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STATEMENT REGARDING FEDERAL RIGHTS

[0003}] This invention was made with Govérnment support under Contract
Number DE-AC52-06NA25396 awarded by the United States Department of .

Energy. The Government has certain rights in the invention.
TECHNICAL FIELD

[0004] Embodiments relate to fields of particle detection, analysis, control
and, more particularly but not exclusively, to methods and systems for analyzing
data from a charged particle detection system having a plurality of position
sensitive detectors and for reconstructing the trajectory of a charged particle,
such as a cosmic ray muon, passing through the charged particle detection

system.
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- BACKGROUND

[0005] Charged particle tomography is based on the scattering of charged
particles. One form of charged partide tomography is cosmic ray tomography
which relies on the scattering of cosmic ray muons. Coming from deep space,
stable particles, mostly protons, continuously bombard the Earth. These particles
interact with atoms in the upper atmosphere lo produce showers of particies that
include many short-lived pions which decay and produce longer-lived muons.
Muons interact with matter primarily through the Coulomb force, having no
nuclear interaction and radiéting much less readily than electrons. They lose
énergy only slowly through electromagnetic interactions. Consequently, many of
“the muons arrive at the Earth’s surface as highly penetrating chargéd radiation.

The muon flux at sea level is about one muon per cm? per minute.

[0006] As a muon moves through material, Coulomb scattering of the
charges of subatomic particles perturb its trajectory. The total deflection depends
on several material properties, but the dominant parameters are the atomic

number, Z, of the nuclei and the material density.

[0007] There is a need to provide an improved method and system for
reconstructing a volume of interest from muons or other charged particles

passing through the volume.’
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BRIEF SUMMARY

[0008] The following summary of the invention is provided to facilitate an
understanding of some of the technical features related to techniques, apparatus
and systems for dete‘ctirig parﬁcfes such as charged'- particles like muons and
statistical recohstf”uction of object volume écattering density profiles from charged
particle tomographic data and is not intended to be a full description. A full
appreciation of the various aspects of the invention can be gained by taking the

entire Speciﬁcation, claims, drawings, and abstract as a whole.

[0009] The aforementioned aspects of the invention and other objectives and

advantages can now be achieved as described herein.

[0010] According to one aspect, a detection system is described for
detecting an object volume via charged particles passing through the object
volume. This System includes a first set of position sensitive detectors located on
a first side of an object volume to measure positions and angles of incident
Charged particles towards the object volrurrne; a second set of position sensitive
detectors located on a second side of the object volume oppbsite' to the first side
to measure positions and angles of outgoing charged particles exiting the object
* volume; and a signal processing unit to receive data of measured signals from
the first set of position sensitive detectors and measured signals from the second
.set of position sensitive detectors. The signal processing unit procasses‘the
received data to produce a statistical reconstruction of a volume “scattering

density distribution within the object volume.

[0011] - Tha signal processing unit can be configured to: (a) obtain charged
particle tomographic data corresponding fo scattering angles and estimated
momenta of charged particles passing through an object volume; (b) provide a
probability distribution of a charged particle scattering density based on a
statistical multiple scattering model; (c) determine a substantially maximum

likelihood estimate of the object volume scattering density using an expectation



maximization (ML/EM) algorithm; and (d) output a reconstructed object volume

scattering density based on the substantially maximum likelihood estimate.

[0012] According to another aspect, a method for detecting an object volume
from charg'ed 'particle' tomographic data obtained from the object volume
- comprises: (a) obtaining predetermined chargéd particle tomographic data
corresponding to scattering angles and estimated momenta of charged particles
paésing through object volume; (b) providing the probability distribution of a
charged particle scattering for use in an expectation maximization (ML/EM)
algorithm, said probability distribution being based on a statistical multiple
~ scattering model; (c) detérmining a substantially maximum likelihood estimate of
' object volume scattering density using said expectation maximization (ML/EM)
algorithm; and (d) o_u;tputting a reconstructed object volume scattering density

based on the substantially maximum likelihood estimate.

[0013] " The method allows a user to identify the presence and/or type of
object occupying the volume of interest from the reconstructed volume scattering
density profile. Various applications include cosmic ray muon tomography for
various homeland security inspection applications in which vehicles or cargo can

be scanned by a muon tracker.

[0014] The charged particle tomographic data can comprise tomographic
data gathered from charged particles, such as muons, generated by cosmic rays

or some other source.

[0015] Making a decision based on the reconstructed object volume
scattering density can comprise making a decision on at least one of (1) a
presence and (2} a type of a target object in the object volume based on the

reconstructed objebt volume scattering density.



[0016] Providing the probability distribution of a charged particle scattering
for use in an expectation maximization (ML/EM) algorithm can comprisé (9)
obtaining a probability distribution in 2D for a charged particle based on a

predefined scattering density of an homogenous ‘object; (h) obtaining a 3D
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probability distribution for the charged particle based on the 2D probability
- distribution; (i) obtaining a probability distribution for scattering of muitiple
charged particfes'through a non-homogenous object volume characterized via
basis functions; and (j) determining a probability distribution for muitiple scattering
based on the definition thereof and scattering and momentum measurements of

the charged particles.

[0017] Obtaining the probability distribution in 2D for a charged particle
based on a predefined scattering density of an homogenous object can comprise
(k) determining the scattering density of a material as the expected mean square
scattering of the charged particles th-rough‘ a unit depth of the material; (f)
approximating the charged particle Scattering"distribution based on é Gaussian
model; and (m) approximéting charged particle ray scattering and displacement

based on a correlated 2D Gaussian distribution.

[0018] Obtaining a 3D probability distribution for the charged particle based
on the 2D probability distribution can comprise adding a coordinate and defining a
~ three dimensional path length; computing a 3D disp[acément; and defining a 3D

covariance matrix.

[0019] Obtaining a probability distribution for scattering of multiple charged
particles through a non-homogenous object volume characterized via basis
functions can oompfise establishing a 3D grid of basis functions representing
di‘écrete scattering density estimates; determining the scattering / displacement
covariance matrix for each individual muon as a function of the ray path and
scattering density estimates; and determining a probability distribution for a
plurality of charged particles as the product of individual charged particie

probabilities.

[0020] Determining the substantially maximum likelihood estimate of the
object volume scattering density using the expectation maximization (ML/EM)
algorithm can comprise gathering measurements of scattering and momentum for

each charged particle; estimating geometry of interaction of each charged
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particle with eéch basis function of the statistical scattering ‘model; for each
charged particie.basis functioh pair, determining the weight matrix: Wy, initializing
séattering density in each basis function with a guess; and iteratively solving for
the approximate maximum likelihood soIthi_on for object volume contents;
wherein the iterative process is stopped at a predetermined number of iterations

or when thé solution is changing less than a predetermined tolerance value.

[0021] Deterrhihing a substantially maximum likefihood estimate of the
object volume scattering density using the expectation maximization (ML/EM)
~ algorithm can comprise gathering measurements of scattering and momentumn
for each charged particle i= 1 to M (A8, AL, Ax,A, p2), ;estimating the geometry
of interaction of each muon with each voxel j = 1 to N (L,T)y.; for each charged

particle  voxel pair,. computing the  weight matrix: W, as

L L/2+LT,

i

Wy = initializing @ guess of the scattering densit
PU\BIET, BLTALTE] g a gu _ g y

A

1. N €ach voxel; and using a stopping criteria process to set 2., =4, for all

voxels.

[0022] The expectation maximization (ML/EM)'aIgorithm can include a mean

update rule or a median update ruie.

[0023] According fo yet another aspect, a computed-impiemented method for
detecting an object volume from charged particle tomographic data obtained
from the object volume comprises (a) obtaining charged particle tomographic
data corresponding to scattering angles and estimated momenta of charged
particles passing through an object volume; (b) providing a probability distribution
of a charged particle scattering density for use in an expectation maximization:
(ML/EM) algorithm, the probability distribution being based on a statistical
multiple scattering model; (¢) determining substantially maximum likelihood
estimate of object volume scattering density using the expectation maximization

(ML/EM) algorithm; and (d) outputting a reconstructed object volume scattering
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density. A decision can be made based on the reconstructed object rscétl:ering ‘

volume density.

[0024] According to yet another aspect; a computer program product
comprises a computer-usable data carrier storing instructions that, when
executed by a computer, cause the computer to perfdrm a methbd for staﬁsticai
reconstruction of object volume density profiles from charged particle
tomographic data, the method comprising: (a) obtaining predétermin’ed charged
particle tomographic data corresponding to scattering angles and estimated
momenta of charged partlcles passing through object volume; (b) prowdlng the .
probability distribution of charged particle scatterlng for use in an expectation
maximization (ML/EM) algorlthm the probability dlstnbutlon being based on a
statistical multiple scattering model; (c) determining ‘a substantially maximum
likelihood estimate of object volume density using the ex'pectation maximization
-(ML/EM) algorithm; and (d) outputting a reconstructed object volume scattering

density.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0025] - The accompanying figures, in which like reference numerals refer to
identical or functionally-similar elements throughout the separate views and which
are incorporated in and form a part of the specification, further illustrate the
~present invention and, together with the detailed description of the invention,
serve to explain the principles of the present invention.

[0026] FIG. 1 illustrates one example of a muon tomdgraphy concept;

[0027] FIG. 2 illustrates a two-dimension projection of scattering and

displacement used to determine Coulomb scattering;

[0028] FIG. 3 illustrates the parameters of a two-dimension projection of

scattering and dlsplacement used to adjust model of 3-D scatterlng,
[0029] FIG. 4 illustrates scattering through mulitiple layers of material;

[0030] FIG. 5 illustrates using point of closest approach for path length

calculations of the projection shown in FIG. 3;

[0031] FIG. 6 illustrates an automated system for statistical reconstruction of

~ volume scattering density profiles for muon tomography;
[0032] FIG. 7 illustrates a perspective view of simulated objects;
[0033] FIG. 8 illustrates overhead view of simulated objects;

[0034] FIG. 9 illustrates reconstruction of Gaussian scaitering simulation with

path lengths estimated assuming two lines connected at the PoCA point;
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[0035] FIG. 10 illustrates reconstruction of simulated data using scattering

with Non-Gaussian ta'ils-;

-[0036] FIG. 11 illustrates reéonstruction of simulated data using scattering

with Non-Gaussian tails via the median method;
[0037] FiG. 12 illustrates major objects in a simulated passenger van;

[0038] FIG. 13 illustrates reconstruction of 1 min of simulated muon

exposure of the passenger van via the mean method;

[0039] FIG. 14 illustrates reconstruction of the passenger van scene via the

median method;

[0040] " FIG. 15 illustrates a flow chart generalfy oUﬂining a method for
statistical reconstruction of volume scattering density profiles for charged particle

tomography according to one embodiment;

[0041] FIG. 15A illustrates a flow chart outlining an example of the process
of estimating the probability distribution of scattering of a muon passing through
an object volume using a multiple statistical scatfering model according to one

embodiment:

[0042] FIG. 158 illustrates a flow chart outlining an example of the process
of estimating the expected probability distribution of scattering in 2D for a single
muon based on a predefined scattering density of object according to one

embodiment;

[0043] FIG. 15C illustrates a flow chart outlining an example of the process

of extending the statistical model to 3D according to one embodiment;

[0044] FIG. 15D illustrates a flow chart outlining an example of the process

of determining the probability distribution for scattering and displacement of
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muitiple muons through non homogenous materials accordlng to one

embodlment and

[0045] FIG. 15E illustrates a flow chart outlining an example of the process of
max1m|zmg hkellhood of estimated density profiles of object volume usmg an

expectation maximization algorithm according to one embodiment.
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DETAILED DESCRIPTION

[0046] The particular values and configurations discussed in these non-
limiting examples can be varied and are cited merely to illustrate at least one
embodiment of the present invention and are not intended to limit the scope of

the invention.

[0047] Technical features described in this application can be used to
- .construct various particle detection systems. For example, a particle detection
syéte‘m for detecting muons as thé charged particles can include an object
holding area for placing an object to be inspected, a first set of position sensitivé
muon detectors located on a first side of the object hblding area to measure
positions and angles of incident muons towardé the object holding area, a -se.cond _
-set of position sensitive muon detectors located on a second side of the object
holding area opposite to the first side to measure positions and angles of
outgoing muons exiting the object holding area, and a signal processing uhit_,
which may include, e.g., a microprocessor, to receive data of measured signals of
the incoming muons from the first set of position sensitive muon detectors and
measured signals of the outgoing muons from the second set of poSition sensitive
muon detectoi's.- As an exampie, each of the ﬁrst and second sets of particle
detectors can be implemented to include drift tubes arrénged to allow at least
three _charged particle positional measurements in a first direction and at least
three charged pérticle positional measurements in a second direction different
from the first direction. The signal processing unit is configured to analyze
scattering behaviors of the muons caused by scattering of the muons in the
materials within the object holding area based on the measured incoming and
~ outgoing positions and angles of muons to obtain a tomographic proﬁle or the
spatial distribution of scattering centers within the object holding area. The
obtained tomographic profile or the spatial distribution of scattering centers can
be used to reveal the presence or absence of one or more objects in the object
holding area such as materials with high atomic numbers including nuclear

materials or devices. Each position sensitive muon detector can be implemented

11
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in various configurations, including drift cells such as drift tubes filled with a gas
which can be ionized by muons. Such a system can be used to utilize natural
cosmic ray muons as the source of muons for detecting one or more objects in

the object holding area.

' [0048]' n- ohe; implementation, the method and syste'm for statistical
reconstruction  of vo’iume scattering density profiles for cherged particle
“tomography according to the illusirative embodimenis provides an approach in
which an image or model of an object can be reconstructed based on the

scattering of cosmic ray charged particles moving through the object.

[0049] The trajectbries are more strongly affected by special nuclear material
(SNM) and materials that makeg'ood gamma ray shielding (such as lead and
tungsten) than by the materials that make up more ordinary obje;:ts (such as
water, plastic, aluminum, and steel). For cosmic ray charged particles ,and in
particutar cosmic ray muons, each muon carries information about the objects
that it has penetrated, and by measuring the scattering of multiple muons, one
can probe fhe properties of these objects. In particular, one can detect high-Z
objects amongst more typical low-Z and medium-Z matter.

. [0050] In order to explain to explain various technical features for statistical
reconstruction of volume density profiles for charged particle tomography
according to the iflustrative embodiments, reference will first be made to a muon

tomography concept an example of which is illustrated in Fig'. 1.

[0051] Sets of position sensitive detectors 10 are configured above and
below an object volume 11 to be imaged to provide the pesitions and angles of
both incoming and outgoing charged particle tracks 12 (shown by solid lines with
arrows). Two or more sets of position sensitive detectors 10 arranged above a
volume to be imaged provide the position and angie of incomihg Charged particle
tracks. These detectors measure charged particle poeition in two orthegonajlerr o
non-orthogonal coordinates. Another set of position sensitive detectors 10 |

records outgoing charged particle pdsitions and angies. Side detectors (n'ot”'

12
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shown) may be used to detect more horizontally oriented charged particle fracks. '
The scattering angle of each charged particle track is computed from the
coincident incoming and outgoing measurements. Charged particle momentum is
estimated from the slight scattering occurring in the d'etectors themselves. orin a
layer of scatterers of known properties placed between two sets of position-

sensitive detector planes.

[0052] One example of a position sensitive charged particle detector is a drift
tube filled with an operating gas. The drift tube can be a cylindrical tube and is
filled with a detector gas such as ArgoniléobUfane to- enable detection of the
cosmic ray charged particles, such as muons. A positive HV of about +2-3kV is
applied to a central anode wire extending along the Iength'of the cylindrical tube
with t_he. tube exterior surface at ground so that a high-voltage static field is
“present. When the charged particle interacts with gas atoms, many electrons are
_ liberated from those atoms in a straight line through a chord of the tube. The
" static field causes the ;‘string” of electrons to drift foward the positively charged -
anode wire which is read-out electronically with TDCS (time-to-d igitai converters)
of the data acquisition electronics. Each set of detectors can be drift tubes
arranged to allow at least three charged particle positional measurements in a
first direction and at least three charged“par'ticle positional measurements in a
second direction which is different from the first direction and may be’orthogonal

to the first direction.

[0053] A signal processing unit, .g., a computer, is provided in the system in
FIG. 1 to receive data of measured signals of the incoming muons by the
~ detectors above the object volume and o'utgoing muons by the detectors below
the object volume. This signal processing unit is configured to analyze scattering
behaviors of the rhuons caused by scattering in the volume based on the
measured incoming and outgoing positions and angles of muons to obtain a
tomographic profile or the spatial distribution of scattering centers within the
volume. The obtained tomographic profile or the spatial distribution of scattering
centers within th,e.volume can reveél the pfesénce or absence of the object in the
volume. In rsome implementations, additional drift tube detectors can be

13
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imp!emented on sides of the volume to form a box or four sided sfructure into ‘
which a package, a vehicle or cargo container can enter for scanning by the
system. Thus, multiple scattering of cosmic ray muons can be used to selectively
detect high z-material in a background of normal cargo. Advantageously, this
technigue is passive, does not deliver any radiation dose above background, and
_is selective to high-z dense materials. The tomographic processing part of the -
signal processing unit may be implemented in an on-premise computer fhat is at
the same location with the detectors” 10. Alternatively, the‘ tombgraphic- _
processing part of the signal processing unit may be implemented in a remote
- computer that is connected on a computer network such as a private network or a

public network such as the Internet.

[0054] In the illustrative embodiment of FIG. 1, the charged particles are
tosmic ray muons or other cosmic ray charged particles, and the position
sensitive detectors 10 are drift cells filled with an operating gas for sensing the
charged particles. Drift‘c'ellsr can be implementéd by, for example, drift tubes with
- center anode wire ruhlj_ing ‘along the longitudinal direction of each tube.
However, charged particles other than muons can be detected using position
sensitive sensors other than drift celis. -Furthermore, charged particles can be
generated by a source other than cosmic rays. For example, muons can be

generated as a low intensity beam from an accelerator.

[0055] The muons penetrating a  dense object (black tracks) scatter
significantly stronger than muons going through air (gray tracks). From 'multiple
track measurements- both object geometry and electron density of the material
can be reconstructed. Muons passing through the volume are scattered in a

manner that depend's‘ on the materials thrqugh which they pass.

[0056] The 'processing of fn‘easurements for cosmic ray muons in a volume
under inspection (e.g., a package, a container or a vehicle) by the processing unit
~for the system in FIG. 1 can include reconstructing the trajectory of a muon
throUgh the volume, meésuring,the m.ome’ntur’h of an incoming muon based on

signals from the detectors on each side of thé'volume, and determining the

14
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“spatial distribution of the scattering'density of the volume. These and other
processing results can be used to construct the tomographic profile and measure

various properties of the volume such as detecting a target object.

[0057] For example, the reconstruction of the trajectory of a charged particle
passing through a detectors 10 having a ‘set of drift tubes can include (a)
obtaining hit signals representing identifiers of drift cells hit by charged particles
and correspdnding hit times; (b) grouping in-time drift cell hits identified as being
associated with a track of a particular charged particle passing through said
“detector; (c) initially estimating a time zero value for a moment bf time at which
said particular charged particle hits a drift cell; (d) determining drift radii based on
‘estimates of the time zero values, drift time conversion dafa and the time of the
hit; (e) fitting linear tracks to drift radii corresponding to a particular time zero
value; and () searching and selecting a time-zero valﬁe associated with the best
of the frack fits performed for a particular charged particle and computing error in
time-zero and tracking parameters. Such reconsiruction of the frack based on
~ the time zero fit provides a reconstructed linear trajectory of the charged particle’
passing through the charged particle detector without having fo use fast detectors
(such as photomultiplier tubes with scintillator paddles) or some other fast
detector which detects the passage of the muon through the épparatus to the

nearest few nanoseconds tec provide the time-zero.

- [0058] Also for example, the processing for measuring the momentum of'an
incoming -or outgoing muon based on signals from the detectors 10 in FIG. 1 can
include, (a) configuring a plurality of position sensitive detectors to scatter a
charged particle passing therethrough; (b) measuring the scattering of a charged
particle in the position sensitive detectors, wherein measuring the scattering
comprises obtaining at least three positional measurements of the scattering
charged particle; (c) determining at least one trajectory of the charged particle

“from the positional measurements; and (d) determining at least one momentum
measurement of the charged particle from the at: least. one trajectory. This
technique can be used to determine the mbfnentum of the charged particle based

on the trajectory of the charged particie which is determined from the scattering

15
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of the charged particle in the position sensitive detectors themselves without the

use of 'addi_tioriaf metal plates in the detector.

[0059] Details of exemplary systems and ‘-methods for statistical
reconstruction of object volume scattering density profiles from charged particle

tomographic data are provided below.

[0C60] An example of an automated system for statistical reconstruction of
volume scattering density proﬁlesrfor charged particle tomography according to
one embodiment is illustrated in block diagram in FIG. 6. Automated system 50 -
has a controller 51 édapted and arranged to receive charged parlicle
tomographic data 54. The charged particle tbrnographic data can be, for
exampie, muon tomographic data determined from measurements of the muons
using the charged paﬁicle detector 1 of FIG. 1, or alternatively, any other charged
particle detector having position s'ensitiv'e detectors configured to enable tracking
of a charged particle passing t_hrough.a volume. As a result, the muon or other:
charged particle tomographic data can be used to extract or determihe scattering
angles and estimated momenta of muons or other charged particles passing

through an object volume.

[0061] Automated system 50 includes a statistical reconstructor module 56
stored on the controller. Reconstructor module 56 is responsible for statistically
reconstructing volume scattering density profiles for muon or other charged
particle tomography. The module 56 may be implemented as a software module

or a hardware module.

[0062] In the illustrative embodiment of the automated system 50 of FIG. 6,
the controller 51 is forrhéd using one or more operably linked computer processor
units (CPU) based system such as a computer (PC), or other"microprocessor
based system such as a digital signal processor based system. The controlier
_can be a singlé standard computer buf in order to achieve real time results the
controller typically includes a farm of parallel proceséing compu'teré (not shown)

sufficient in number to provide the processing capability necessary to achieve

16
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_results in real-time. For example, the controller can include say 20 CPUs. The
larger the scanning volume of the muon detector and the finer the desired

resolution, the larger the processing computer farm will need to be.

[0063] An operating system runs on the controller 51 and may be a
- commercially available or open—source"operating system, including but not
restricted fo an operating system from Apple, Windows, Linux or Unix, or others
that may be developed in the future. Instructions for the operating system and
applications or programs are stored in storage devices, such as a hard drive.
Also, in the automated system 50, the trabk reconstructor module 56 is software
in the form of a computer-usable data carrier storing instructions that, wh‘en
execu‘;ted by the controller, cause the controller to perform the method of'
statistical rebonstructing volume scattering density profiles for charged particle
tomography according to the illustrative embodiments. The module can be
installed 10Cally on the controller, as indi'cated in FIG. 6, or run from a remote
location via a network coupled to the controller. Those skilled in the art would

understand there are multiple modes of implementing such a module.

[0064] Automated system 50 also includes a display 58, operably coupled to
the controller 51 for displraying 1o a user images or data of the object density
prbfiles reconstructed by the system, as required. A user interface (not shown)
can be operably connected to the processing system to allow a human operator

to manipulate the processing system, as required.

[0065] ‘Those skilled in the art would understand that the illustration of FIG.
6 is merely depicting one example of the embodiments of the automated system
.50 and that the embodiments are not limited thereto. For example, some or all of
the reconstructor module functionality can bé implemented as hardware such as

analogue or digital circuitry without the use of microprocessor.
[0066] Referring to FIG. 15, which illustrates a flow chart generally outlining a
‘method for statistical reconstruction of volume density profiles for charged

'particlé tomography according to one embodiment. Method 100 initiates by
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obtaining predetermined charged particle tomographic data corresponding to
track positions, scattering angles and estimated momentum of charged particles
passing through an object volume, as indicated in process 'step 101. The
predetermined charged particle tomographic data can be obtained for example
from the detector of FIG. 1. Thereatter, a probability distribution for scattering of a
plurality of charged particles passing through object volume represented by a

spatial distribution of a scattering density (to be defined below) is provided based
| on é multiple statistical scattering model, as indicated by the process step 102. A
maximum VEikelihood estimate of the object volume scattering density profile is
then determined using an expectation maximization algorithm, as indicated in
process step 103. The rec‘ohstrdcted volume scatiering density profile is then
output for decision making (procéss?'s'tep- 104). The decision making process is
optionéi and can be for a process of identifying the presence and/or type of object
occupying the volume as indicated in process step 105. The decision making
process can involve human interpretation of an image representing
reconstructed density profile of the object volume and/or automated decision

making by additional algorithms.

[0067]  The methods and automated systems of the embodiments allow
discrete tomographic recbnstruct’ior_l of the volume of interest to be perfofme‘d
" based on the data provided by many cha'rged particles. An instance of the
iterative _expectation maximization (EM) algorithm is used to find maximum
likelihood estimates of density profifes of objects. The method and systems of
the embodiments allow a user to identify the presence and/or'type of object
occupying the volume of interest from the reconstructed volume density profite.
Various applications inciude cosmic ray- muon tomography fbr various homeland
security inspection applications in which vehicles or cargo can be scanned by a
muon tracker. The resulting muon tomographic data can be used to reconstruct
4and display density profiles of the vehicles or cargo using the method and
automated systems of the illustrative embodiments to allow identification of any

threat objects.
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[0068] Whilst maximum likelihood is used in medical image reconstructions,
in particular, for PET and SPECT reconstructions, several important differences
preclude use of standard methods developed for those applications. First, the
measured signal—scattering angle—is stochastic, with mean equa} to zero and
standard deviation defined by the properties of thé penetrated material. Second,
cosmic-ray muons do not come from defined discréte directions or éngles, but
" rather have a broad, continuous angular distribution around zenith and extending
nearly to the horizon. Finally, muon trajectories are not straight;' it is the bending
that enables us to find the rough location of a strongly scattering object. The EM
algorithm is flexible and computationally efficient and its application to complex

geomefries can be illustrated.

[0068] - Process steps 102 to 104 will now be described according to one
embodiment in which the data is cosmic ray muon tomographic data obtained

from the detector of FIG. 1 measuring muons passing through the volume.

[0070] The process of providing the estimated probability distribdtion of
scattering of a muon passing through an object volume using'a multiple statistical
scattering model (process step 102) according to one embodiment is outlined in
the flow chart of FIG. 15A . As indicated in process steps 110 through 113, the
process has'fol_ur main components. First the probability distribution in 2D for a
single muon based on a predefined scattering density of a homogenous objéct is
estirﬁated (process step 110). Then the 2D distribution is extended to 3D
(process step 111). Next, in process step 112, a non-homogeneous object
VOIqme is expressed using voxel basis functions and the probability distribution
for scattering of multiple muons given voxelized scattering density is expressed.
Finally, the probability distribution expression is extended to finite precision of

muon scattering and momentum measurements (process step 113).

10071] Process steps 110 through 113 are implemented using a multiple
scattering statistical model which will first be described with reference 1o
| s_cattering' in a single layer of homogeneous material and then in a non

homogenous material.
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{0072] - "A cosmic ray muon passing through materialrexperiences multiple
Coulomb scattering as illustrated in Fig. 2, which iilustrates a two-dimensional
projection of scattering and displacement used to describe multiple' Coulomb
scattering. In this and other figures, the magnitude of scattering is greatly
exaggerated for illustrative purposes. The outgoing ' rﬁuon track may be
characterized by the scattering éngle and displacement, taken relative to the
orientation and position of the incident muon. Typical scattering angles are a few
tens of milliradians (1 milliradian =~ 0.06 degrees), and scattering angles of more
than a few degrees are very uncommon. The distribution of the central 98% of

scattering angles may be approximated as a zero-mean Gaussian.

L R V4
fM(AQ):\/Z;%t?Xp( 202)5 | _VEQ-(U

[

though thé actual distribution has heavier or larger tails than a Gaussian. The
‘width of the distribution may be expressed approximately in terms of material
pkoperties. Many'researchers have presented empiriéal!y developed -expressions
for scattering as a function of various material properties, as reviewed in S.
Eidelman et al., “Review of pa-rticle physics,” Phys. Lett., vol. B582, p. 1, 2004,
the disclosu‘re of which is incorporated herein by reference. A particularly simple

form is

15MeV | H
Bep L.,

N

Eq. (2)

Ty

Here, p is the particle momentum in MeV/c, H is the depth of the material, and

L, Is the radiation length of the material, gec is velocity (c is the speed of light),
and i the approximation of g=1 is used. The radiation length decreases as

atomic number and material density increase. We establish a nominal muon

momentum, p,, and define the scattering densily of a material with radiation

length L, as
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z(Lma:[l—s-J —. Eq. (3)

[0073] The scattering density, - A, of a material thus represents the mean
square scattering angle of muons with nominal momentum passing through a unit
depth of that material. Values of the scattering density in milliradian® per
centimeter for some materials are about 3 for aluminum, 14 for iron, and 78 for
uranium, for example. So, the variance of scattering of a muon with momentum

| p passing through a material with scattéring density 4 and depth # is

”: m[&] S Eq. (4)
Let
P2 =(ofp¥s Eq. (5)
‘S0 : ’

ol = AHp!. S - Eq.(B)

[0074] The displacement Ax is correlated with the scatltering angle Aé#.
Taken together, scattering angle and displacement provide information
suggesting the position of local scattering contributors in a large volume, as
suggested by the “kinks” in the paths in Fig. 1. The distribution of scattering angle

and displacement may be characterized as jointly Gaussian , with zero mean

ahd

o
O'AIZT/—;O'AB, Eq (7)
V3 .
o p.ﬁ.an:'““i‘"‘- - ‘ Eq.(8)
We may express the covariance matrix as
2 . 2
g= G0 Gen|_ gl H O HI2 L Eq. (9)
W Crone T2 H/2 Hf3 _
Let '

| v v

= : Eg. (10
Lﬁz HB/J ¢ (10)
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S0
T=AA4p?. Eq. (1)

[0075] Having regard to the foregoing, obtaining the probability distribution of
scattering in 2D for a singfe muon scattering (process step 110) according to one
embodiment can be described as outlined in the ﬂow chart of FIG. 15B. As
indicated in process step 150, the scattering density of a material is defined as

the expected mean square scattering of p, = 3 GeV/c muons through a unit

depth of that material per Eq. (3). Then a Gaussian approximation is made for
RMS scattering, as indicated in process step 151, Egs. (1, 5, 6). Finally, a ray's
scattering and displacement distribution is approximated by a zero mean
correlated 2D Gaussian distribution, as indicated in proceés step 152,

- summarized via Egs. (10, 11).

- [00786] " In three dimensions, scattering is bharacteriz’ed by considering a y
coordinate orthogonal to x, and refer to scattering angles Ag, and A#,, and

displacements Ax and Ay . Deflections into the x and » planes are independent
and identically distributed (see Eidelman et al). The development above is based
on é coordinate system which is oriented orthogonal to' the direction of the
incident muon. In a 3-D model we must account for 3-D path length and project
displacement measurements to a plane orthogonal to the incident muon path. in
Fig. 3, which illustrates parameters used to adjust model for 3-D scattering, a

muon incident at a projected angle of 6., from vertical is illustrated..

[0077] In order to assist in understanding of this 3D-scattering, it is useful to

imagine the associated projected angle &, in an orthogonal y coordinate

directed out of the page. The straight line extension of the muon path through the

layer to the projected (un-scattered) pbint (%,.¥,) (i.e., the 3-D path length) is

is

L=H1+tan’0,,+tan* 0, = HL,. Eq. (12) -
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Define the outgoing muon x position and angle as (x,,6,,), then let

- AB, =8,,-86,. Eq. (13)
The measured x displacement would be computed as x,, = x, —x,, but we must
rotate this measurement into the p'lane orthogonal to the ray path and adjust for

the 3-D path length Define displacement as

COS(AH 46, o)
cos(A6,) _
where the middle two terms account for 3-D path length and the final term

A ‘( —x )cos(@ 0)'xy s Eq. (14) |

X

projects the measurement to the proper orientation.

- Finally, redefine the covariance weightings as

Lol |
= ] Eqg. (15
Lﬁ/z LE'/J 9-(19)
[0078] It is then necessary to proceed_ in a similar fashion for the scattering

and di_splacement and Eq. (11) defines the covariance matrix for both and
coordinate scattering. Scattering measurements are made independently in two
drthogonal, horizontal coordinates. To simplify notation, we develop the analysis
for only one coordinate. Combining the information from the two coordinates will
be discussed later. We must note that the model is valid for “small” scattering |
angles and dlsplacemen’cs Second-order terms ignored in the derivation of the

“model may become significant for large angle scattering.

[0079] Having regard to the foregoing, a statistical model extended to 3D is
obtained (process step 111) as outlined in the flow chart of FIG. 15C according to
one embodiment. First, a y coordinate is added and a three dimensional path
length is defined (process step 160, Eq. (12)). Next, in process step 161, 3D
displacement is computed per Eqgs. (13-14). Finélly, per Eq. (15), the 3D

covariance matrix is expressed (process step 162).-

[0080] ~ For a non-homogeneous volume of material, the density profile is R

represented for purposes of reconstruction in terms of a linear combination of 3-D

basis functions {g.....¢,.4, | with coefficients {ifl,...,vj,vN}, ie.,
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ﬁ-(xa%z):z,"ﬂj(x:)/‘az)- Eq (16)

Though many choices exist for the basis functions, our attention is directed here

to rectangular 3-D voxels. 4, is used to denote the coefficient of the ;* basis

function, i.e.; the scattering density in the j"* voxel. Considering Fig. 4; three
layers {or voxels) are shown, with a ray passing through the stack, delivering
observed information A@ and Ax. “Hidden” scattering and displacement in the

7* voxel are denoted A0, and Ax,, respeclively. Again, the magnitude of

“scattering is exaggerated in the figure. We may relate observed to hidden data
through the expressions , _
AB=AB +A6,+AB,, Eq. (17) .
Ax=Ax, + L tan(A@) + Ax, +
L, tan(A8 +AB,)+ Ax,
~Ax, +Ax, +Ax, +TAG +TAG,. Eq. (18)

Here, we rely on the assumption of small angle scattering in the second equatibn,

and define 7, as the 3-D ray path length from the exit point of the j* voxel to the

exit point from the reconstruction volume. More generally, for a ray passing
through a set of voxels &, ' '
AG=3" A, . Eq. (19)

jer
Ax=3"[Ax; +T,A8,). Eq. (20)
jeR ‘ .
Finally, we may express the covariance of aggregate scattering / displacement

for the i* ray by first noting that, for the /” voxel

Exj =‘;Lj‘4xj.pii9 Eq- (21)

where
g— A E. .22
T2 L3 a-(22)

and L, is the path length of the / ray through the ;j* voxel, defined to be zero
for voxels not “hit" by the ray. Combining Egs. (19)—(22), we may write
s =pL > AW, Eq. (23)

<N

Here N is the total number of voxels and we define the weight mafrix

24



WO 2008/140560 PCT/US2007/082753

L LI
Y= LT T LT Ea. (24)

based on a simple but lengthy calculation for the elements.

[G081] Some assumption about the uhknown muon path is made in order to
estimate ray path lengths through voxels. Referring to Fig. 5, the approximation
begins with computation of the point of closest approach (PoCA) of incoming and

outgoing tracks (xm, v..). Then, entry to PoCA to exit points are connected to

estimate voxel path lengths.

[0082] Finally, define the data vector

AG,
Ax.

i

and let D denote all of the measurements from M muons. We write the

Eg. (25)

;=

likefihood of the data given the density profile 4 as

POID=]]PD1D Eq. (26)
i isM
with factors '
1 1
PO | Dy=———exp —=D"='D. | - Ea. (27
(zl ) 27[I2i|1/28p{ 2 i ] 1] . CI( )

[0083] - Having regard fo the foregoing, a probability distribution for scaftering
and displacément of multipie muons through a non homogenous material can be
obtained ('process step 112) according to one embodiment as outlined in FIG.
15D. First a 3D grid of voxels (or other basis functions) is established (process
step 170). Then in process step 171 ‘the' covariance matrix for scattering /
diéplacement'for egach muon is computed, per Egs. (23, 24). Finally the overall
probability distribution for all muons, given ray paths and voxel scattermg

densities is computed per Eqs (25-27), shown as process step 172.

[0084] Having described the multiple scattering statistical model, -reference

will now be made fo extensions of the model for experimental effects (process
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step 113). Real muon detectors exhibit finite positioh resolution. The incoming
and outgoing muon fracks are characterized by angles and positions derived from
track fits to multiple position measurements. Measurement errors thus propagate
to the scattering angle and displacement measurements that constitute the
dataset for muon tomography. The precision of a given detector is characterized

by RMS error ¢, For a partibufar arrangement of detectors, the error matrix

2
E=| e "’m} Eq. (28)
Comns Chx ‘ _

may be defined based on how the error propagates. Such error is relatively easy
to deal with in iterative reconstruction methods. In our case, we may account for

detector error by supplementing the covariance matrix of Eq. (23) 7
| S, =Erpl, Y (AT, ' Eq. (29)
JEN . .
_[0085] In this Way, noise is reduced that would otherwise appear in |
reconstructions due to defector error. A more accurate model for detector error
should account for fnomentum dependency, since one source of trabking error is
scaltering in the det'ectors therﬁselves, and scattering decreasés as particle

~momentum increases. If an estimate of individual muon momentum, p,, is
available, then the error matrix E,(p,) could be estimaled for each ray. As is

evident from Eq. (2), the width of multiple Coulomb scattering depends oh the
particle momentum. Different muon rhomentum is accounted for by introducing
the factor p? in Eq. (5). In practice, the muon momentum is not known precisely
but an estimate of the momentum of an individual muon may be estimated from

measurements of scatiering in a known scatterer such as the known spectrum of

cosmic-ray muons. Here, it is assumed that we have a good estimate of j;f}. for

each muon.

[0086] The maximum likelihood estimate of the object volume density can be
determined using the expectation maximization algorithm (process step 103 of
method 100). The EM algorithm relies on expressing the !ikelihood of the
“incomplete” data in terms of the “‘complete” data, i.e., the observed data plus the
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hidden data. In our application, the observed data D={D,:1<i<M} is the
measured scattering. The hidden data H={H,:1<i<M &1<j<N} is the

scattering angle'énd displacement of the i* muon by the j7* voxel. In A.

Dempster, N. Laird, and D. Rubin, “Maximum_like!ihood from incomplete data via
the EM algorithm,” J. Roy. Statist. Soc. B, vol. 39,pp. 1-78, 1977, the disclosure
of which is incorporated herein by reference, an algorithm is described in terms of

the following auxiliary function:
O = E,. . [0g(P(D,H|A)]. Eq.(30)

' [.008;?;] | This function is the expected Qalue of the log likelihood of both the
observed and unobserved data, given the parameter vector A with reépect to the
conditional distribution of # given and the parameter vector A* . Each iteration
of the algorithm consists of the following two steps.

E step: Estimate or characterize P(H | D,A™), the conditional distribution of the
hidden data. |

M step: Maximize the auxiliary function @ which is an expected value with

kespect to the distribution characterized in the E step.

In our case, since the hidden data determines the observed data uniguely, by

~ using the simpler auxiliary function

02 A™)=E

H|p,a™ [

log(P(H |AY] Eqg. (31)

we obtain the same sequence of estimates {ﬂ(")}ﬂi"‘;’ that one would obtain by

using O, - From the parameter estimate, 2™, an iteration of the algorithm

produces the new estimate, A“*", by

AT = arg max , (Q(A4:A™)). Eq. (32)
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[0088] We start by noting that the probability distribution for scattering of a
single muon through a single voxel follows eimply from the statistical model for a

-single layer.

1 1 _ .
mexp [‘“E ;ZQVIIH?}’ Eq (33)

i

P(H, | A) =

where X, =A.4,p?, is defined in Eq. (21). Since the unconditional

distribution of scattering in each voxel is independent of the scattering in other
voxels, the probability of the aggregate set of hidden data is the product of the
probébifity of each element. Therefore, the log likelihood may be written-

_ HL A H,
log(P(H | A=) > [—log/"Lj _WJ
) jSNr’:Lﬁ#O i
+C, ' Eq. (34)

where C represents terms not containing 4. Taking the conditional expectation

we write the Q function as

0(A)=C+Y Q44" . Eq (39)
J=N .
with summands
0, (1A =M log A, —— 3 S, Eq. (36)
SASECEY 7 J 2/1}- ot

Here M, is the number of rays for which’ L, =0 (i.e., the number of rays hitting
the j”voxel), and S is defined

SP=E, | paH, A4 H, . Eq. (37)

[0089] Setling the derivative with respect to 2, of Eq. (36) to zero, we find

‘the following itérative formula for maximizing the auxiliary function (M-step)

pt 1 »
J Ly .
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The quadratic form of S, guarantees positivity of 1"V . It remains to calculate the

conditional expectations S - Let X denote the random variable H, | D,. The

expected value of the quadratic form X7 47X is

E[ XA X |=Tr(A 5 )+ o Ay, Eq. (39)
where 4, and X, are the mean and covariance of X , respectively. Since D,

depends linearly on H; they are jointly Gaussian. The conditional distribution of
H, given D, is also Gaussia'n, a result from multivariate distribution theory.

Using this theory and the fact that 7, and D, each have zero mean, we find

ty =20, D, Eq. (40)
2y :ZH,_, _EE,HyE;:EDiHE.,.- Eq. {41)

Here %, , the covariance of the observed data, is given by Eq. (29), and ZHg , the

covariance of the hidden data element, may be expressed via Eq. (21). Rather

than writing the covariance of observed- hidden data, Z a, explicitly, we can
perform a simple (though lengthy) matrix calculation to show that

P 2
% a1, 4, =Wy PLAy) Eq. (42)
Substituting results from Eqgs. (39)~(42) into Eqg. (37), we find that

S = pTr[ 4%, — 450, ToTs |+ P D S W o D Pl AY
: T ) 1y -1 2 (4 mY
=24+ (D{ W, D, ~ Tr(Ea W) ) p A7), Eq. (43)

. where we have used Tr(AB)=Tr(BA) in the last step.
Finally, to incorporate both x and y coordinate scattering data, we simply use the

average

5 4 8 |
| Sy = S Eq. (44)
in the update Eq. (38) ‘ |

[0090] tis notéd that Eq. (38) represents a mean over rays hitting a voxel.

Use of this equation will be termed the mean method hereafter. It will be shown
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below that an alternative .form of this update equation is useful in reducing noise
‘due to outlier muon data. The med;an method of the algorithm is defined by the

altered update eq uation:

A = ;mechan, 20 (59), Eq. (45)

[0091] Having regard to the fofegoing, the process of maximizing likelihood
of estimated density profiles of object volume using an expectation maximization
algorithm (process step 103 of method 100) is outlined in FIG. 15E. As indicated

in process step 180, measurements of scattering and momentum are gathered
for each muon i = 1 to M (A8, ,Aay,Ax,Ay,pr)z.. The geometry of interaction of
each muon with each voxel j=1to N: (L,T), is estimated {(process step 181). For
each muon voxel pair, the weight matrixf Wj is computed using Eq. (24} (process
step 182). ‘The scattering density in each voxel is initialized with a Aguess :

A, .« (Process step 183). The stopping criteria is indicted in process step 184 as
follows. For each muon, Z;,f is computed using Eq. (29) and the inverse teken,

for each muon voxel pair, the conditional expectation terms S, , are computed

using Egs. (43,44), e 15 computed using Eq. (38) or Bq. (45),and 4, ,, =1, ...

is set for all voxels,

[0092] In order further to illustrate method 100, reference will now be made
to a numerical example. A setup similar to that shown in Fig. 1 was simulated.
As a first validation test, a simple simulation designed tor closely match the
multipte statistical scattering model was used. Single detector planes (rather than
the 3 shown in the figure) were sized 2x2 m? , ahd the vertical separation
between top and bottom detectors was 1.1 m. These detectors perfectly recorded
muon positions and a'n'gles. A simplified muon spectrum was used, with muons of
momehta uniformly distributed from 500—-10 000 MeV/c. Particles entered the
volume at the upper detector plane at prOjected angles uniformly spann;ng from

vertical.
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[0093] Muon multiple scattering and displacement were simulated according
to process steps 110 through 113 ObjéCts were placed in the central 1.1x1.1x1.1
m? portion of the volume as visualized in Figs. 7 and 8. Three 10x10x10 cm’
cubes of materials tungsten (W), iron (Fe), and aluminum (Al), with scattering
densities 71.5, 14.2, and 2.8 mrad”/em,, respectively, were simulated. The
simulation assﬂm‘éd 400 000 muons, incident on the upper detector stack,
corresponding to about 10 min of exposure. About 160 000 of these muons
missed the lower detector plane, leaving 240 000 for reconstruction. A voxel size
of Sx5x5 cm® was used for reconstruction and implemented the mean method
described above, assuming perfect-knowledge of the momentum for each muon.
The simulation started with a volume filled with air, and ran the algorifhm for 100
Eterétions (sufficient for convergence of the block features‘). Results appear in Fig.
9. The averages of the reconstructed values for the 8 voxels corresponding to
each of the three objects are (74.0, 14.7, 2.7) for the (W, Fe, Al) blocks,
respectively. The fractional spreads (rms/mean) of the 8 voxels making up each
cube are (12.6%, 13.2%, 12.1%). This result validates the inversion algorithm

and implementation, given a match between simulation and inversion models.

[0094] . The reconstruction appears identical to the object scene. The
averages of the reconstructed values for the 8 voxels corresponding to each of
the three objects are (74.0, 14.7, 2.7) for the (W, Fe, Al) blocks, respectivély. The
fractional spreads (rms/mean) of the 8 voxels making up each cube are (12.6%,
13.2%, 12.1%). This result validates the inversion algorithm and implementation,

given a match between simulation and inversion models.

[0095] Next, the same scene was re-simulated using the GEANT4 Monte
Carlo package. Details of GEANT4 can be found in the publication of J. Allison,
'“Geant4 devélopmehts and applications,” IEEE Trans. Nucl.Se¢i., vol. 53, no. 1,
pp. 270-278, Feb. 2006, the disclosure of which is incorporated herein by
reference. GEANT4 implements a more complete, accurate, and validated model
for multiple scattering. This mode! includes a more refined calculation of the width
of the central Gaussian portion of the scattering distribution, implementation of

the heavy tails, and the simulation of the energy loss of muons as they péss
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through material. A muon event generétor was also used which replicated the

sea-level angular and momentum distribution of cosmic ray muons. It was

assumed that detectors were perfect in this simulation, with perfect knowledge of

each muon’s momentum, cosmic ray electrons or track secondafy particles were

not included. Results appear in Fig. 10. Averages of voxels vaiues corresponding
to (W, Fe, Al) blocks are (674.4, 63.4, 5.4), réépeb’tively. |

[0096] The voxel values are much too high and the misclassification of
several of the medium and low Z areas is apparent. Normalizing the
reconstruction by dividing all voxel values by approximately 4 to produce a
correct average voxel value for the medium-Z vokels does not produce correct
values for high and low-Z voxels or eliminate all misclassification. The cause of
this effect is a small percentage of the muons scattering in a manner not well
described by the Gaussian model. The central 98% of the projected angular
distribution of scattering is claimed to be well approximated as Gaussian. About
2% of all muons scatter to angles that are large relative to the statistical model
described here, i.e., much larger than what would be found for a Gaussian
distribution. As the square of scattering angles determine the fit, the effect can
be dramatic. Muon scatterings that fall in these tails produce scattering density

~ estimates that are too large.

[0097]  Moreover, othe’rr processes such as decay of a muon within the
instrument of Fig. 1 or significant detector errors may be erroneously recorded as
very large angle scattering events (though these sources were not present in our
simulation). This can happen anywhere in the volume, and tends to generate
single voxels with unreasonably large scatte‘ring density. Such events should be

eliminated because they give false-positive indications of SNM.
[0098] In order to make the EM algorithm tolerant to non-Gaussian data, the

mean ubdate rule Eq. (38) may be replaced with Eq. (45), i.e., use of the median

method.
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[0'099} Results using the median method are shown in FIG. 11.- Voxelr
averages for (W, Fe, Al) regions are (79.2, 14.2, 2.1), respectively, with fractional
épreads of (21.5%, 26.3%, 23.2%). Clearly, using the median update rule

improves the robustness of the inversion algorithm.

[00100] A more practical example of the reconstructed density profiles is
shown in FIG. 12, which illustrates a detailed GEANT4 simulation of a passenger
van. An illustration of the .major components with the van body cut away appears
in Fig. 12. The red block in the center of the illustration represents a 10x10x10
cm? solid piece of tungsten, a proxy for a high-Z threat object. In this case we
uéed simulated detector planes Ioéated'on‘ the four long sides of the scene to
take advantage of more horiiontally oriented muons. 1 minute of cosmic ray
muon exbosure was simulated énd reconstructions from the data using 5x5x5
cmsized voxels was performed according to the mean method and the median
methé)d. Figs. 13 and 14, respectively show visualizations of reconstructions
made using mean EM method and median EM method. The effect of non-
Gaussian data is quite apparent in mean method reconstruction of this scene,
manifested as darker spotsw scattered over the image. In the median method
reconstruction, these artifacts are entirely gone, and the denser components of
the van (engine, battery, drive train) show up as -(low—Z) or (medium-Z), while
the threat object stands out darl'{er (high-Z). The use of the median method
produces results that tehd to be robust against false positives resulting from non-

Gaussian scattering distributions and other anomalous events.

[0100] ﬂ The embodiments and examples set forth herein are presented to
best explain the present invention and its practical application and to thereby
enable those skilled in the art to make and utilize the invention. Those skilled in
the art, however, Will recognize that the foregoing description and examplés have‘

been presented for the purpose of illustration and example only.

[0101] Other variations and modifications (such as regularization of the

reconstruction process) of the present invention will be apparent to those of skill in
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the art, and it is the intent of the appended claims that such variations and

modifications be covered.

[0102] The description as set forth is not intended to be exhaustive or to limit
the scope of the invention. Many modifications and variations are possible in
light of the above teachihg without departing from thé scope of the following
claims. It is contemplated that the use of the present invention can involve

oomponents having different characteristics.
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CLAIMS

The embodiments of the invention in WhICh an exciuswe property or rlght is
clalmed are defined as follows. Having thus described the invention what is

claimed is:

1. A method for -detecting an object volume from charged particle

tomographic data obtained from the object volume, said method comprising:

(a) obtaining predeterrhined charged particle tomographic data
corresponding to*scattering angles and estimated momenta of charged particles

passing through an object volume;

(b) providing the probability distribution of a charged particle scattering for
use in an expectation maximization (ML/EM) algorithm, said probability

distribution being based on a statistical multiple scattering model;

(c) determining a substantially maximum likelihood estimate of the object
volume scattéring density using said expectation maximization (ML/EM)

algorithm; and

(d) outputtmg a reconstructed object volume scatterlng density based on

the substantially maximum |Ik6|lh00d estimate.

2. The method of claim 1, comprising:
making a decision on at least one of (1) a presence and (2) a type of a
target object in the object volume based on said reconstructed object volume

scattering density.

3. . The method of claim 1, wherein providing the probablllty distribution of a
charged part;cle sca’ttermg for use in an expectation mamm:zatnon (ML/EM)

algorithm comprises:
(g) obtaining a probability distribution in 2D for a charged particle based
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on a predefined scattering density of a homogenous object;

(h) obtaining a 3D probability distribution for said charged particle
based on said 2D probability distribution; |

(i) obtaining a probability distribution for scattering of multiple charged
particles through a non-homogenous object volume characterized via basis
furictions; and |

- (j) obtaining a probability distribution for multiple scattering based on

said definition thereof and scattering and momentum measurements of said

charged particles.

4. The method of claim 3, wherein obtaining a probability distribution in 2D
for a charged particle based on a predefined scattering density of an

homogenous object comprises

(k) determining the scattering density of a material as the expected
mean square scattering of said charged particles through a unit depth of said -
material; '

(1) approximating the charged particle scattering distribution based on a
Gaussian rhodel; and |
(m) approximating charged particle ray sdattering and displacement based

on a correlated 2D Gaussian distribution.

5. The method of claim 3, wherein obtaining a 3D probability distribution for
said charged particle based on said 2D p'robability distribution comprises: -

adding a coordinate and defining a three dimensional path length;
computing a 3D displacement; and

defining a 3D covariance matrix.

6. The method of claim 5, wherein obtaining a probability distribution for
‘ scattering of multiple charged particles through a non-homogenous object volume

characterized via basis functions comprises
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establishing a 3D grid of basis functions representing discrete scattering
density estimates; ' ‘ 7
| determining the scattering / displacement covariance matrix for each
individual muon as a function of the ray path and scattérin'g density estimates;
and
“ - determining a probability distribution for a plurality of charged particles as -

the product of individual charged particle probabilities.

7. The method of claim 1, wherein determining a substantially maximum
likelihood estimate of the object volume scattering density using said expectation

maximization (ML/EM) algorithm comprises

‘ gathering measurements of scattering and momentum for each
charged particle; _
~ estimating geometry of interaction of each charged particle with each
basis function of said statistical scattering mode; ' _
for each charged particle basis function pair, determining the weight
matrix: W; '
initializing scattering density in each basis function with a guess; and
iteratively solving for the approximate maximum likelihood solution for
object volumé contents; |
wherein the ilerative process is stopped at a predetermined number of
Jiterations or when the solution is changing less than a predetermined tolerance

value.

8. The method of claim 1, wherein determining a substantially maximum
likelihood estimate of the object volume scattering density using said expectation
maximization (ML/EM) algorithm comprises
gathering measurements of scéttering and momentum for each
charged particle i = 1 to M (AG,,A0,,Ax,A,, p);;
estimating the geometry of interaction of each muon with eéch voxel j =
1to N (L,T),;

- for each charged particle voxel pair, computing the w-eight matrix: Wj
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L; LY/ 2+L.T,
as W;, =| i o 5 G N
B2+ LT, L3+ A+LT

initializing a guess of the scattering density 4, ,, in each voxel; and

using a stopping criteria process to set 4 oid = % new TOT @I VOXELS.

9. The method of claim 1, wherein said expectation maximization (ML/EM)

algorithm includes a mean update rule or a median update rule.

10. The method of claim 1, wherein said charged particle tomographic data

comprises cosmic ray muon tomographic data.

11. A computed-implemented method for detecting an object volume from
charged particle tomographic data obtained from the object volume, said method
comprising

(a) obtaining charged particle tomographic data corresponding  to
scattering angles and estimated momenta of charged particles passing through
an object volume;

(b) providing a probability distribution,'of a charged particle scattering
density for use in an expectation maximization (ML/EM) algorithm, said

probability distribution being based on a statistical multiple scattering model;

(c) determining substantially maximum likelihood estimate of object volume

~ scattering density using said expectation maximization (ML/EM) aigorithm; and
(d) outputting a reconstructed object volume scattering density.

12.  The method of claim 11, further comprising making a decision based on

said reconstructed object scattering volume density.

13.  The method of claim 11, wherein providing a probability distribution of a
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charged particle scattering dénsity for use in an expectation maximization
(ML/EM) algorithm comprises _

(g) estimating the probability distribution in 2D for a charged particle |
-based on a predefined scattering density of a homogenous object; ‘ - , ‘.

(h) obtaining a 3D probability distribution for said charged particle
based on said 2D probability distribution; -

(i) obtaining the probability distribution for scattering of multiple
charged particles through non-homogenous object volume characterized via
basis funétions; and _ :

(1) determining said probability distribution for multiple scattering based
on said definition thereof and scattering and momentum measurements of said

charged particles.

- 14, The method of claim 13, wherein said charged particle tomographic data

- comprises cosmic ray charged particle tomographic data.

15. The method of claim 14, wherein estimating the probability distribution in
2D for a charged particle based on a predefined scattering density of a

homogenous object comprises

determining the scattering density of a material as the expected
mean square scattering of cosmic ray chargéd particles of nominal momentum
P, =3 GeV through a unit depth of that material;

approximating cosmic ray charged particle séattering distribution

using Gaussian model; and ,
approximating cosmic ray scattering and displacement by a

correlated 2D Gaussian distribution;

wherein obtaining a 3D probability distribution for said charged particle
based on said 2D probability distribution comprises:

adding a coordinate and defining a three dimensional path fength;

computing a 3D displacement; and
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defining a 3D covariance matrix, and

wherein obtaining the probability distributio’n for scattering of multiple
charged particles through non-homogenous object volume characterized via
basis functions; comprises
establishing a 3D grid of basis functions representing discrete
scattering density estimates; ‘ | _
determining the scattering / displacement covariance matrix for
each individual cosmic ray charged particle as a functio_n of the ray path and
scattering density estimates; and; | _
- determining brobability distribution for a plu'rality of cosmic ray |
charged particles as the product of individual charged barticle probabilities.

16.  The method of claim 14, wherein determining substantially maximum
likelihood estimate of object volume scattering déns_ity using said expectation
maximization (ML/EM) algorithm comprises

gathering measurements of scattéring and momentum for each cosmic
ray charged particle; |

 estimating geometry of interaction of each charged particle with each

basis function of said statistical multiple scattering model; *

for each charged particle basis function pair, determining the weight
matrix: Wj; '

initiaiizin‘g scattering density in each basis function with a guess;

iteratively solving for the approximate maximum likelihood solution for
object volume contents;

where the iterative process is stopped at a predetermined number of
iterations or when- the solution is changing less than a predetermined tolerance

- value.

17.. The method of claim 10, wherein determining substantially maximum
likelihood estimate of object volume scattering density using said expectation

maximization (ML/EM} algorithm comprises
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gathering measurements of scattering and momentum for each
charged particle i = 1 to M (AG,,A8,Ax, A, p});;
estimating the geometry of interaction of each charged particle with

each voxel j=1to N: (L,T),;

;éf!
for each charged particle voxel pa'ir, computing the weight matrix: Wy

L L5/ 2+ T,
AWy = 1o LT DT ALT |

initiatizing aguess of the scattering density 4, ,, in each voxel

using a stopping criteria process to set 4, ,, = 4, ., for all voxels.

_],HB'W

18.  The method of claim 17, wherein said stopping criteria process comprises

for each charged particle, computing E;f using

L; L2+ LT,

g, 1334 1T A1) and taking the inverse,

éj b

for each charged particie voxel pair,

computing the conditional expectation terms: S, using '
SO = Ty (41T, — 47Th T+ DD W T D (LAY

=240 (DIEWSID, - Tr(E; 1W))p”[ oY,

where Tr(4B)=Tr(B4) in the last step; 7
 and incorporating both x and y coordinate scattering data using

S(ﬂ) + S(H)

(=) __ 6.

v 2

»

in an update ruie.
19.  The method of claim 18, wherein said charged particles corhprise Muons.

20.  The method of claim 18, wherein said ML/EM algorithm includes a mean

update rule defined as A" L > S or a median update rule defined as

M j ELy#0
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i}”ﬂ} ; median, 2,0 (S (”))

21. A computer pregram product comprising: a computer-usable data carrier
stofing instructions thé’t, when executed by a computer, cause the computer to
perform a method for statistical reconstruction of object volume density profiles

from charged particle tomographic data, the method comprising:

(a) obtaining predetermined charged particle tomographic data
corresponding to scatterlng angles and estimated momenta of charged particles
passing through object volume

(b) providing the probability distribution of charged particle scattering for
use m an expectation maximization (ML!EM) aigorithm said probability
dlstribunon being based on a statistical multiple scattering model;

' {c} determining a substantially maximum likelihood estimate of object
volume density using sald expectatlon maximization-(ML/EM) algorithm; and

{d) outputting a reconstructed object volume scattering density.

22, A detection system for detecting an object volume via charged particles
passing through the object volume, comprising: _

a first set of position sensitive detectors located on a first side of an object
volume to measure positions and angles of incident charged particles towards the
object volume )

a second set of position sensitive detectors located on a second S|de of
the object volume opposite to the first. side to measure positions and angles of
outghoing charged particles exiting the object volume; énd

a sighal processing unit to receive data of measured signals from the first
set of position sensitive detectors and measured signals from the second set of
position sensitive detectors, wherein the signal processing unit processes the
received data to produce a statistical reconstruction of a volume scattering

density distribution within the object volume.

23. The system of claim 22, wherein the signal processing unit is configured to:
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~ (a) obtain charged particle tomographic data corresponding to scéttering
angles and estimated momenta of charged particles passing through an object
volume;

(b) provide a probability distribution of a charged particle scattering density
based on a statistical multiple scattering model; '

(c) determine a substantially maximurn likelihood estimate of the object
volumé scattering dénsity using an expectation maximization (ML/EM) algorithm;
and

(d) output a reconstructed object volume” scattering density based on the

substantially maxirum likelihood estimate.

24. The system of claim 22, wherein:

each of the first and second sets of particle detectors include drift tubes
arrangéd lo allow at least three charged particle bositiona[ measurements in a
first direction and at least three charged particle positional measurements in a

second direction different from the first direction.

25. The system of claim 22, wherein the charged particles are natural cosmic ray
muons incident to the object volume and the signal 'processing unit is c.onfigured
to indicate whether a target object is present in the object volume based on the
statistical reconstruction-of the volume scattering density distribution within the

object volume.
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