, the afore-
mentioned ratio becomes sensitive to the mass thickness
of the material. This phenomenon is achieved by the
hardening of the x-ray spectrum during its penetration
through a barrier. Ratio (3) can be treated as a ratio of
effective absorption coefficients, averaged over a brems-
strahlung spectrum.

The ratio represents a monotonic function of an atomic
number at £; = 8 MeV and E, = 4 MeV for most of the
mass thickness range, except the region of thin barriers
(Fig. 3). Because of this fact atomic numbers can
be simply approximated for a given value of the ratio
(3) and attenuation rate at one of the energies, so a lookup
table can be created for the direct calculation of Z
from experimentally measured high- and low-energy
transparencies.

This scenario is not so good for a region with small
mass thickness, where the contribution of the photoeffect
into the absorption rate of elements with a high atomic
number is significant and gives rise to discrimination
ambiguity. For example, the ratio is approximately the
same for carbon and lead for barriers with 10 gm/cm?
mass thickness and, therefore, these materials cannot be
distinguished.

Nevertheless, the ambiguity of discrimination can be
minimized or completely removed by the preliminary
filtering of the soft part of the bremsstrahlung spectrum.

10 20 30 40 S0 60 70 &0

FIG. 3. (Color) Ratio R(E;, E», t, Z) vs atomic number Z for
barriers with different mass thickness (green curves). Values
correspond to the following materials: H, C, N, O, Na, Mg, Al,
Si, Cl, Fe, Cu, Ag, and Pb. A red curve illustrates monochro-
matic 8/4 MeV gamma beams. Ratio is normed to hydrogen.
Analytical calculation for pencil beams geometry.
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The best candidate for such a filter is a material with
a high atomic number such as lead. The proper choice
of filter thickness is a tradeoff between the degree of
ambiguity for thin barriers and signal-to-noise ratio
deterioration.

Figure 4 demonstrates that radioscopic discrimination
is possible irrespective of the thickness of the material.
One can observe the separation of absorption curves for
some elements from the periodic table given as the ratio
(3) versus mass thickness.

The discrimination effect between a pair of materials
with atomic numbers Z; and Z, can be numerically
evaluated according to the following expression:

_R(1,Z,)
R, Z))

D(Z,, 2, 1) = (1 )100%. @)

From a practical point of view, it is worthwhile eval-
uating the discrimination effect (4) not only for the ideal
case of the pencil beam with exponential attenuation (1)
but also for a fan-shaped x-ray beam used in radioscopy.
In the fan-shaped beam the flow of transmitted quanta is
affected by the fluence of scattered ones, appearing due to
the Compton effect, which is dominant in our energy
range.

The Monte Carlo simulations were performed for the
polyethylene (Z = 5.3, p = 1.1 gm/cm?), water (Z =
7.2, p=10gm/cm?), aluminium (Z=13, p=
2.7 gm/cm?), iron (Z =26, p =7.89 gm/cm?), and
lead (Z =82, p=11.3 gm/cm?) barriers with equal
mass thicknesses 10, 40, 80, and 120 gm/cm2 at 8 and
4 MeV boundary energies of radiation beam.

08 —|Pb
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t (gmfem?)

FIG. 4. (Color) Ratio R(E|, E,, t,Z) vs mass thickness ¢ at
8/4 MeV for different elements. Analytical calculation for
pencil beams geometry.
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FIG. 5. (Color) Results of Monte Carlo simulations of discrimi-
nation effect at 8/4 MeV for polyethylene, water, aluminium,
iron, and lead for barriers 10, 40, 80, and 120 gm/cm2 in
fanlike beam geometry (shown as rectangles). Curves are given
for the pencil beams geometry.

A digital model of the numerical experiment assumed
the flow of initial bremsstrahlung quanta in a fan-shaped
form. The detector line was aligned with a beam and
represented as a set of CAWO, 3 X 3 X 20 mm crystals.
Tested materials were shaped as barriers with a preset
mass thickness in the direction of beam propagation and
limitless thickness in two other directions. Cross section
data for the tested materials were taken from [17].
Digitally modeled detectors measured the transparency
of a barrier (1).

As it is seen (Fig. 5) for the practically interesting mass
thickness range, the results are closely related to the ones
obtained for the pencil beam.

We see that the effect is negligible for the materials
with similar atomic numbers. For example, for water and
polyethylene with AZ = 2 it totals only about 1%, but
between polyethylene and iron AZ = 20 it is already
around 10%. Discrimination slightly increases with
thickness growth as far as x-ray spectrum undergoes
hardening and approaches the monochrome one (Fig. 3).

Thus, from the above consideration one can see that
dual energy radioscopic material discrimination accord-
ing to Z is possible, but its practical realization requires
accurate measurements of transparencies (with the pre-
cision of at least three significant digits).

IIL. EXPERIMENTS

In order to ascertain how significant the value of the
discrimination effect between different materials really
is, it is reasonable to perform experiments using conven-
tional customs inspection equipment.

104701-4

For this purpose a series of experiments was carried
out on a full-scale prototype of a customs inspection
system developed and manufactured by the Efremov
Research Institute [15]. The basic technological equip-
ment of the system included the following units.

(1) Industrial linear electron accelerator with energy
8 MeV at the nominal mode and 4 MeV at dual one. Pulse
duration: 5 u sec; repetition rate: 100 Hz.

(ii) Collimating system forming a 4 mm vertical fan-
shaped bremsstrahlung beam consisting of the primary
and secondary collimators and a scatter-suppressing col-
limator in front of the detector line (Fig. 6).

(ii1) Detector line with CdAWO, crystals coupled with
PIN diodes as sensitive elements with 3.5 mm pitch.

(iv) Transportation system of tested objects.

During the experiment an inspected object was moved
by the transportation system across the fan-shaped
bremsstrahlung beam formed by the collimation system.
The sensitive elements of the detector line registered
bremsstrahlung quanta penetrated through the object.
The signal from the detectors was digitized, initially
processed, and transferred to a workstation, where a
radioscopic image was formed.

FIG. 6. (Color) Collimation system forming a 4 mm fan-
shaped beam.
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The accelerator operated in a so-called interlaced
mode, when each even pulse generated a high-energy
bremsstrahlung and each odd pulse a low one. Such
a scheme allowed the forming of dual radioscopic
images containing two transparency profiles with differ-
ent energies.

The scanning scheme assumed to be used in the cus-
toms inspection with 40 cm/ sec scan speed implies that
the accelerator emits pulses with high and low energy by
couples with a preset repetition rate. Small temporal
shifts between pulses allow the reduction of a spatial shift
between images with high and low energy.

In order to simulate such a scanning scheme in our
experiments the speed of the container was deliberately
lowered and the detector line registered only a couple of
neighboring high-low-energy pulses skipping a subse-
quent series of pulses until it registered the next couple.
Thus, during the experiment each image column (for high
and low energy) was formed by the acquisition of only a
single couple of accelerator pulses.

Though the real speed of the container in our experi-
ments was slow enough, such a scheme allowed us to
simulate a real system, where the modulator of an accel-
erator generates pulses by couples with a normal repeti-
tion rate (100 couples/sec).

Preliminary processing steps of the raw dual data in-
cluded the following.

(i) Decomposition of interlaced data into the high- and
low-energy profiles.

(i1) Correction of temporal dose rate fluctuations of
accelerator for both profiles.

(iii) Correction of the angular anisotropy of brems-
strahlung intensity as well as the nonuniformity of de-
tectors including gain, offset, and nonlinearity.

(iv) Evaluation of bremsstrahlung boundary energy of
both profiles by the absorption method [18] for the crea-
tion of the atomic number lookup table.

As a tested object for transparency evaluation, a steel
step wedge with 2.5, 5.0, 7.5, 10.0, and 15.0 cm steps was

TABLE L

taken. The primary bremsstrahlung was filtered through a
0.4 cm lead plate. In the experiment, the boundary ener-
gies of high and low x-ray beams evaluated by the
absorption method equaled 7.5 and 4.6 MeV correspond-
ingly. The radiation dose absorbed by detectors per pulse
(image column) totaled 330 wGy for the high energy and
30 uGy for the low one. Both transparencies were ob-
tained by averaging pixels belonged to each barrier and
given in Table I. The spread of ratio (3) for each step is
demonstrated in Fig. 7. It is necessary to note that pre-
liminary filtering of bremsstrahlung spectrum by lead
allowed us to translocate the crossing point of Fe and Pb
curves from 20 gm/cm? (Fig. 4) to 10 gm/cm? and,
therefore made it possible to extend the mass thickness
range of unambiguous recognition of four material
groups.

In order to analyze the measured values, it is worth-
while assessing how effective the discrimination is.

Suppose we have only two groups of materials: organic,
adequately characterized by hydrocarbon (Z; = 5.3), and
inorganic, represented by iron (Z, = 26). Then the proba-
bility of making a decision that a data point belongs to
one of two groups can be written in accordance with the
Bayesian formula (5) and numerically estimated for dif-
ferent attenuation rates [19].

P(w;|R) = p(Rlw;)P(w;)/p(R), (&)

where P(w;|R) is a posteriori probability of tested mate-
rial w; being organic or inorganic for a data point R. For
simplicity’s sake let us make equal the prior probabilities
of both groups and conditional densities which p(R|w))
are normally distributed with the mean variance given in
Table 1. The average error probability rate over all pos-
sible measurements can be calculated using the Bayesian
law of total probabilities, which implies that

Py = f p(R) min[ p(w;IR)]. ©)
allR wj

Experimentally measured transparency 7T and signal-to-noise ratio SNR as a

function of mass thickness for high E| and low E, energy images. Data are given for a steel
step wedge. Ratio R and its error 8, discrimination effect for hydrocarbon and steel D¢y e
and their discrimination error P, are given also.

Mass thickness ¢, gm/cm?

0 20 40 60 80 120
T(E) 1.0 0.4368 0.2039 0.0989 0.0491 0.0127
SNR, 221 136 98 64 42 23
T(E,) 1.0 0.3732 0.1527 0.0658 0.0295 0.0065
SNR, 76 43 27 17 9 4
R cee 0.843 0.847 0.851 0.856 0.864
Or e 2.4% 2.1% 2.3% 3.3% 5.2%
Dy e 5.9% 7.0% 7.8% 8.4% 9.4%
Py 9.9% 3.4% 4.5% 10.8% 19.7%
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FIG. 7. (Color) Spread of experimentally measured ratio
R(E\,E,, t,Z) at nominal E, = 7.5 MeV and dual E, =
4.6 MeV for 2.5, 5.0, 7.5, 10.0, and 15.0 cm steel barriers
plotted versus absorption rate at nominal energy. In this ex-
periment a 4 mm lead filter of bremsstrahlung spectrum was
used. Absorption curves of materials are given for mass thick-
ness up to 140 gm/cm?.

The estimates show, for example, an error rate for a
barrier with 40 gm/cm? mass thickness equals 3.4%.
That means for the given variance of dual data the proba-
bility to recognize a 5 cm steel barrier as an inorganic
substance equals 96.6% and, correspondingly, as an or-
ganic one, 3.4%.

The 40-60 gm/cm? mass thickness range is optimal
for material recognition and characterized by minimal
discrimination error. However, the thinner barriers do
deliver better signal-to-noise ratios for both transparen-
cies although they do not provide sufficient contrast be-
tween them. On the other hand, the thicker barriers do not
let enough numbers of low-energy quanta to penetrate
through. The result sits well with estimates of the optimal
uncertainty in transmission experiments given in [20].

Thus, the radioscopic material discrimination in our
energy range is realizable for almost the entire mass
thickness range. In the simplest case, when only or-
ganic-inorganic separation is needed, the satisfactory
solution is achievable for the optimal mass thickness
range even without any processing of dual data.

Nonetheless an attempt to perform discrimination of
materials belonging to other groups or the same group
faces problems as experimental data spread might exceed
the discrimination effect itself. For example, discrimina-
tion between hydrocarbon and aluminium (Z = 13) for
a 40 gm/cm? barrier leads to 21% error. Replacement

104701-6

FIG. 8. (Color) Photograph of shipping container with cargo
and hidden contraband.

of aluminium with water (Z = 7.2) raises the error
rate to 42%.

Thus, in the more common case, for example, of four
groups of materials, being scanned for customs purposes,
the effectiveness of discrimination is reduced and mate-
rial recognition becomes unreliable. This is demonstrated
on a colored fragment of a shipping container (Fig. 8),
where material recognition is fulfilled on the pixel-by-
pixel basis for four groups of materials without any
processing of data (Fig. 9). The color scheme used is
carried out according to the THS scheme [21], and is the
most suitable for visualization of the integral absorption
and Z content of the materials. In the IHS scheme used for
our task, intensity denotes transparency, color represents
atomic number, and saturation characterizes the degree of
material discrimination. The visualization of four mate-
rial groups with the color encoding according to Table II
was used.

One can see from this that the image is heavily cor-
rupted by incorrectly recognized pixels, which appear as
random color freckles. This effect does not allow us to
distinguish small details such as the contour of a revolver,
which would hardly be recognized against a background
of sacks filled with sawdust.

However, this drawback can be overcome. Namely, by
using denoising methods based on perception features of
human vision, which extracts separate segments only, and
applying these to a dual image. Such methods—known as
image segmentation techniques—are widely used in pat-
tern recognition and image analysis and [22] will be
discussed in the following section.

IV. SEGMENTATION TECHNIQUE

As we have seen the pixel-by-pixel treatment of images
does not produce satisfactory results because pixels are
processed independently and only their transparencies

104701-6
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FIG. 9. (Color) An image of a shipping container with the assignment of colors according to Table II. Colorization of dual data is
fulfilled on pixel-by-pixel basis without any processing. Left to right: oscillograph on sacks filled with sawdust, wheel, rifle
cartridges hidden in the inner tube of the wheel, two lead bars, large fire extinguisher, liquid filled bottles on a TV set, case with
plastic inside, a revolver below, hidden in sacks filled with sawdust.

are taken into account. This neglects the implicit spatial
information that is available in the image.

Usually, a shipping container or a truck filled with a
heterogeneous medium constituted the different type of
cargo. Such an object being exposed to x rays forms a
radioscopic image that is composed of thousands of dis-
tinct homogeneous segments, which can be easily distin-
guished and perceived as whole by the human visual
system. It is evident that material recognition must be
fulfilled for whole segments also on the basis of both
spectral and spatial information, taking into account the
pixel’s belonging to a given segment. For example, a
bottle with liquid or a bar of gold can be treated as two
different objects with the assignment of different indi-
vidual labels to the corresponding pixels. Subsequent
association of the labels with color gives us the possibility
to form a segmented image.

In general, spatial information can be taken into
account by the averaging of a pixel’s neighborhood

TABLE II.  Benchmarks for material-to-color conversion.
Media Material z Hue
Organics Hydrocarbon 53 Orange
Organics-inorganics Aluminum 13 Green
Inorganics Iron 26 Blue
Heavy substances Lead 82 Lilac

104701-7

according to the known linear and nonlinear schemes
[23—-25]. However, in our task the adequate smoothing
demands a crucial enlargement of the size of a moving
window (at least up to a typical size of a segment on the
image). This raises the time consumption of processing to
the extent that it makes the method useless for the prac-
tical applications.

The problem we have touched on is closely related to
another, known in the dual-echo magnetic resonance
tomography [26] and also to multispectral [27] and color
[28] image segmentation. In such treatment schemes the
processed image is divided into a fixed number of mean-
ingful regions and each of them is characterized by a set
of unique properties (for example, intensity and color).

A similar segmentation technique can be applied to the
processing of two dual radioscopic images, using the
following three steps.

(1) The first step is to perform a rough segmentation of
an image according to a data clustering algorithm.

(i) The second step reduces the oversegmentation by
selectively merging neighboring regions with a small
area.

(ii1) And the third one labels the surviving clusters and
associates them with cargo substances.

The quality of segmentation depends mainly on the
choice of the clustering algorithm, which, in our case,
is determined by a couple of limitations.

First, the result of clustering should not depend on the
number of partitionings. The small number might lead to

104701-7
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the loss of small, but essential objects, the bigger one to
undesired oversegmentation. The right choice of the given
parameter requires some a priori knowledge about the
image (the “ground truth”), but in the case of containers
with arbitrary cargo we know nothing in advance.

Second, the high-resolution radioscopic images of long
containers usually contain a few million pixels. In our
task the image processing time must not exceed a few
minutes due to the requirement of high throughput of the
system. That forces us to use a noniterative scheme of
clustering only.

The algorithm, which suits the above conditions is the
Leader algorithm [29] or 1-pass k-means algorithm [30].
The Leader algorithm assigns each data point to a class
based on one of the following: evaluation of distance
between an input data point to an existing cluster and
comparison of it with a “vigilance” distance for a deci-
sion if the data point belongs to the cluster or is a proto-
type (a “leader’”) for a new one. Though the Leader
algorithm is conventionally treated as an approach, which
achieves computational efficiency at the expense of pre-
cision [31], being applied to the dual energy radioscopic
images, it produces surprisingly good results.

A. Leader clustering

For the reliable partition, it is necessary to assume that
each step of the tested step wedge is treated as a separate
image segment. The clusters, corresponding to 2.5, 5.0,
7.5, 10.0, and 15.0 cm steps of the steel step wedge, are
shown on the scatter plot with axes given by high- and
low-energy transparencies (Fig. 10). They represent ellip-
ses, whose dimensions are a function of the spread of
measured transparencies. The edge of the ellipse forms a
decision boundary for the cluster. If a data point (pixel)
drops within a decision boundary, a label of the corre-
sponding cluster is assigned to the pixel.

It is natural to suppose that the length of ellipse axes
has to be not less than 3 standard deviations for both
transparencies. In such a case, for the Gaussian distribu-
tion 99.7% of pixels, belonging to a step of the step
wedge, drop into a single cluster.

As we have seen, the measurements of transparencies
are significantly affected by noise, which corrupts the
image partitioning. This mainly concerns a low-energy
image since in the experiments the intensity of the pri-
mary bremsstrahlung is approximately 10 times less than
the same for the high one. That causes the overlapping of
clusters with similar transparencies and even their merg-
ing together. This effect is seen in Fig. 10, where clusters
of the steel step wedge overlap transparency curves for
hydrocarbon, aluminium, and lead. Employment of sta-
tistical classification methods does not allow us to sepa-
rate clusters of different materials with equal mass
thickness.

104701-8
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FIG. 10. (Color) Scatter plot of dual energy radioscopic data:
bottom axis: high-energy (7.5 MeV), left: low-energy
(4.5 MeV) transparency. Data are given for a steel step wedge
with the thicknesses: 2.5, 5.0, 7.5, 10.0, and 15.0 cm. Curves of
materials are given for mass thickness up to 140 gm/cm?.

Nevertheless, it is possible to separate the merging
clusters, if their geometrical disposition is taken into
account. Clusters, overlapping on the scatter plot but
corresponding to spatially disjoined objects must be
treated as different clusters in spite of their similar
means. This approach requires a modification to the clas-
sical Leader algorithm in order to take into account the
spatial aspect of image data. In the new scheme a pixel is
included in a certain cluster only if it is geometrically
adjacent to the image of any of the members constituting
the cluster. Thus, each cluster consists of pixels not only
having similar transparencies, but spatially adjacent to
each other. Geometrically disjointed objects on the image
along with approximately equal Z constitute clusters
with different labels. This permits a more accurate evalu-
ation of cluster centers and, consequently, their atomic
numbers.

It is evident that the result of partitioning depends on
the processing order of pixels and that is a disadvantage of
the algorithm. Nevertheless, as has been tested on real
images, the final partitioning result for the desired ob-
jects is insensitive to the sequence order.

B. Oversegmentation

There is another drawback of the Leader cluster-
ing algorithm known as oversegmentation. The gross
segments corresponding to the cargo objects are speckled
with lots of smaller spots with false labels. Such an effect
becomes apparent on an output image where the labels
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of clusters are substituted by corresponding colors. The
false colors of the small segments result in pepper-
and-salt noise and heavily corrupt the final image as far
as the number of small clusters is much greater than
the gross ones (Fig. 11). Oversegmentation can be parti-
ally reduced, for example, by bilateral filtration [25]
applied to high- and low-energy images as a preprocess-
ing step.

In order to preserve the fine structure of the output
image, a proper merging of irrelevant clusters has to be
carried out. This scheme assumes an iterative merging of
neighboring regions with similar transparencies. The
merging criterion is taken from the hypothesis assuming
that population means are equal. For small area clusters
(n < 30) a student’s T-test is most suited [32].

The process starts with the sorting of a cluster accord-
ing to the area. A cluster with the smallest area is merged
with one of its geometrical neighbors. A candidate for
merging is selected if the means and standard deviations
of both clusters produce the smallest student’s T-test
value. The merging of the cluster reiterates with other
neighbors until a new cluster with an area exceeding a
preset threshold is achieved. A newly appeared cluster
contains information about the merged ones, and its
means are the area-weighted means of its parents. The
process continues till there are no clusters with an area
less than the threshold.

The threshold is a subjective partition parameter
chosen by the visual evaluation of output image quality.
From our experimental observations the optimal results
are achieved with a threshold of about 10 pixels. The
lesser values do not eliminate the undesirable false-color
freckles and the greater ones result in a coarse-grained
image. Physically the threshold can be treated as the user
defined minimal size of an object for which the atomic
number can be evaluated. For example, in our experi-
ments, the 9-pixel threshold corresponds to approxi-
mately 1 cm? object on image.

10000
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FIG. 11. (Color) Histogram of cluster size for 3s Leader parti-
tion (green) and after merging (blue). The threshold for merg-
ing is 9. Histogram is built for a 480 X 360 container image
fragment (Fig. 12).

104701-9

FIG. 12. Distribution of substances’ atomic numbers on the
fragment of a cargo container after segmentation.

As we have seen the threshold has to be preset differ-
ently relative to the geometrical size of detector crystals.
In a certain sense this resembles the idea of utilizing
larger crystals for the detection of filtered bremsstrahlung
with low intensity for forming of a dual image [12]. In our
case of the digital enlargement of the colored spots by
cluster merging, the spatial resolution remains almost
intact, as the spatial shape of the spots is effectively
adapted to the variation of intensity on the image.

C. Labeling

Upon completion of the oversegmentation elimination,
we obtain the partition of an image into a set of segments,
whose cluster centers correspond to high and low trans-
parency of singled out objects. If a pixel belongs to
a certain cluster, then both its transparencies are replaced
with ones of the cluster center, and the pixel is enumer-
ated with the cluster label (number). The subsequent
conversion of transparency into an atomic number
is performed according to the predefined lookup
table. The distribution of an atomic number on the image
in a grey color after segmentation is demonstrated in
Fig. 12.

Accordingly, the color representation of the same frag-
ment is shown in Fig. 13. In comparison to Fig. 9, lots of
new important details are revealed, for example, a re-
volver on the bottom right of the image.

V. CONCLUSION

The results of this paper can be summarized as follows.
Routine measurements of a dual integral absorption
rate by the scintillator-photodiode pair in 1-10 MeV range
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FIG. 13. (Color) Colorized image of a shipping container with color assignment according to Table II. Colorization is fulfilled after

the segmentation procedure.

do not allow us to achieve the complete discrimination of
materials in cargo containers.

The image segmentation technique based on the modi-
fied Leader clustering algorithm allows us to suppress
noise on the dual images to a certain extent and perform
discrimination of four basic material groups.

The dual energy radioscopic discrimination of mate-
rials according to an atomic number was demonstrated on
a full-scale prototype of a customs inspection system
with 8/4 MeV dual boundary energies.
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