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The detection of hazardous materials has been identified as one of the most urgent
needs of homeland security, especially in scanning cargo containers at United States
ports. To date, special nuclear materials have been detected using neutron or gamma
interrogation, and recently the nuclear resonance fluorescence has been suggested. We
show a new paradigm in detecting the materials of interest by a method that combines
four signals (radiography/computer tomography, acoustic, muon scattering, and nu-
clear resonance fluorescence) in cargos. The intelligent decision making software sys-
tem is developed to support the following scenario: initially, radiography or the com-
puter tomography scan is constructed to possibly mark the region(s) of interest. The
acoustic interrogation is utilized in synergy to obtain information regarding the ultra-
sonic velocity of the cargo interior. The superposition of the computer tomography
and acoustic images narrows down the region(s) of interest, and the intelligent system
guides the detection to the next stage: no threat and finish, or proceed to the next in-
terrogation. If the choice is the latter, knowing that high Z materials yield large scat-
tering angle for muons, the muon scattering spectrum is used to detect the existence of
such materials in the cargo. Additionally, the nuclear resonance fluorescence scan
yields a spectrum that can be likened to the fingerprint of a material. The proposed al-
gorithm is tested for detection of special nuclear materials in a comprehensive sce-

nario.

Key words: nuclear material detection, cargo scanning, multiple signals, fuzzy logic,

intelligent decision

INTRODUCTION

The detection of hazardous materials hidden in
cargo containers is a major challenge. The import of
special nuclear materials convertible to weapons rep-
resents potentially a very significant threat. The an-
nual number of cargo containers reaching United
States ports and entry points exceeds six million. A
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manual search of all is impossible. Furthermore,
lengthy staying of cargo at entry points has an impact
on the country’s market and economy. On the other
hand, manual inspection of randomly selected con-
tainers reduces the reliability and trustworthiness of
customs.

The need for fast and reliable inspection of con-
tainers led to the development of a first barrier of de-
fense to nuclear threats. Several methods for cargo in-
terrogation and screening have been developed:
conventional X-ray tomography and computer tomog-
raphy (CT) reconstruction [ 1], neutron [2], gamma [3],
acoustic interrogation [4], and muon scattering tomog-
raphy [5]. Only a small fraction of cargo is singled out
for further manual search which reduces time require-
ments by several orders of magnitude for the entire
screening process. The limitations (time, cost of the
equipment, detection accuracy) of current technology
still impose high scanning costs during long scanning
times. In addition, the rise of annual global trade rate



M. Alamaniotis, et al.: A Multisignal Detection of Hazardous Materials for Homeland Security 47

demands the improvement of inspection time while
maintaining high levels of detection accuracy.

We propose a new detection algorithm that ap-
plies fuzzy logic tools [6] on scanning data and indi-
cates the necessity for further manual search. A test
case for the detection of special nuclear materials
(SNM) is presented and discussed. Future improve-
ment of the presented methodology is outlined.

MULTISIGNAL DETECTION
METHODOLOGY

General characteristics

The proposed detection algorithm uses the com-
bination of four signals to detect the presence of SNM
in cargo interiors. The primary goal is the identifica-
tion of cargo content by marking the regions of interest
(ROT) defined as high atomic number (high Z) material
regions. By combining data obtained from the conven-
tional radiography/CT scanning, acoustic interroga-
tion, muon scattering detection, and nuclear resonance
fluorescence (NRF), the proposed methodology offers
a new decision making process to be used for cargos.
Flexible and powerful tools of fuzzy logic allow for an
intelligent decision on whether the container merits
for manual search or not.

The main purpose of the developed four-signal
detection algorithm is to exploit the unique character-
istics of each signal, and fuse them raising the overall
efficiency in finding the SNM. The intelligent pro-
cessing offers an automated procedure for extracting
valuable information with online decision making.
The superposition of signal features and fuzzy meth-
ods promotes the accurate and quick detection of
SNM.

Radiography/CT scanning

High speed moving electrons that collide with a
metal produce X-rays. Kinetic energy, see (1), of elec-
trons is transformed into electromagnetic. A common
method to produce X-rays is through bremsstrahlung
radiation 1

2 (1)

KE =—mv
2

In this case the electrons approach the target nu-
cleus and are influenced by a nucleus force much
stronger than the attractive electrostatic force. As the
electrons pass by the target, they lose some of their ki-
netic energy and are slowed down. The resulting radia-
tion, from the slowing down of electrons, is brems-
strahlung photons. The advantage is that none of the
photons has more energy, see (2), than the electrons
had to begin with

E=hy (2)

where 7 =4.14-10"° ¢Vs is the Planck’s constant. The
X-ray beam produced from bremsstrahlung is poly-
chromatic (photons with different energies making up
a spectrum).

X-ray cargo inspection is done by highly ener-
getic X-rays. The absorption of X-rays depends on the
penetrated material atomic number (Z number) and is
modelled from the attenuation law as in eq. (3) for one
penetrated material

N(x) =N -exp(~uAx) (3)

where N is the initial number of photons and u is the
absorption coefficient which depends on the material
properties and incident photon energy. Increasing the
Znumber denotes increasing the absorption capability.
As a result, detectors show the images based on pene-
trating properties of materials. Radiographic images
are used in synergy with the computer tomography
scanning to represent containers in three dimensions.
This is possible by the subdivision of the container into
voxels and the use of Hounsfield units (arbitrary com-
parison unit to water absorption) to assign greyscale
values to voxels. Radiography/CT qualifies as a
non-destructive method for sealed containers. At the
same time, fast screening is provided while the cost of
utilization remains low. The presence of high Z mate-
rial is indicated, and the respective area is marked as a
ROL

Acoustic scanning

Acoustic scanning takes advantage of the ultra-
sonic properties of the materials under investigation.
Ultrasonic is the sound pressure with frequencies
more than that of human hearing. This type of scan-
ning is based on mechanical wave (longitudinal) prop-
agation as is presented in wave equation

o%u _o? o%u

or? ox?
where ¢ represents the phase velocity. In case of the
longitudinal waves, the wave equation gets the form of

at*  po ox’
where y is the displacement, py — the undisturbed equi-

librium density of the medium, and B — the adiabatic
bulk modulus of elasticity, eq. (6)

B=po'y, (6)

(4)

where dP is the change in the pressure from the equi-
librium state, and dp is the change in the density. In this
case the phase velocity is given as in eq. (7)

B 1
= |— = [—— 7
‘ Po kpg )
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and k is the compressibility as taken from

k= (8)

Ultrasonic velocities (primarily) and energy at-
tenuation (secondarily) are measured since they get
unique values for different types of propagating me-
dium. It should be noted that the ultrasonic signal has
different velocities for different materials (or phases).
Moreover, in an inhomogeneous medium, the signal
propagates with no constant velocity; the signal takes
the velocity of the material in which it travels at each
instant. The libraries of ultrasonic velocities are
widely available [7]. Matching measured and a priori
values yields the identity of a scanned material.
Acoustic interrogation signals are non-invasive and
non-destructive. Furthermore, they are rapid and low
cost. Acoustic scanning has the best performance
when searching for solid materials in a liquid medium.

Muon scattering

Muons are highly energetic particles produced
by the interaction of cosmic rays with the atoms in the
upper layers of atmosphere

t-sut+v 9)

T ou +v (10)

Muons, after traveling long distances, decay into

an electron, neutrino, and antineutrino. The decay of

muons is characterized by a constant decay rate A, and
the decay time distribution is expressed by

D(t)=Aexp(-At) (11)
where the lifetime of a muon is defined as

T= 1 (12)
A

Their large rest mass (105.7 MeV/cm?) means
that no terrestrial nuclear event is capable of generat-
ing muons. Approximately 10* muons per square me-
ter reach the surface of the earth in a given minute. The
average kinetic energy at sea level is about 4 GeV. This
corresponds to a continuous slowing down approxi-
mation (CSDA), mean penetration ranging from sev-
eral meters in common construction and shielding ma-
terials (concrete, steel, lead, e. g.) to kilometers in case
of gases such as those used in detectors. It is, therefore,
practically impossible to shield a cargo against muon
interrogation. Additionally, their high energy relative
to their rest mass means that muon scattering can be
treated as an inelastic collision with a reasonable de-
gree of accuracy. Therefore, the scattering angle is pri-
marily a function of the mass of the target nucleus.
Given a statistically large number of scattering events,
the mass of the nucleus can be measured using the

muon scattering angle.

The problems of low detector efficiency are
compounded by the need to detect both the incident
and scattered muon in order for the trajectory data to
be calculated. If a detector of 10% efficiency (an order
of magnitude better than the current technology) were
constructed, only 1% (0.1%) of muon interactions
could be detected. For example, in a one meter lead
cube, there will be an average of 805 muon scattering
events per second, out of which about 8 will be mea-
sured. In a smaller target, for example a 10 cm cube,
0.008 detection events can be expected per second, us-
ing this hypothetical 10% efficient detector. Using a
one-hour scanning time, 29 trajectories could be mea-
sured, which is approximately the minimum needed
for the statistical analysis.

Their scattering yields a spectrum which
uniquely characterizes the penetrating material. On
the other side, muons’ high energy prevents them from
being detected easily. The use of large detectors and
long scanning time is an unavoidable part of this new
detection process.

NRF scanning

NRF scanning uses photons of high energies to
induce the resonance states within the target nucleus
and the subsequent decay of these levels by re-emis-
sion of the nearly equivalent photon. Every isotope
(Z>2) has a characteristic “nuclear signature” as a re-
sult of the unique arrangement of protons and neutrons
in its nucleus. This technique uses a bremsstrahlung
gamma beam (commonly an electron linear accelera-
tor, fired at a tungsten target) to check for resonance
states within the target nucleus (fig. 1). When the nu-
cleus is excited by a polychromatic gamma ray, it
re-emits gammas at these characteristic energies. The
resonance fluorescence cross-section, without consid-
ering Doppler broadening, is described with a
Breit-Wigner formula

(13)

A jz 2, +1  Ty(I72)

E)=x =2
o) 7{2” 2y +1(E-E)* +(I/2)*

where A and E are the wavelength and energy of the in-
cident photon, £ is the resonance energy of a nucleus,
Jo and J; are the nuclear spins of the ground and ex-
cited states, I is the total decay width of the excited
state, and Iy is the partial width of the electromagnetic
de-excitation. NRF provides an exacting precision for
material detection. This detection is under develop-
ment and is not a part of the current cargo scanning
systems.

Metal surface Target
Bremsstrahlung ¥ rays
Slecrone /W
—

Figure 1. NRF with bremsstrahlung radiation



M. Alamaniotis, et al.: A Multisignal Detection of Hazardous Materials for Homeland Security 49

Motivation for selection and synergy of signals

The signals mentioned in the previous section
determine the channels of information for the cargo in-
spection. Each signal factors into the final decision ac-
cording to its characteristics and properties. Individu-
ally all four signals can also stand alone for cargo
interrogation and the detection of hazardous materials,
as each of them has unique properties that enable the
detection.

X-rays penetrate the cargo and by constructing
the CT image the presence of high Z material is re-
vealed. Moreover, the exact position of the materials is
given by the coordinates of the voxels. This estab-
lishes a region of interest for further interrogation.

Ultrasonic-acoustic scanning propagates through
the material, and if it meets more than one different type
of material, it yields an unknown velocity. This alerts us
for the presence of something unknown to us in the oth-
erwise homogeneous cargos. Moreover, in case we
know the cargo interior is homogeneous, the ultrasonic
shifts caused by materials can be computed. This leads
to the identification of materials too.

Muon scattering by tracking cosmic muons en-
tering and exiting the cargo can detect the presence of
SNM. This is possible because the spectrum obtained
shows the detected angles.

Nuclear resonance fluorescence scanning yields
a spectrum of background and possible NRF peaks.
All materials have their own signature which is based
on the absorption and subsequent re-emission of
gamma rays. The detection of the characteristic peaks
leads to the material identification.

However, each signal by itself provides a
standalone path for interrogation and detection. The
integration of all of them at the same time seems to of-
fer a wide field of view for fast and effective detection.
So challenging all of them at the same time means that
a well structured synergy is needed. Moreover, the co-
operation of the four signals should exploit their
unique properties and enhance the detection capabil-
ity.

To that direction, the proposed methodology in-
tegrates the above signals into a layered algorithm.
The basic idea is that each layer has a goal to finish the
detection procedure. If this is not possible, then it
should pass to the next level while maintaining effi-
ciency. The flow of the algorithm goes from the sim-
pler method to the more complex ones. In other words,
the detection is performed by each signal separately,
but at the same time, the cooperation is utilized.

The structure of the synergy, applied to the algo-
rithm, exploits the strong aspects of each of the four
signals. Radiography/CT marks the suspected areas
and gives this information to the next level. Acoustic
scanning takes place at slices indicated by radiogra-
phy/CT and attempts to identify the interior of as many
voxels as possible. Then the remainders undergo

muon and NRF inspection since these are the most
time consuming methods.

Fuzzy logic was selected since it provides a pow-
erful frame for decision making. Its principle advan-
tage is that it tries to mimic the way humans think and
decide. Fuzzy logic is not based on crisp sets and helps
us to model uncertainty and doubt. It was selected
since the detection can not be strictly binary. We did
not want just a strict threshold. Since we use more than
one signal more uncertainty gets into the decision
making procedure. In case signals yield different re-
sults, fuzzy logic shows that discrepancy qualitatively.
At the end, it provides us with the probabilities of
SNM presence.

Thus the algorithm provides a well structured hi-
erarchy and cooperation of the different types of infor-
mation.

Detection algorithm

The proposed detection algorithm consists of
several autonomous steps. The separation into defec-
tion layers is attainable due to the ability to process
multiple types of signals. Such layering advances a
quick detection and consumes a minimum amount of
resources. The algorithm is shown in fig. 2. Initially,

Radiography/CT

Region of interest?

Decision:
not open container|

Acoustic =
Detection of SNM [RDIE unidentified All ROIs idsnlmsd]

! Decision:
not open containe!

Decision: | Muon scanning

open container ¥

NRF scanning

Threshold

Threshold
satisfied?

Yes. No
Decision: Decision:
not open container open container

Figure 2. Flowchart of the multisignal detection
algorithm
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we assume that the radiographic images of the cargo
are obtained, or the CT scan of the container is con-
structed. Additionally, CT marks all voxels that pos-
sess high Z materials. In case such voxels do not exist,
the inspection is ended. If the opposite occurs, the in-
spection is led to the next level. We assume that in the
next step, the acoustic scanning is performed targeting
the ROIs to obtain the ultrasonic velocities. The inter-
rogation of this type is applied in two directions
(length axis, width axis). The obtained velocities are
compared to the known values stored in acoustic-data-
bases. The matched values allocate the automated
identification of the materials. If the unidentified ROIs
remain, the algorithm moves on to further interroga-
tion. A predetermined threshold value for decision
making is necessary. This value contributes signifi-
cantly to the final decision. The recommended values
are inside the interval 80-95%. This threshold repre-
sents an analytic form of our confidence for identifica-
tion of hazardous materials. If the final decision is not
reached, the muon scattering data is assumed to be
available. The data is proportional to the characteristic
muon scattering angle. Any additional signals will
come from the NRF interrogation. The intelligent de-
cision making is integrated within the synergy of the
presented four signals. If the final output value satis-
fies the predetermined threshold then a manual search
is not needed. In any other case, the opening of the
container is mandatory.

Intelligent decision-making module

The intelligent decision making module is the
brain of the algorithm. Itis applied in the last part of the
algorithm to reach a final decision. Initially, the pre-
liminary part of the intelligence module uses the data
from the radiography and acoustic scanning steps.
ROIs that were marked by radiography are matched
with SOIs (slices of interest) from the acoustic scan-
ning to construct the reduced CT image of the con-
tainer. This is possible since the acoustic scanning was
performed in two dimensions. Using the coordinates
of voxels from radiography and identified materials
from SOIs, we are able to get a new three-dimensional
image of the container with the reduced number of
ROIs. The SOIs indicated include a known material
having coordinates given as a set of two numbers: (x, z)
for scanning the length and (y, z) for scanning the
width. The length, width and height are denoted as x, y,
and z, respectively. The fusion of data from the two
scans is performed as following: lists with the identi-
fied SOIs are compared and those that have the same z
are placed on a new list with the fused data:

— check list of unidentified SOIs from the length
scanning with the coordinates (x, z),

— check list of unidentified SOIs from the width
scanning with the coordinates (y, z), and

— all duplets of the two lists that have the same z are
fused and the triplets of (x, y, z) are created.

As aresult, the new list contains the triplets (x, y,
z) that denote the coordinates of the unidentified voxel
from the acoustic scanning. The new list is superim-
posed with the coordinates obtained from the CT im-
age or radiographies. The common sets are put aside as
ROIs that need further interrogation.

The core of the intelligent module uses fuzzy
logic to analyze muon and NRF data. Initially the spec-
trum is preprocessed. Its mean and its standard devia-
tion are computed. Then all the locations, i, of the
spectrum are marked as the candidate peaks, satisfying

counts(i) > mean(spectrum)+ std (spectrum) (14)

Fuzzy logic is used to determine the probability
of the detection. For example, the characteristic NRF
peaks of materials of interest are captured by triangu-
lar fuzzy sets. These sets have a very narrow member-
ship function which gets the value of one at the central
locations of the NRF peak. The output sets use mem-
bership functions of the form

u(=——— (15)
1+ (y}
5

The output is always a number in the range [0, 1]
which denotes the probability. The fuzzy rules are
used to assign peaks to the materials. Fuzzy rules have
the following form:

— RI1: If the peak at the position p1 is detected with
the membership al, then aluminum is detected
with confidence cl1,

— R2: If the peak at the position p2 is detected with
the membership @2, then aluminum is detected
with confidence ¢2, and

— R3:Ifthepeak pn is detected with the membership
an, then lead is detected with confidence 3.

If more than one rule is used then the AND oper-
ator is employed to make inferences. The implication
operator of mamdani min is used for relating the input
and the output sets

Peltn (), g (V)= pa (X)A pg(y) (16)

where p14(x) denotes the membership function of the
input set A and uB(x) the output set B.

The composition of all rules for the detected
peaks assigns probabilities to materials of interest and
indicates the interior of the voxels. This occurs by the
superposition of the fuzzy sets and measured spectra.
A similar approach is used for muon scattering data
spectra with the exception that the bell shaped func-
tions are used to represent angles

S p—

- - 17
1+ 01(x—2)? 17
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In this case the fuzzy sets are placed to areas
where these characteristics angles of hazardous mate-
rials appear. Again, the superposition of the fuzzy sets
and the obtained spectra yields matching probabilities
for identified nuclear signatures.

At the end the decision is made by synthesizing
the two probabilities. This happens by just taking their
mean value, as

Pr(NRF )+ Pr(Muons)
2

Then the computed mean value is compared with
the threshold to decide on manual search or not

Mean(voxel ) =

(18)

Mean(voxel) > threshold (19)
Mean(voxel) < threshold (20)

If eq. (19) is true then the algorithm flags the
container as suspicious and decides on its manual
opening. In case eq. (20) is true, then the container is
classified as not suspicious.

MULTISIGNAL COMPUTATIONAL
SCANNING: A CASE STUDY

This section describes the four-signal detection
algorithm in detecting the SNM in the cargo interior.
The test case is a highly simplified cargo structure. The
main goal is to test the algorithm’s accuracy and speed.

Cargo geometry

The multisignal detection algorithm was applied to
atypical ocean-shipped cargo container. The dimensions
of the container are: 5.9 x 2.3 x 2.4 m (length x width x
height). The cargo is voxelized; each voxel has a rectan-
gular shape with the dimensions: 10 x 10 x 10 cm.

We will assume that the SNM is hidden inside
the cargo containing the barrels filled with liquids. We
assume the liquid to be water. Also, we select that ma-
terials to be found in the cargo are: lead, iron, carbon,
depleted uranium, and aluminum. Fuzzy sets are used
for these elements.

The acoustic scanning assumes a directed ultra-
sonic interrogation. The velocity values are obtained
for two-dimensional interrogation: along the cargo’s
length and along the cargo’s width. The interrogation
along the third dimension is not feasible in reality.

The NRF and muon scattering spectra are simu-
lated using the Geant4 [8]. All NRF spectra except for
U-238 are generated using the Geant4. The U-238
NRF spectrum is synthesized in Matlab according to
Nudat2 library [9]. All these spectra were used as the
obtained spectra of the cargo inspection and also pro-
vided us the necessary pad to create the fuzzy member-

ship functions. The confidence level is set to the
interval 80-90%.

The procedure was done in Matlab. All individ-
ual steps of the algorithm were implemented using
Matlab. The cargo container is represented by a
three-dimensional matrix. Each matrix entry can be
filled with one out of the six materials.

Computational approach

Initially, the cargo was modeled as a three-di-
mensional (3-D) matrix. In order to represent the real
cargo, a scale of 1 to 10 cm was used. Each entry of the
matrix represented a voxel. The CT image of the cargo
was obtained by logically searching through the ma-
trix, and unknown entries were flagged as ROIs. To
simulate and test the algorithm, the Z number was pre-
programmed for each voxel, but the program runner
was blind to the location of the material. A 3-D plot of
the cargo is obtained, and voxels were plotted with dif-
ferent grayscale color to denote differences in the
atomic number. Moreover, the coordinates of the ROIs
are stored in a matrix and passed to the next level.

For the acoustic scanning, a library of the known
acoustic velocities was developed. In addition, the li-
brary was enhanced with all the shifts that the materials
caused relative to the ultrasonic velocity of water. This
was done on a voxel scale; i. e. the shifts were computed
for a material that occupies one voxel, two voxels, and
so on. The ultrasonic velocities of each SOI were com-
puted by adding the velocity of each voxel and then di-
viding by the total number of the traversed voxels. The
comparison of the scanned velocity and the shift that
caused to that of water were compared with the entries
of the libraries. Velocities “matched” when their acous-
tic difference was smaller than +£0.25. This indicated
that a material was correctly identified. The acoustic
data were obtained from scanning both the length and
width. The unidentified ROIs were stored in a matrix
and inherited to the next interrogation step.

The muon scattering used the matrix of the un-
known voxels from the previous stage. For the materi-
als of interest, spectra were simulated using Geant4
and stored in files. Fuzzy sets developed by the fuzzy
toolbox of Matlab were used on the invoked spectrum
to detect the peaks.

The same approach as for muons was used for
the NRF computational scheme. The NRF spectrum
was simulated in Geant4, and it was passed into
Matlab for fuzzy logic interpretation.

Scanning procedure and results based on the
four-signal algorithm

The first level of detection assumes the X-ray in-
spection of the cargo. Figure 3 shows the CT image to
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Y,

Figure 3. Cargo CT image with the identified ROIs made
in Matlab

be obtained; the ROIs are identified. The simulation
was done in Matlab, and all materials but water were
marked as suspicious. Different intensity of color im-
plies different Z number. The presence of ROIs indi-
cates that the further inspection is required. In this test
case a total of 103 voxels are flagged as suspicious. As
a result, the algorithm “calls” for the next detection
system layer of the algorithm.

The next detection system is based on the acous-
tic scanning. The efficiency of detection using the ul-
trasonic velocity is improved if the interrogation is
performed in two dimensions: along the cargo’s length
and width. Both scanning orientations are indicated in
fig. 3. The velocities that do not match that of water
imply the existence of other materials along the slices
acoustically examined; such slices are marked as
slices of interest. The ultrasonic measurements of
SOIs are compared with those stored in our database.
The matched values identify the materials in each of
the SOIs. The combination of SOIs (fig. 4) allow for
more accurate identification of materials resulting in a
reduction of initially found ROIs. As indicated in tab.
1 this interrogation helped enhance the detection effi-
ciency of iron, lead, aluminum, and carbon. However,
some of the regions are not identified. The coordinates
of the unidentified SOIs are given in tab. 2.

Height

Table 1. Materials detected from acoustic scanning

Acoustic scanning
Length Width
Materials detected
Iron (Fe)
Lead (Pb)
Aluminum (Al)
Carbon (C)

Iron (Fe)
Lead (Pb)
Aluminum (Al)
Carbon (C)

The materials detected so far are not classified as
hazardous. Up to this point, no positive decision for fur-
ther manual search is taken. The unidentified interior of
some voxels “calls” the algorithm to move to the final
step. Slices that might not have been identified by the
acoustic length scan are possible to have been identified
by the acoustic width scan and vice versa. The common
unidentified voxels are obtained from the common z co-
ordinate. All values of z that appear in both methods
qualify for the next stage. In this test case, the fusing
process produces a set of four voxels. Figure 4 shows
the cargo interior with fewer ROIs to be identified with
the remaining scanning methods.

The number of suspicious areas has dramatically re-
duced from 103 to 4. The identification of lead enhances a
suspicion of the presence of SNM in the liquid since lead is
expected to be a shielding material for depleted uranium.
Muon and NRF are thus computationally applied as a dual
scanning protocol to the set of voxels indicated by the
acoustic scanning.

Table 2. Unidentified SOIs after acoustic scanning

Slices of interest
Coordinates
Scanning length | Scanning width Common (fused)

X z y z X y z

4 4
10 10 4 5 10 10 10
24 17 5 4 24 17 17
50 20 5 5 50 20 20
58 22 10 10 58 22 22

17 17

20 20

22 22

60
40
Leng\\’\

Figure 4. SOIs (bars) obtained after ultrasonic interrogation across length (left), across width, and combination of them

(right)
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The NRF scanning performed in the remaining
four voxels yielded matching probabilities for the ma-
terials of interest. Probabilities were assigned by fuzzy
sets. The same approach is applied to muon detection.
Table 3 presents the statistics obtained from the syn-
ergy of these methods.

The NRF spectrum obtained for the first voxel is
presented in fig. 5. The uranium is detected in two

voxels with high probability. Muon scanning also de-
tects the U-238 (fig. 6) with the probability over the
threshold of 90%. For the same cases NRF yields 80%
confidence level. This value is not as high as 90% but
is considered to be significant. Taking into consider-
ation both values (muon, NRF) we reach a decision:
the container should be singled out for a manual
search.

Table 3. Matching statistics for NRF and muon inspection

Matching statistics
Voxel 1 Voxel 2 Voxel 3 Voxel 4
Material | (10, 10, 10) (24,17, 17) (50, 20, 20) (58, 22,22)

NRF Muons| NRF Muons | NRF Muons |NRF Muons

Pb 0 01111 0 0 0 01111 0 0

Al 0 0 0 0 0 0 0.95 1

C 0 0 0 0 0 0 0 0

Fe 0 0 0.85 1 0 0 0 0

U-238 0.8 1 0 0 0.8 1 0.8 1
DECISION: Container needs further manual search due to detection of uranium

100

80

60

Counts

40 |

20 L

0 1000

- | i | l 1
3000 4000

1 1

5000

2000

Figure 5. NRF spectrum for 1

voxel 1 (U-238) and detected peaks o8t

0.4r

1000
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The algorithm performs efficiently and quickly.
In order to get a good notion of the scanned time we it-
erated the scanning procedure six times using the same
interior. The results for the decision time are presented
in tab. 4. Each pass of the algorithm occurred in time
less than 8 s. The time needed to inspect spectra for a
single voxel is about 1.1 s. This means that the time of
decision was reduced because of the first part of the al-
gorithm: CT and acoustic. The total absence of this
part would lead to NRF or muon scanning of every sin-
gle voxel which would require long decision time.

Table 4. Decision making time for 10 scanning trials of
same container

Scanning time

Iteration Time [s] Iteration Time [s]
1 7.7495 6 7.7656
2 7.7831 7 7.7616
3 7.7527 8 7.7245
4 7.7681 9 7.7371
5 7.7416 10 7.7354

CONCLUSIONS

The multisignal algorithm is based on a fusion of
four different detection techniques. The capability of
processing four signals (radiography/CT, acoustic in-
terrogation, muon detection, and NRF spectra) was
tested for a cargo filled with water and various heavy
metals. A precise decision was made in a short period
of time (7.8 s). The four detection techniques used in
series proved to be efficient in identifying and reduc-
ing the regions of interests for each succeeding step of
the inspection. The intelligent decision making mod-
ule contributed in that direction by merging data from
the radiography and acoustic scanning and then fed the
filtered data to the other two methods. The time inten-
sive muon and NRF interrogation would then be sped
up linearly for each voxel that was deemed trivial in
the previous layers of the algorithm. If it weren’t for
that preliminary step then we would have checked 206
spectra (two for each ROI). Future work will embed
Geant4 radiography [10] into the proposed algorithm.
Also, fuzzy logic tools will be used in acoustic mea-
surements to improve the detection time. Fuzzy logic
can help reduce the volume of the acoustic library and
this will result in shorter time of searching for matches.
Furthermore, the Geant4 simulated NRF and muon
spectra will be obtained and a database will be devel-
oped. The porting of the algorithm to a faster language
(such as C++) will improve its speed.
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Munrujanuc AJAMAHUNOTUC, lllon TEPUJL, Llon ITEPU,
Pour I'AO, Jleprepun HYKAJIAC, Tarjana JEBPEMOBUWh

BUIIECUTHA/THA NETEKIIMJA IMTOTEHIUJAJTHO OIIACHUX MATEPUJAIIA

Pa3Bujame MeTofa 3a J[ETEKUMjy NOTEHIMjaJIHO ONACHUX MaTepHujaia jefgaH je oOf
HajnpuMapHujux uatepeca y CAJl, HapouuToO Kaja je y HuTamy nperiefiambe OpOACKUX TepeTa Ha leHIM
rpanumama. Crnenujanau Hykieapuu Mmatepujanu (CHM) yobuuajeHo ce ieTeKTyjy Ha OCHOBY METOJa Koje
KOPHUCTE HEYTPOHCKO UK raMa 3pademe. Off HelaBHO ce pazMaTpa KopHithembe MEeTOJIe KOja ce 3aCHUBA Ha
NpUMEeHH HyKJeapHe pe3oHaHTHe (ayopecennuje (HP®P). Y oBom pany, My cMO onmcany HOBH TPOTOTHIT
cucTeMa 3a JIETEeKIMjy ONMAcHUX MaTepujana y OpPOJCKMM KOHTEjHEpPHMa, KOjU Ce 3acCHUBA Ha aHAIN3H
YeTHpH CUTHANA (pagrorpaduja uin CKeHep, aKyCTUIHY CUTHAJI, MUOHCKO pacejare 1 HP®). Passuinu cMo
TEOPETCKHU AJITOPUTaM KOju 00aBJba HHTEIIUT€HY aHAIM3Y CCTEMA CUTHajla KopucTehu crefehu ciieHapuo:
HajIpe IpeTHoCTaB/baMo fa je Moryhe 1oOuTu paguorpadCcku uin CKeHep CHUMaK KOHTejHepa Koju Ou
omoryhuo npBy uaeHTnuKanujy peruona og narepeca (POI); akycTuaHo TecTupame O ce KOPUCTUIIO
CHHEPreTCKU ca pagnorpadujoM uin CKEHEpPOM U jlao Ou nH(opmalyje o yITpa3ByuHUM Op3uHama y
koHTejHepy. Cynepro3unyja paguorpadcKux/cCKeHep MmojjlaTaka U aKyCTUIHUX Op3WHa pefaykoBana Ou
BeanunHy POU. Y cnenehem kopaky anropuram Ou OfJIyduo Aa JIU je HEONXOJAHO HACTABUTHU JETEKIH]y
npuMenyjyhu mpeocrasne e MeTofie. Y clydajy fia je OfylyKa Jia ce HacTaBU TECTHpame KOHTEjHEepa,
MHUOHCKO pacejame Ou IPOU3BeJIo ClIeKTap Y1jOM aHATN30M OU MOTJIO Jla ce OfIpe/u IIPUCYCTBO MaTepujaia
BeJIMKOr aToMcKor 6poja. U Ha kpajy, HP® curnan 6u mao tauny uaeHTH(UKAIN]Y KOjU Cy MaTepHjanu
OPUCYTHHU Y KOHTejHepy. OBaj HOBU HPEJIOKEHH alrOPUTaM OCHOBAH Ha (Dy3Uju YETHPHU pa3IUdUTa
cUrHasa TecTupad je 3a ferexiujy CHM y KoHTejHepy cTaHAapAHUX AUMEH3H]a.

Kmwyune peuu: dettiexyuja HykaeapHux mattiepujand, CKeHUParbe KOHIIejHepd, 8ULUECUZHALHA
Oeiliexyuja, (pasu A0ZuKa, UHIEeAUZEHIUHA 00AYKA




