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gamma radiation.

, Anomaly_detection of radiological signatures
Technical Field

The present invention relates to a method for detecting anomalous sources of

Background of the Invention -

“There is a need to detect the presence of radioactive materials so as to preverit
unauthorised passage of such materials across national borders, or into regions in which
such materials are prohibited. A suitable method would be capable of performing the
detectibn as a vehicle passed through a detection zone, preferably without stopping in the
zone, so as not to excessively impede the flow of traffic. Thus the method would
preferably be capable of detecting the’p'resence of such materials in a period of about 10
seconds or less. The method should preferably have high accuracy, i.e. a low level of both
false positives (signalling an alarm when no suspect material is present) and false
negatives (failing to detect the presence of suspect material). | '

Such detection is complicated by the fact that acceptable materials may emit a’
certain level of ionising radiation, for example due to the presence of elevated
concentrations of naturally occurring radioactive materials (NORMS), or of legitimate
radiopharmaceutical products etc. Some existing systems, which use simple plastic
scintillation. detectors, measure only the gross level of radiation, in the form of gamma-
rays, emitted by a target. Such systems are prone to a high rate of false positives if the
threshold level of radiation detection is set too low or a high rate of false negatiVes if the
threshold level of radiation detection is set too high. Such systems are unable to

distinguish legitimately traded goods containing elevated concentrations of NORMs from

illicit or inadvertent and unlicensed goods containing radioactive materials.

A second generation of detectors sought to measure the gamma ray spectrum of the
target and compare that spectrum to the spectra of known controlled or other radioactive
materials of interest. Such detectors, commonly referred to as spectroscopic detectors,
identify the isotopes through the presence of specific gamma ray lines (energies) being
present in a measured gamma-ray spectrum. High resolution spectroscopic equipment of
this type is very éxpensive and is subject to poor reliability in field deployment due to the
challenging operating conditions. Lower resolution  spectroscopic equipment is less
expensive but is subject to poorer performance with respect to correct isotope

identification leading to high rates of both false positive and false negative alarm rates.
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Object of the Invention
It is an object of the present invention to substantially overcome or at least
ameliorate one or _moré of the above disadvantages.
o _ Summary of the Invention
In a first aspect of the invention there is provided a method fof determining the
presence or absence of anomalous radioactive materials in a target in a detection zone,
éaid method comprising:
(i) obtaining a target gamma ray spectrum from the target;

(i) preparing, from the target gamma ray spectrum, a target data set éomprising a

plurality of intensity values, each intensity value being associated with an energy
bin representing a gamma ray energy or range of gamma ray energies in the target

gamma ray spectrum,

(iii) pre-processing the target data set;

(iv) projecting the pre-processed target data set into a multidimensional, e.g. principal
component, space containing a pre-procéssed data library projected into said
multidimensional, e.g. principal component, space; ‘

(v) determining a distance between the projected pre'-pro‘éessed target data set and one
or more clusters of the projected pre-processed data library in the multidimensional,
e.g. principal component, space; and

(vi) comparing the distance with a predetermined threshold distance so as to determine if
an anomalous radioactive material is present in the target.

If the distance is greater than (or greater than or equal to) the threshold distance a

signal may be generated in response to the presence of the anomalous radioactive material

in the target. In a variation, a signal may be generated only if the distance is less than the

threshold distance, indicating the absence of anomalous radioactive material in the target.

The following options may be used in conjunction with the first aspect (and, where
appropriate, any of the other aspects described below), either individually or in any
suitable combination. ' »

The method may additionally comprise the step of rebinning the target data set prior
to the step of pre-processing the farget data set. The rebinning may comprise aggregating
the intensity values of at least two adjacent energy bins to form a new energy bin.

| The step of pre-processing (either of the target data step or of the data library) may
comprise normalising. It may comprise intensity normalising. It may comprise

normalising with respect to the highest intensity value across all energy bins. The step of
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pré-processing may comprise st_andérdising each observed spectrum to have zero mean '
and unit variance across all energy bins. The step> of pre-processing may comprise
standardising each energy bin (variable) with respect to the mean and standard deviation
of each energy bin from the data library. Each intensity value may represent a number of
counts for its associated energy bin. ' L -
The pre-processed data library may be obtained using a procedure similar to that
used for obtaining the pre-processed target data set. Thus it may be obtained-by a pfocess
comprising: _ |
iv-a) obtaining a data library comprising reference gamma ray spectra from -
Naturally Occurring Radioactive Ma_teriais and optionally other sources (these
may be normal sources or may be ahomalbus sources or some may be normal and
others anomalous);
iv-b) preparing a reference data set from each of the reference gamma ray
spectra, each reference data set comprising a plurality of intensity values, each
intensity value being associated with an energy bin representing a gamma ray
energy or range of gamma ray energies in said reference gamma ray spectrum; and
iv-c) pre-processing each reference data set to obtain the pre-processed data
_library.
The method may additionally comprise the étep of rebinning each reference data set

_prior to the stép of pre-processing the reference data sets. The pre-processing should be

the same as that used for the target data set. Thus the pre-processing may be, or may

comprise, normalising, whereby the pre-processed data library may be a normalised data

library. ‘
The principal component spaée may be deﬁhed by a plurality of principal
components obtained by principal component analysis (PCA) of the pre-processed data
library’s correlation matrix. The PCA may comprise an eigenanalysis or eigen
decomposition of the correlation matrix. It may produce the eigenvalues and eigenvectors
of the correlation matrix. The principal component space may comprise less than about 20
principal components. ‘

The target data set and the data library may both comprise supplementary data not
derived from the gamma ray spectrum. The supplementary data may be noh—spectral data.
It may for example comprise at least one of: temperature of the target, heat output of the
target, time variation of the target as it passes through the detection zone, geographical

origin of the target, target supplier, gross count, manifest. The data library may comprise
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at .Ieast as many reference data sets (spectra) as data variables. In this éon'text data
variables include the energy bins and the supplementary data. The supplementary data of
both the data library and the target data set should be the same in both number and type
(although not necessarily in value). Thus the suf)plementary data for the target and for all

reference samples may for example be temperature and countfy of origin. In some cases -

 the supplemef;téry data may be manipulated, for example the country of origin

information may be translated into a threat score. The supplementary data should be
éxpressed in the same measurement units for both the target and reference data sets.

The distance of step (v) may be a Bregman distance. It may be a Mahalanobis

distance. It may be some other characteristic distance.

Step (i) of the method may comprise acquiring the target gamma ray spectrum as

the target passes through the detection zone. The target may for example be, or may

comprise, or may be located in and/or on, a vehicle (e.g. car, truck, train carriage), cargo,

a package, a freight container, luggage or a person. Step (i) may be conducted without the
target stopping in the detection zone. The target gamma ray spectrum may be acquired in
less than about 10 secénds. The target gamma ray spectrum may be acquired in more than.
about 10 seconds. It‘méy be acquired by meahs of a portable gamma‘ radiation monitor
system or may be acquired by means of a fixed gamma radiation monitor system.

If the distance is less than the threshold distance a signal may be generated in
response to the absence of the anomalous radioactive material in the target.

The signal generated in response to the presence of the anomalous radioactive
material may activate an alarm; either audible or visual or both. It may trigger the
lowering of a boom gate or activation of some other barrier so as to prevent further
passage of the target past the detection zone. It may be a local signal. It may be a remote
signal. It may be an électronic signal. The signal may trigger or activate more than one of
the above. ' _ ‘ ‘

In an embodiment there is provided a method for determining the presence or
absence of anomalous radioactive materials in a target in a detection zone, said method
comprising: '

- (1) obtaining a target gamma ray spectrum from the target;
(ii). preparing, from th_e target gamma ray spectrum, a target data set comprising a
plurality of intensity values, each intensity value being associated with an energy
bin represeﬁting a gamma ray energy or range of gamma ray energies in the target

gamma ray spectrum, and rebinning the target data set;
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(iii) pre-proéessing the target data set;
(iv) projecting the pre-processed target data set into a principal component space
containing .a pre-processed data library projected iﬁt(_) said principal ‘component -
~ space; _
(v) determining a distance .between the projected pre-processed target data set and one
- or more clusters of the projected pre—p_rocess'ed data library in the principal
cdmponent space; and - | ’ ' ‘ |
(vi) comparing the distance with a predetermined threshold distance so as to determine if
"an anomalous ;adioactive material is preserit in the target,
wherein, either: | A
if the disiancct is greater than (or greater than or equal to) the threshold distance a signal is

generated in response to the presence of the anomalous radioactive material in the target;

or

if the distance is less than the threshold distance a signal is génerated in response to the

absence of the anomalous radioactive material in the target.

In another embodiment there is provided a method for determining the presence or
absence of anomalous radioactive materials in a target in a detection zone, said method
comprising: ' '

(1) obtaining a target gamma ray spectrum from the target;

(ii) preparing, from the target gamma ray spectrum, a target data set comprising a
plurality of intensity values, each intensity value being associated with an energy
bin representing a gamma ray energy or range of gamma ray energies in the target
gamma ray spectrum; |

(iii)) normalising the target data set;

‘(iv) projecting the normalised target data set into a principal compenent space

containing a normalised data library projected into said principal component space;
(v) determining a distance between the projected normalised target data set and one or
more clusters of the projected normalised data library in the principal component
space; and \ | |
(vi) | comparing the distance with a predetermined threshold distance so as to determine if
an anomalous radioactive material is present in the target, -

whereby either:
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if the distance is greater than (or greater than or equal to) the threshold distance a signal is

generated in response to the presence of the anomalous radioactive material in the target;

or . - ' S

if the distance is less than the threshold distance a 51gnal is generated in response to the

absence of the anomalous radioactive material in the target.

In another embodiment there is provided a method for determining the presence or
absénce of anomalous radioactive materials in a target in a detectibn zone, said method
comprising:

(i) obtaining a target gamma ray spectrum from the target;

(ii) preparing, from the target gamma ray spectrum, a target data set comprising a
plurality.of mtens1ty values, each intensity value being associated with an energy
bin representing a garmna ray energy or range of gamma ray energies in the target
gamma ray spectrum; ' ‘

(iii) normalising the farget data set;

(iv) projecting the normalised target data set into -a principal cornponent space
containing a normalised data library projected into said principal component space;

(v) determining a distance between the projected normalised target data set and one or
more clusters of the projected normalised data library in the pl_'incipali component

space; and .

| (vi) comparing the distance with a predetermined threshold distance so as to determine if

an anomalous radioactive material is present in the target, .
whereby if the distance is greater than (or greater than or equal to) the threshold distance
a signal is generated in response to the presence of the anomalous radioactive material in
the target. | 7 _
In another embodiment there is pfovided a method for determining the presence or .

absence of anomalous radioactive materials in a target in a detection zone, said method -

comprising:

* - obtaining a data library comprising reference gamma ray spectra frorn Naturally
Occurring Radioactive Materials and eptionally other sources (for example other
normal sources, although in some cases other abnormal or anomalous Sources may
be included); |

e preparing a reference data set from each of the reference gamma ray spect;a; each
reference data set comprising a plurali'ty. intensity values, each intensity value

being associated with an energy bin representing a gamma ray energy or range of
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. gamma ray erié'rgies in said reference gamma ray spectrum, and rebinning the
reference data sets; | '

Apre-processmg each reference data set to obtam a pre-processed data library;
optionally supplementmg the data library with supplementary data obtained from
the Naturally Occurring Radioactive Materials and optionally other sources;
conducting principal component analysis (PCA) on the pre-proceséed data
library’s correlation matrix so as to obtain a plurality of principal components;
obtaining a target gamma ray spectrum from the target;
preparing, from the target gamma ray spectrum, a target data set comprising a
plurality of intehsity values, each intensity value being associated with an energy
bin _representihg a gamma ray energy or range of gamma ray energies in the target
gamma ray spectrum and rebinning the target data set;
pre-processing the target data set;
projecting the pre-processed target data set into a prmcxpal component space
defined by the principal components and contammg the pre—processed data library
projected into said principal component space;
determining a distance between the projected pre-processed target data set and one
or more clusters of the projected pre-processed data library in the principal
component space; and |
comparing the distance with a predetermined threshold distance so as to determine

if an anomalous radioactive material is present in the target,

wherein, if the distance is greater than (or greater ‘tl'lan or equal to) the threshold

distance a signal may be gencrated in response to the presence of the anomalous

radioactive material in the target. The data library and the target data set will possess

information on the same variables, which may include supplementary data.

In a second aspect of the invention there is provided an apparatus for determining

the presence or absence of anomalous radioactive materials in a target in a detection zone,

said apparatus comprising:

a detector for obtaining a target gamma ray épectrum from the target,
a memory for storing the target gamma ray spectrum and a pre-processed data -
library,

a processor coupled to the memory for preparing from the target gamma ray
spectrum a target data set comprising a plurality of intensity- values, each bin

being associated with an energy bin representing a gamma ray energy or range of
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gamma ray energies in the target‘ gamma ray spectrum; pre-processing (eg.
normalising) the target date set; projecting the pre-processed (e.g. normalised)
target data set into a multidimensional, e.g. principal component, space containing .
the pre-processed (e.g. normalised) data library projected intp said .
multidimensional, e.g. principal component, space; determining a  distance
between the projected pre-processed (e.g. normalised) target data set and one or -
more clusters of the projected pre-processed (e.g. normalised) data library in the
multidimensional, e.g. principal component, space; and comparing the distance
with a predetermined threshoid distance so as to determine if an anomalous
radioactive material is present in the target, whereby either (a) if the distance is
greater than (or greater than or equal to) the threshold distance a signal is
generated in response to the presence of the anomalous radioactive material in the |
target or (b) if the distance is less than the threshold distance a signal is generated
in response to the absence of the anomalous radioactive material in the target; and

e an output device for either (a) acceptirrg the signal when an anomalous radioactive
material is present in the target in order to generate a physical response to the
presence of the anomalous radioactive material or for (b) accepting the signal
when an anomalous radioactive material is absent in the target in order to-generate
a physical response to the absence of the anomalous radioactive material.

The detector may be capable of obtaining reference gamma ray spectra from .
Naturally Occurring Radioactive Materials (NORM) arid optionally other sources
(optionally other normal sources, possibly other abnormal or anomalous sources) and the
processor may be capable of processing (e.g. normali>sing) the reference gamma ray
spectra to form the pre-processed (e.g. normalised) data library from the pre-processed
reference spectra. : | | ,

The processor may be capable of performing Principal Component Analysis (PCA)
on the pre-processed data liBrary’s correlation matrix so as to generate principal
components for the principal component space. The processor may comprise a
supplementary input facility for inputting supplementary data for use in determining the
presence or absence of anomalous radioactive materials. It may for example comprise a
facility for inputting data relatirig to the source of the target and/or of the reference
materials. It may comprise facility for converting non-numerical inputted data (e.g.

country of origin) to be converted to a numerical value for use in the method.
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 The apparatus may have one or more. supplementary detectors for obtaining

‘supplementary data from the target; Suitable sﬁpplementary detectors may for example

include a non-contact thermometer.

In an embodiment the apparatus is an apparatus for preventing passage of
anomalous radioactive material. In this embodiment, the physical response of the output

device represents activation of a device to prevent passage of the anomalous radioactive

" material and/or of a vehicle transporting it. The device to prevent passage may for _

example comprise a boom gate or road spikes or movable bollards or stanchions, or may
comprise a signalling device for signalling to security pérsonnel who are 'capable of
preventmg said passage, or may comprise some other such device. Thus when the
distance in the method exceeds a predetermined threshold (indicating that anomalous
radioactive material is present), a signal activates the device so as to prevent passage of
the anomalous radioactive material and/or of a vehicle transporting it. ‘In a variation, the
device is normally in a position in which passage of the anomalous radioactive material
and/or of a vehicle transporting it is prevented by a barrier or other device. In this
variation, a signai is generated when: the distance in the. method is below the
predetermined threshold (indicating that no anomalous radioactive material is present) so
as to remove the barrier (or other device) to passage of the anomalous radioactive
material and/or of a vehicle transporting it. '
' In a third aspect of the invention there is provided a computer program comprising:
. code for preparing, from a target gamma ray spectrum, a target data set
comprlsmg a -plurality of intensity values, each intensity value being associated
with an energy bin representing a gamma ray energy or range of gamma ray
energies in the target gamma ray spectrum; | |
e code for pre-processing (e.g. normalising) the target data set;
o code for projecting the pre-processed (c.g. normalised) target data set into a
multidiniensional, e.g. principal component, space containing a pre-processed -
(e.g. normalised) data library projected into said multidimensional, e.g. principal
component, épace; _ |
o code for determining a distance between the projected pre-processed (e.g.
. normalised) target data set and one or more clusters of the projected pre-processed
(e.g. normalised) data library in the multidimensional, e.g. principal component,

space; and
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code for comparing the distance with a predetermined threshold distance so as to

determine if an anomalous radioactive material is present in the target.

The computer program may additionally comprise:

code for preparing a reference data set from a plurality of reference gamma ray

spectra, each reference data set comprising a plurality' of intensity values, each

-intensity value being associated with an energy bin representing a gamma ray

energy or range of gamma ray energies in said reference gamma ray spectrum; and
code for pre-processing (e.g. normalising) each reference data set to obtain the

pre-processed data library.

The compuiter program may additionally comprise code for producing a correlation

matrix from the pre-processed data library. The computer program may additionally

comprise code for performing Principal Component Analysis (PCA) on the pre-processed

data library’s correlation matrix so as to generate principal components for the principal

component space.

In a fourth aspect of the invention there is provided a computer readable storage

medium having a computer program recorded thereon, the program being executable by a

computer apparatus to make the computer determine the presence or absence of

anomalous radioactive materials in a target in a detection zone, said program comprising:

code for preparing, from a target gamma ray spectrum, a target "data set
compﬁsing a plurality of intensity values, each intensity value being associated
with an energy bin representing a gamma ray energy or range of gammzi ray
energies in the target gamma ray spectrum; ' '

;:ode for pre-processiné (e.g. normalising) the target data set;

code for projecting the pre-processed (e.g. normalised) target data set into a
multidimensional, e.g. principal component, space containing a pre-processed

(e.g. normalised) data library projected into said multidimensional, e.g. principal

component, space;

code for determining a distance between the projected pre-processed (e.g.
normalised) target data set and one or more clusters of the projected pre-processed
(e.g. normalised) data library in the multidifnensional, e.g. principal component,
space; and _ |

code for comparing the distance with a predetermined threshold distance so as to

determine if an anomalous radioactive material is present in the target,

The program may additionally comprise:
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~code for preparing a reference data set from a plurality of reference gamma ray

spectra, each reference data set comprising a plurality of intensity values, each
intensity value being associated with an energy bin representirig a gamma ray
energy or range of gamma ray energies in said reference gamfna ray spectrum; and
code for pre-processing each reference data set rto obtain the pre-processed (é.'g.

normalised) data library.

The program may additionally comprise code for producing a correlation matrix

from the pre-processed (e.g. normalised) data library. The program may additionally

comprise code for performing Principal Component Analysis (PCA) on the pre-processed

(e.g. normalised) data library’s correlation matrix so as to generate principal components

for the principal component space.

In a fifth aspect of the invention there is provided a computer program element for

use in determining the presence or absence of anomalous radioactive materials in a target

in a detection zone, said element comprising computer program code means to make a

computer execute a procedure to:

prepare, from a target gamma ray spectrum, a target data set comprising a plurality
of intensity values, each intensity value _being associated with an enérgy bin .
representing a gamma ray energy or range of gamma ray energies in the target
gamma ray spectrum; ‘

pre-process (e.g. normalise) the target'data set;

project the pre-processed (e.g. normalised) target data set into a multidimensional,
e.g. principal component, space containing a pre-processed. (e.g. normalised) data
library projected into said multidimensiqnal, e.g. principal cbmponent, space;
determine a distance betweeh the projected pre-processed (e.g. normalised) target

data set and one or more clusters of the projected pre-proc&dsed (e.g. normalised)

- data library in the multidimensional, €.g- principal component, space; and

compare the distance with a predetermined threshold distance so as to determine if

* an anomalous radioactive material is present in the target.

The computer program element may additionally comprise computer program code

means to make a computer execute a procedure to:

preﬁare a reference data set from a plurality of reference gamma ray spectra, each
reference data sét comprising a plurality of intensity values, each intensity value
being associated with an energy bin representing a gamma ray energy or range of

gamma ray energies in said reference gamma ray spectrum; and
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o pre-procéss(e.g. normalise) each reference data set to obtain the pre-processed
 data library. | | |

" The computer program element may additionally compnse computer program code

means to make a computer execute a procedure to produce a correlation matrix from the

pre-processed (e.g. normalised) data library. The computer program element may

. additionally compﬁsé computer program code means to make a computer execute a

procedure to perform Principal Component Anaiysis (PCA) on the pre-processed (e.g.

normalised) data library’s correlation matrix S0 as to, generate prmcxpal components for
the pnnc:pal ‘component space '

In a sixth aspect of the invention there is provided the use of an apparatus according
to the invention, as described above, to determine the presence or absence of anomalous
radioactive matenals in a target in a detectlon zone. |

~In a seventh aspect of the invention there is prov1ded a method for preventing
passage of a target carrying anomalous radioactive materials, comprising;:

conducting the method of the first aspect; and

- if the signal is generated in response to the presence of the anomalous radioactive
material in the targét, activating a barrier to prevent passage of the target; or '

if the signal is generated in resbonse to the absence of the anomalous radioactive
material in the target, activating a barrier to allow passage of the target.

In the first instance (if thq'signal is generated in response to the pfesence of .the
anomalous radioactive material in the target) the activating may comprise for example
lowering of a boom gate, raising of bollards or road spikes, illuminating a “stop” sign or
otherwise creating a barrier or impediment to passage of the target. In the secI:ond instance
(if the signal is generated in response to ihe absence of the anomalous radioactive

material in the target) the activating may comprise for example raising of a boom gate,

_ lowering of bollards or road spikes, tumning off a “stop” sign or otherwise removing a

barrier or impediment to passage of the target.
Brief Description of the Drawings

A preferred embodiment of the present invention will now be described, by way of

an example only, v.’vithA reference to the accompanying drawings wherein:

Figurel ‘and 1a are-block diagrams of apparatuses according to the invention;

Figure 2 is a block dlagram showmg the data processing steps of the method of the

invention;
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Figs. 3A and 3B form a schematic block diagram of a general purpose computer
system upon which the arrangements described can be practised; '

Appendix A is a pseudo-code representation of software for pérforming the method
: : (

Detailed Description of the P}eferred Embodiments

In order to determine if unauthorised materials are present in a sample, one
approach is to obtain gamma ray spectra of unauthorised material§ and to compare the
gamrﬁa ray spectrum of the sample with those spectra in order to determine if any of the
unauthorised materials are present in the spectrum.” As discussed in the Background'
section, this approach presents certain practical problems. An alternative approach,
adopted by the present inventors, is to acquire a data library representing acceptable
radioacti‘vity (e.g. known naturally occurring radioactive materials, or acceptable goods
containing radioactive materials such as radiopharmaceutical products) and to identify if
the sample emits radioactivity that is sufficiently different to the acceptable radioactivity
to warrant further investigation. The data library may also include data from other sources
(which may be normal sources or may be anomalous sources or some of which may be
normal and others anomalous). Thus the present approach does not seek to identify the
nature of the radioactive emitters in a sample but only to determine if they are anomalous.
In this context the term “anomalous” refers to materials that are abnormal or are
unacceptable or are unauthorised. |

The data library may include reference gamma ray spectra obtained from known
unacceptable'(anomalous) sources. These may include special nuclear materials and/or
industrial radioisotopes. The inclusion of these unacceptable source gamma ray spectra
(and optionally associated supplementary data) in the data library may improve the
discrimination between threat (anomalous) and benign (acceptable) sources when using
the method of the invention.

The approach taken in the present invention involves comparing the sample with a

data library. In order to accomplish this efficiently, the gamma ray spectra contributing to

‘the library are processed according to a standard protocol and converted by principal

component analysis into.a number of uncorrelated principal components. This reduces the

- dimensionality of the problem so as to facilitate processing. In some instarices principal
_ component analysis (PCA) may be replaced by some other method for reducing the

dimensionality of the data library, for example, a genetic algorithm, a neural network,

partial. least squares (PLS), inverse least squares, kemel PCA, LLE, Hessian LLE,
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Ltiplacian Eigenmaps, LTSA, isomap, maximum variance unfolding, Bolzman machines,
projection pursu'it',Aa hidden Markov model support vector machines, kernel regression,
linear discriminant analysis and classification, k-nearest-neighbour analysis, fuzzy neural
networks, Bayesian networks, or cluster analysis. | | '

This approach enables supplementary data not derived from a gamma ray spectrum
to be inputted into the method so as to further improve discrimination and reduce the
incidence of false positives. Such supplementary déta- may for example include heat
output, time variation of the source through the detection zone, geographical origin of the
target, target supplier, gross count, manifest etc.

An important feature of the present method is the use of a correlation matrix 1n the
PCA (known here as ‘the correlation method’) to determine the principal oomponents
This results in various advantages including:

» The correlation method looks to find the principal components of a standardised
version of the data library, which avoids probléms with using thé prior art covariance
method, where the relative intensities of measuréd spectra dominate the principal
components and adversely affect perfoﬁnance;

e - The correlation method focuses more on the differences in spectral shape, which
enables more accurate detection of an anomaly, and conversely provides less false
alarms;

e The correlation method allows additional input variables to be used in combination
with the energy spcctrum of a target .

Non-spectral data, for example the heat generated by the target and/or the time
variation- of theSe~spectra as it travels through the detection zone, may Be added to the
analysis. Adding these may result in increased reliability in ahomaly detection. Another
key feature of the method is that each observed speétrum may be pre-processed by
functions that manipulate the data in order to optimise the discrimination capability.
These functions may include, but not be limited to, intensity normalisation, observation
standardisation and a variable standardisation. For the ihtensity normalisation each
observed spectrum is normalised by the energy bin with the maximum number of counts.
This intensity. normalisation removes the variability due to the speed with which the
measured substance travels through the detection zone. For the observation
standardisation, each observed spectrum is standardised to have zero mean and unit
Variance. For the variable standardisation, each energy bin of the observed spectrum is

standardised by the mean and standard deviation of the respective energy bin of the data
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library. This variable standardisation énables variables of different measures to be more
directly comparable. |

The method may comprise calibrating the device used for obtaining the gamma ray
spectra. It may comprise applying a calibration to the target gamma ray spectrum and/or
to the reference gamma ray spectra. The calibration, either of the target gamma ray
spectrum or of the reference gamma ray spectra, or of both, may be for the purpose of
standardising the device used for obtaining the gamma ray spectra. The calibration may
be conducted on a regular basis. It may be condﬁcte’d each time a spectrum is acquired. It
may not be conducted each time a spectrum is acquired. It may be for example conducted

every 5 spectra, or every 10, 15, 20, 25, 30, 35, 40, 45 or 50 spectra. It may be conducted

" every hour, or every 2, 3, 4, 5, 6, 12, 24 or 48 hours. Thus over time.the energy axis of the

spectra may dnift, and may require calibration as described above, in order to restore the
correct energy values of the energy axis.

A gamma ray spectrum may be obtained by use of a gamma ray detector. This may
for example comprise a sodium iodide thallium doped based gamma ray detector. It may '
comprise a sodium iodide thallium doped based spectroscopic radiation portal monitor. It
may comprise a signal amplifier for amplifying the signal. The raw gamma ray signals
(either of the target or of reference samples) that are acquired may be passed to a
multichannel analyser. They may be calibrated so as to compensate for drift of the energy
axis in the detector. The multichannel analyser may divide the data in the spectrum into.a
number of bins (or energy ranges). Typically the multichannel analyser will generate
about 1024 data bins, although there may be more or less than this depending on the
analyser. It is preferable to reduce the number of energy bins, i.e. to rebin the data,
thereby reducing the number of variables in the resulting data set. This may improve the |

computational speed. The energy bins of the original spectrum represent the smallest

‘increment of energy interval of the gamma ray spectrum to which counts are attributed. In

general, each interval, or bin, in the original spectrum has an identical width in energy.
Rebinning of the spectrum may involve uniformly increasing the width of each energy bin
thereby decreasing the total number of bins over the full energy range and increasing the
number of counts. within the newly defined bins. This. rebinning is not necessarily limited
to linear functions. The rebinned spectrum may contain non-uniform bin widths which
may, for example, be proportional to the .energy squared or to some other suitable
function. The rebinned spectrum may also contain user defined bin widths, which may

vary over the enérgy range. The number of energy bins of the rebinned spectrum is
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effectively the number of variables in the déta librafy, although supplementary variables
may also be added as described elsewhere. The greater the number of variables, the
greafer the computational time of PCA. The bins can be febinned to fit different
functions. This may enable the spectra from multiple detectors to be combined. The
rebinning of the reference data sets and the target data set may be such that all data sets
use the same energy bins. | .

The data may then be normalised with respect.to the highc:ét number of counts
across all energy bins. This removes the effects from the wide range of RPM (radiation .
portal monitor) acquisition times that can -occur at ports of enfry and the effect of
variation of the speed of passage of a target through the detection zone of an RPM.

The data of each observed energy spectrum may be standardised or may not be

standardised. This observation standardisation scales the variance, across all energy bins,

| to be unity.

The data may have each variable standardised or may not have each variable
standardised. This variable standardisation enables variables of different measures to be
more directly comparable. .. .

- The data library is obtained from reference gamma ray spectra (and optionally‘
associated supplementary data) which are obtained from known sources. These may be
naturally occurring radioactive materials, or may be sources that are known to be benign
and/or acceptable, and may include any other type of source, for example anomalous or
unacceptable sources. The reference gamma ray spectra may be treated in a similar
fashion to the target spectra, so that fhey will be comparable and provide meaningful
comparisons. The data library may also incorporate supplementary data that may assist in
determining if the target should be regarded as anomalous. For example if it is known that
targets from particular countries are more likely to be anomalous, country of origin data
may be inputted into the data library so as to contribute to the reference data sets.
Corresponding data will then also be inputted when scanning a target, so that the data will

contribute similarly to the target data set. Similarly, if it is known that targets that have a

higher mean temperature are more likely to be anomalous, mean temperature data

(measured by a thermal detector) may be inpuﬁed into the data library. The data library
may be augmented either intermittently or on a regular basis with additional reference

data sets in order to improve the discrimination capabilities of the method (and of the

- system). The data library may be based on at least about 10 principal corhponents_, or at

least about 11, 12, 13, 14 or 15 principal components, or on at most about 20 principal
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components, or on at most about 19, 18, 17, 16 or 15 princip_al components, or on about
10 to about 20 principal components, or on about 10 to 15, 15 to 20 or 12 to 18 principal
components, €.g. qbout 10,11, 12, 13, 14, 15, 16, 17, 18, 19 or 20 principal components. .
In some cases more than 20 principal components may be used, e.g. 21, 22, 23, 24, 25,
26, 27, 28, 29 or 30 or fnore. By reducing the dimensionality of the'analysis, thé task of
comparing the target with the reference library is simplified so as to enable rapid,
optionélly real time, processing so that anomalous sources may be identified rapidly and
in a timely fashion. v . |

The PCA may be conducted by means of eigenanalysis on the correlation matrix of
the input data (pre-processed reference_ spectra andopﬁonally also suppleméntary data as
describcd' eisewherg). The eigenvalues and corresponding eigenvectors of the correlation
matrix are then obtained. These are then ranked in order of the highest valixed
eigenvalues. The n eigenvectors with the largest n eigenvalues are then‘ selected as the
principal components, where n is a number selected so as to provide a compromise
between sufficient capability of the method and acceptable processing time (suitable
numbers of principal components are described above). The choice of a suitable n may
therefore depend on the power and speed of a processor (e.g. computer) used to conduct
the method. . : ,

‘As an example of the data processing conducted in the method of the present
invention, a multichannel analyser may generate a set of counts for different gamma ray

energies in the gamma réy spectrum. These may be designated S, to S,, where there are a

- total of a energy bins, representing the a different gamma ray energies. A simple

rebinning of §; to S, may comprise pooling pairs of energy bins to form a rebinned data

set Ry to Rj, where a=2b (whereby the rebinning represents a halving of the number of

energy bins) and Ry=S2,.1+S2. As discussed elsewhere, other methods of rebinning may

be used. The rebinned data may be normalised to the largést .value of R, to R, to provide a |
gamma .ray spectrum .with energy bins N; to N, This data set may optionally be

supplemented with additional data not obtained from the. gamma ré.y spectrum: Aj to A,

so as to form a final data set Ny, N, ..., Ny, Ay, Ag, ..., A..

If the above data procéssing is conducted on m different reference samples (wheré

‘mis preferably greater than or equal to b+c), a data matrix can be constructed where the

m rows are the different data sets (or observations), with the b+c columns representing the
variables. The correlation matrix of this data matrix is obtained, and the resulting

eigenanalysis (or eigen decomposition) of this correlation matrix produces the p
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- eigenvectors and cigenvdlues pairs, where p=B+c. These may be designated V, to \ and

e to e, respectively (wherein 'eig_envalue ex corresponds to eigenvector V,). The
eigényalues are: then ranked in numerical order (i.e. highest first), and the largest n
eigenvalues (typi'cal'ly about 1 to 20, but can be up to p) are retained. In this description
the priricipal ‘components are defined as the eigenvectors ordered in terms of the highest ,
eigenvalues. 'However‘, it should be noted that some authors in the literature refer to the .
eigenvectors as the vector of coefficients or the loadings for the pri}nc/:ipal' components,
where the principal components refer to the derived variables. ' |

Projecting the data set into the new multidimensional space is performed by
multiplying the principle components (i.e. the selected eigenvectors) by the data set. Once
the data library and the target spectrum have been projected into principal component
space, a comparison can be made between them. '

The benefits of using the correlation matrix rather than, for example, the covariance

matrix, may include but not be limited to: (1) removing the scale dependence from PCA;

-and (2) the standardised variates are dimensionless and can be easily combined to give

principal component écores, which is. not the case for.the covariance matrix.

The pre-processed data library is projected into a multidimensional space. The
multidimensional space is not a physical space, but rather a mathematical construct within
a computer or other processor for representing the data sets (both target and reference) so
as to provide a useful comparison. The dimensionality of the multidimensional space may
correspond to the number of principal components obtained (or selected) from tlie PCA.
The data libré.ry may be represented by one or more clusters within the muitidimensional
space. When the pre-processed target spectrufn is projected into this multidimensional
space, a characteristic distance, for example a Mahalanobis distance, of the projected
target spectrum from the clusters may be determined. The Mahalanobis distance is a
measure used in classification techniques. The Mahalanobis distance is- effectively a
weighted Euclidean distance where the weighting is determined by the sample variance-
covariance matrix. The larger this distance, the larger the likelihood that the target is -
anomalous, i.e. is atypical with reference to the reference materials and af used)
supplementary data. Thus if the distance is compared with a threshold distance, a
determination may be made as to whether the target is anomalous and, if it deemed

anomalous, an alarm may be raised. In some cases it may be useful to provide a signal

indicating that the target is not anomalous in the event that the distance is smaller than the

threshold distance:. Alternatively, the dis_ténce may be converted into a probability that
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the target is 4an‘omalous, and this probability may be displayed as an output. A suitable
alarm in response to an anomalous target may be for exaniple an audible alarm (e.g. a
horn, siren or similar), a visual alarm (e.g. a light, optionally a ﬂaéhing light), activation
of a barrier (e.g. loweﬁng a boom gate, raising road spikes, closing a gate) to prevent
passage of the target, or of a vehicle carrying the target, activation of an instruction to a

driver of the target or vehicle (e.g. iliumination of a STOP.sign, activation of audible

instructions to said driver) or some other type of alarm. The alarm may also be a logic

state provided to another system for the purpose of recognising the alarm state and

alarming. More than one of these types of alarm may be used. They may activate
simultaneously. They may activate non-simultaneously. They may activate: sequentially.
Thus the apparatus of the invention may comprise one or more of an audible alarm

device, a visual alarm device and a physical alarm device such as an activatable barrier.

~ The method correspondingly may comprise activating the activatable barrier when a

target is identified as anomalous or when a vehicle is identified as carrying an anomalous
source. As mentioned previously, an alternative mode of operation is when a signal is
generated only when the target is- identified as not anomalous (i.e. as normal or
acceptable). In this case an activatable barrier would be removed or retracted in response
to the signal, allowing a vehicle carrying no anomalous materials to pass. Thus the
method may comprise passing the signal to a barrier device which prevents passage of the
target when the target is identified as carrying an anomalous source (i.e. when the
distance is greater than or equal to a predetermined threshold) and which allows passage
of the target when ‘the target is identified as not carrying an anomalous source (i.e. when
the distance is below the predetermined threshold). This device may be in a normally
closed state (i.e. in a state in which passage of the target is prevented or inhibited), such
that a signal is required to open it (so as to allow or facilitate passage of the targef) in
response to a determination that the target does not contain an anomalous soﬁrce, or it
may be ina normally open state (i.e. in a state in wl}ich passage of the target is allowed),
such that a signal is required to close it (so as to inhibit or prevent passage of the target) in

response to a determination that the target contains an anomalous source. As discussed

- above, it may be possible to provide a probability as the 6utput. Thus the result could be

expressed as a likelihood function. The likelihood that an anomalous event had occurred
may be expressed as an integer with a preset value used to define whether or not an
anomalous substance were present in the target. The apparatus of the invention may also

comprise a camera or similar photographic recording device. This may be used for
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recording images of all targets or vehicles passing through the detection zone, or for
recording images of targets or vehicles passing through the detection zone when an
anomalous source is detected. It may be used for transmitting to an eperator an image of
all targets or vehicles passing through the detection zone, or for transmitting to said
operator images of targets or vehicles passing through the detection zone when an
anomalous source is detected. In this case the signal may be transmitted to a video display
fo'r displaying the imége(s). Information from the camera or similar'photographic device
may be used for acquiring supplementary data, or for determining the nature of
supplementary data, for use in the PCA for determining if a target is anomalous. The
method of the invention may comprise detecting, and recording and/or transmitting, an
image of the vehicle or target or of a part (e.g. a number plate) thereof), either for eacn .
vehicle or targef passingbthrough the detection zone or for each vehicle or target passing
through the detection zone which is identified as an anomalous source or as carrying an
anomalous source. | . |
In acquiring the target gamma ray spectium, the target may pass through a detection
zone, over which the detector is capable of detecting the 'spectrum. The source may pass
through the detection zone at a mean velocity of about 1 to about 12km/h, or about 1 to 8,
i to 5,5t010,1to 3,3 to 5 or 2 to 4km/h, e.g. about 1, 1.5, 2, 2.5, 3,3.5,4,45,5,6, 7,
8,9, 10, 11 or 12km/h. The time for passage of the target through the detection Zone may
be about 5 to about 80 seconds, or about 5 to 50, 5to 20, 5to 15, 10to 80, 50 to 80, 20 to
50 or 5, 5 to 15, 15 t0 20, 5to 10, 10 to 15 or 7 to 12 seconds, e.g. about 5,6,7,8,9, 10,
11, 12, 13, 14, 15, 20, 25, 30, 35, 40, 45, 50, 55, 6Q, 65, 70, 75 or 80 seconds. The
detection zone may be about 5 to about 25m long, or about 5 to 20, 5 to 15, 5to 10, 10 to

' 25, 15 to 25 or 10 to.10m, e.g. about 5, 10, 15, 20'or 25m. The target may be, or may be

transported by, a person, a truck or a car or a train carriage or some other vehicle or part
thereof. |

Fig. 1 shows a block diagam of a suitable apparatus for use in the present
invention. Thus detector 10 is a spectroscopic portal detector, e.g. a Nal(Tl) based
detector, deployed to acquire a gamma ray spectrum from sources, e.g. vehicle 20 passing
through detection zone 30. In some embodiments the main detector (detector 10) is
capable of collecting both the reference spectra and the target spectra. For example,
background reference spectra may be acquired when no target is within the detection
zone. If a reference detector is used it may be remote from the portal rnonitor. The

reference detector, if present, may be shielded from the detection zone.
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The apparatus may also comprise a reference detector 40 for acquiring reference
spectra of NORM, although, és discussed above, this may in some cases be omitted. It
may also | comprise one or more secondary detectors (not shown) for acquiring
supplementary ldata,. for example thermal data from vehicle 20 as it passes fhrough
detection zone 30, and rriay also comprise one or more secondary reference detectors (not
shown) for acquiring supplementary reference data. Amplifier 50 is coupled to detector
10 provided for amplifying data from detector 10, and, if present, reference detector 40.
This is in turn coupled to multichannel analyser 60 for providing an initial binning of the
amplified data from amplifier 50. It is coupled to the memory 70 of corhputer 80 so that
inputted data from analyser 60 may be stored. Meinory 70 élso contéins a data library
obtained from NORM and other materials. Memory 70 is coupled tO.prOCCSS-OI 90 for

‘processing the data obtained by detector 10 and determining if target 20 is anomalous.

Output 100 is provided to signal an alarm if target 20 is determined to be anomalous.
Output 100 may take the form of a visual output, e.g. an alarm light. It may take the form
of sound output, e.g. an audible signal. It may take the form of an action, e.g. lowering of
a boom gate to prevent passage of target 20. It may take the form of more than one of
these simultaneously (or sequentially). Fig. 1a shows a block diagram of an épparatus
similar to that of Fig. 1 in which an activatable barrier 110 is present in order to prevent
passage of vehicle 20 in the event that an anomalous target is identified. In Fig. 1, output
100 may be in the form of an audible alarm.

In operation therefore, target 20 passes through detection zone 30. This typically

does not involve target 20 stopping its forward motion, and commonly takes about 5 to

- about 80 seconds. Detector 10 acquires a gamma ray spectrum of target 20 during this

period and passes the spectrum to amplifier 50, which amplifies the signals of the

vspectrum. The amplified spectrum then passes to. multichannel analyser 60 which

‘performs an initial binning of the data in the amplified spectrum and passes the binned

spectrum to memory 70 for storage. Detector 10 may also be used for acquiring reference
spectra for use in creating a data library. Alternatively or additionally reference detector
40 may be used for this purpose. In any event, the reference spectra are processed as
described above for the target spectrum, and then passed to memory 70. Spectral data and
optionally other data obtained from supplementary detectors are passed to processor 90
for processing: reference data is used to generate a data library which is projected into
multidimensional space by using the processor. The target spectrum is similarl'y processed

and projected into this multidimensional space in order to obtain a characteristic distance
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of the projected target spectrum from the projected data library. Processor .9.0 then

* determines from this distance whether target 20 is deemed to be anomalous and, if it is

anomalous, generates a signal to output 100. Appropriate action may then be taken, for

-example target 20 may be diverted for further investigation, or a barrier may be lowered

in order to prevent passage of target 20, or some other action may be taken. In the
apparatus of Fig. 1a, output 100 is an audible alarm. Thus if the target is determined to be
anomalous, alarm 100 is sounded. Aiso, if the target is determined to be anomalous, '
activatable barrier 110 is activated so as to prevent passage of target 20.

Figure 2 shows a flow chart illustrating the method of the invention. Initially”

reference ' spectra are rebinned and pre-processed and, optionally together with

. supplementary data, analysed by PCA on the correlation matrix so as to generate the

principal components. Separately, a target spectrum is rebinned and pre-processed so as

to generate a pre-processed target data set. The pre-processed target data set is then

~ projected together with the pre-processed data library into multidimensional space, and a

characteristic distance of the pre-processed target data set from clusters of the pre-
processed data library in the multidimensional spacé is determined. This is then compared
with a threshold value in order to determine if the target spectrum was obtained from an
anomalous source. ,

Figs. 3A and 3B collectively form a schematic block diagram of a géneral purpose
computer system 300, upon which the various arrangements described can be practiced. -

As seen in Fig. 3A, the computer system 300 i; formed by a computer module 301,
input dévices such as a keyboard 302, a mouse pointer device 303, a scanner 326, a
camera 327, and a microphone 380, and.output devices including a printer 315, a display
device 314 and loudspeakers 317. An external Modulator-Demodulator (Modem)
transceiver device 316 may be used byithe 'c'omputver module 301 for communicating to
and from a communications network 320 via a connection 321. The network 320 may be
a wide-area netWork (WAN), such as the Internet or a private WAN. Where the ’
connection 32lisa telephone line, the modem 316 may be a traditional ‘““dial-up” modem.
Alternatively, where the connection 321 is a high capacity (e.g. cable) connection, the
modem 316 may be a broadband modem. A wireless modem may also be used for
wireless connection to the network 320.

- The computer module 301 typicaliy includes at least one processor unit 305, and a

memory unit 306 for example formed from semiconductor random access memory

(RAM) and semiconductor read only memory (ROM). The module 301 also includes an
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‘number of. input/output (I/O) interfaées including an audio-video interface 307 that

coupleé to the video display 314, loudspeakers 317 and microphone 380, an. 1/O
interface 313 for the keyboard 302, mouse 303, scanner 326, camera 327 and optionally a
joystick (not illustrated), and an interface 308 for the external modem 316 and
printer 315. In some implementations, tfxe modem 316 may be incorpofa__ted- within the

computer module 301, for example within the interface 308. The computer module 301

. also has a local network interface 311 which; via a connection 323, permits coupling of

the coniputer system 300 to a local computer network 322, known as a Local Area,

Network (LAN). As also illustrated, the local network 322 may also couple to the wide

network 320 via a connection 324, which would typically include a so-called “firewall”
device or device of similar functionality. The interface 311 may be formedvby_-an
Ethernet™ circuit card, a Bluetooth™ wireless arrangement or an IEEE 802.11 wireless
arrangement. . | :

The interfaces 308 and 313 may afford either or both of serial and parallel
connectivity, the former typically being implemented according to the Unix}ersal Seriai
Bus (UéB) standards and having correéponding USB connectors (not illustrated). Storage
devices 309 are provided and typically include a hard disk drive (HDD)310. Other
storage devices such as a floppy disk drive and a magnetic tape drive (not illustrated) may
also be used. An optical disk drive 312 is typically provided to act as} a non-volatile
source of data.” Portable memory devices, such optical disks (e.g. CD-ROM, DVD),
USB-RAM, and floppy disks for example may then be used as appropriate sources of data
to the system 300. | ' . o

The components 305 to 313 of the computer module 301 typically communicate via
an interconnected bus 304 and in ‘a manner which results in a conventiohal mode of
operation of the computer system 300 known to those in the relevant art. Examplés of
computers on which the described arrangements can be practised include IBM-PC’s and
compatibles, Sun Sparcstatidns, Apple Mac™ or alike computer systems evolved
therefrom.

.The method of the present invention may be implemented using the computer
system 300 wherein the processes of Fig. 2, described above, may be implemented as one
or more software application programs 333 executable within the computer system 300.
In particular, the steps of the method are effecfed by instructions 331 in the software 333
that are carried out within the computer system 300. The software instructibns 331 may

be formed as one or more ‘code modules, each for performing one or more particular



WO 2011/057339 PCT/AU2010/001509

20

-25

30

24

tasks. The software may also be divided into two separate parts, in which a first part and

the corresponding code modules performs the method and a second part and the

_corresponding code modules manage a user interface between the first part and the user.

The soﬁware 333 is generally loaded into the computer system 300 from a

computer readable medium, and is then typically stored in the HDD 310, as illustrated in

Fig. 3A, or the ‘memory 306, after which the software 333 can be executed by the

computer system 300. In some instances, the application programs 333 may be supplied

to thé user encoded on one or more CD-ROM 325 and read via the corresponding

. drive 312 prior to storage in the memory 310 or 306. Alternatively the software 333 may

be read by the computer'systém 300 from the networks 320 or 322 or loaded into the
computer system 300 from other computer readable media. Additionally or alternatively;

data, for example the data library or reference spectra used in preparihg the data library,

~ may be stored in the memory 310 or 306 or may be loaded into said memory from a CD

or other computer readable medium, or over the internet or by some other means.

-Computer readable storage media refers to any storage medium ‘that participates in

providing instructions and/or data to the computer system 300 for execution and/or

» processing. Examples of such storage media include floppy disks, magnetic tape, CD-
* ROM, a hard disk drive, a ROM or integrated circuit, USB memory, a magneto-optical

. disk, or a computer readable card such as a PCMCIA»card and the like, whether or not

such devices are internal or external of the computer module 301. Examples of computer
readable transmission media that may also participate in the provision of softwaré,_
application progfam's, instructions and/or data to the computer module 301 include radio
or infra-red transmission channels as well as a network connection to another computer or
networked device, and the Internet or Intranets including e-mail transmissions and
information recorded oﬁ Websités and the like. -

The second part of the application prograrhs 333 and the corresponding code
modules mentioned above may be executed to implcment one or more' graphical user
interfaces (GUISs) to be rendered or otherwise represented upon the disb[ay 314. Through
manipulation of typically the keyboard 302 and the mouse 303, a user of the computer
system 300 and the application may manipulate the interface in a ﬁmctionally adaptablé
manner to provide controlling commands and/or input to the applications associated with
the 'GUI(s). Other forms of functionally adaptable user interfac,esl may also- be
implemented, such as an audio intérface utilizing speech prompts output via the

loudspeakers 317 and user voice commands input via the microphone 380.
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Fig. 3B is a detailed schematic block diagram of the processor 305 and a

. “memory” 334. The memory 334 represents a logical aggregation of all the memory

devices (including the HDD 310 and semiconductor memory 306) that can be accessed by
the computer module 301 in Fig. 3A. | ‘ | '

When the computer module 301 is initially powered up, a power-on self-test
(POST) program 350 executes. The POST program 350 is htypically stored in a ROM 349
of the semiconductor meri;ory 306. A program permanently stored in a hardware device.
such as the ROM 349 is somstimes referred to as-firmware. The POST program 350
examines hardware within the computer module 301 to ensure proper functioning, and
typically checks the pfocessor 305, the memory (309, 306), and a basic input-output
systems software (BIOS) module 351, also typically stored in the ROM 349, for correct
operation. Once the POST program 350 has run successfully, the BIOS 351 activates the
hard disk drive 310. * Activation of the hard disk drive 310 causes a bootstrap loader
program 352 that is resident on the hard disk drive 310 to execute via the processor 305.
This loads an operating. system 353 into the RAM memory 306 upon which the operating
system 353 commences operation. The operating system 353 is a system level
application, executable by the processor 305, to fulfil various high level functions,
including processor management, memory management, device management, storage
management, software application interface, and generic user interface.

The operating system 353 manages the memory (309, 306) in order to ensure that
each process or application running on the computer module 301 has sufficient memory
in which to execute without colliding with memory allocated to another process.
Furthermore, the different types of memory available in the system 300 must be used
properly so that each process can run effectively. Accordingly, the aggregated
memory 334 is not intended to illustrate how partichlar segments of memory are allocated
(unless otherwise stated), but rather to provide a general view of ‘the memory accessible
by the computer system 300 and how such is used.'

| The processor 305 includes a number of functional modules including a control
unit 339, an arithmetic logic unit (ALU) 340, and a local or internal memory 348,
sometimes called a cache memory. The cache memory 348 typically includes a number
of storage registers 344 - 346 in a register section. One or more internal buses 341
functionally interconnect these functional modules. The processor 305 typically also has
one or more interfaces 342 for communicating with external devices via the system

bus 304, using a connection 318.
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The application program 333 includes a sequence of instructions 331 that may

1include conditional branch and loop instructions. The program-333 may also include

data 332 which is used in execution of the program 333. The instructions 331 and the
data 332 are stored in memory locations 328-330 and 335-337 respectively. Depending
upon the relative size of the instructions 331 and the memory locations 328-330, a
particular instruction may be 'stored in a single memory location as dépicted by the
instruction shown in the memory location 330. Alternately, an instruction may be
segmented into a number of parts each of which is stored in a separate memory location,
as depicted by the instruction segments shown in the memory locations 328-329.

In general, the processor 305 is given a set of instructions which are executed

therein. The processor 305 then waits for a subsequent input, to which it reacts to by

executing another set of instructions. Each input may be provided from one or more of a

‘number of sources, including data generated by one or more of the input

devices 302, 303, data received from an extenal source across one of the
networks 320, 322, data retrieved from one of the storage devices 306,309 or data
retrieved frorh a storage medium 325 inserted into the corresponding reader 312. The
execution of a set of the instructions may in some cases result in output of data.
Execution may also involve storing data or variables to the memory 334.

The disclosed arrangements use input variables 354, tha;t are stored in the
memory 334 in corresponding memory locations 355-358. "The arrangementé produce
output variables 361, that are stored in the fnemc')ry 334 in cdrresponding memory
locations 362-365.  Intermediate  variables may be stored  in memory
locations 359, 360, 366 and 367. ‘

The register section 344-346, the arithmetic logic unit (ALU) 340, and the control

unit 339 of the processor 305 work together to perform sequences of micro-operations

- needed to perform “fetch, decode, and execute” cycles for every instruction in the

instruction set making up the program 333. Each fetch, decode, and execute cycle

comprises: o
(a) a fetch operation, which fetches or reads an instruction 331 from a mémory
location 328; ' |
(b) adecode operation in which the control unit 339 determines which instruction
has been fetched; and | '
(c) an execute operation in which the control unit 339 and/or the ALU 340

execute the instruction.
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Thereafter, a further fetch, decode, and execute cycle for the next instruction may
be executed. Similarly, a store cycle may be»performed by which the control_ unit 339
stores or writes a value to a memory location 332.

Each step or sub-brocess in the pfocesses of Fig. 2 is associated with one or more
segments of the program 333, and is performed by the register section 344-347, the
ALU 340, and the 'control unit 339 in the processor 305 working together to perform the
fetch, decode, and execute cycles for ‘everyAinstru'ction in the inétruction sei for the noted
segments of the program 333. ’ ,

. The method of the invention may alternatively- be implemented in dedicated
hardware such as one or more integréted circuits performing the functions or sub
functions of the method. Such dedicated hardware may include graphic processors,
digital signal processors, Field Programmable Gate Arrays (FPGA’s) or one or more
microprocessors and associated memories.

In the context of this specification, the word ‘;comprising” means “including
principally but not necessarily solely” or “having” or “including”, and not “consisting
only of”. Variations of the word "comprising", such as “comprise” and “comprises” have

correspondingly varied meanings.



WO 2011/057339 PCT/AU2010/001509

15

20

25

28

Appendix A

Pseudo-code representation of software for performing the method of Fig. 2

Calibrate reference gammaAray spectra
Rebin célibra_ted gamma ray spectra
Pre-process rebinned gamma ray spectré .
Prepare a pre-processed data library that consists of the pre-processed reference '
gamma-ray spectra, optionally together with supplementary data, in a matrix form

Conduct principal component analysis on the correlation matrix of the pre-

- processed data library, to generate the principal components

Store the principal components in memory

Calibrate targét gamma fay spectrum

Rebin calibrated target spectrum'

Pre-process rebinned target spectrum and optioh_ally supplement  with
supplementary data of the same type used for the data library _
Project pre-processed data library and pre-processed target spectrum into
multidimensional space defined by principal components obtained by the principal
component analysis _ '

Determine characteristic distance between the clusters from the pre-processed data
library and pre-processed target spectrum in multidimensional space

Compare characteristic distance with threshold distance

Generate output signal
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Claims: _
1. A method for determining the presence or absence of anomalous radioactive

_materials in a target in a detection zone, said method comprising:

(i) obtaining a target gamma ray spectrum from the target;

(i1) preparing, from the target gamma ray spectrum, a target data set comprising a
plurality of intensity values, each "intensity value being associated with an energy
bin representing a gamma ray energy or range of gamma ray energies in the target
gamma ra}; speét_rum; o : T ‘

(iii) pre-processing the target data set; '

(iv) projecting the pre-processed térget data Set into a principal component space
containing a pre-processed data library projected into said principal component
space; ‘ '

(v) determining a distance between the pi‘ojected, pre-processed target data set and one
or more clusters of the projected pre-processed data library in the principal
component space; and | _

(vi) comparing the distance with a predetermined threshold distance so as to determine if
an anomalous radioactive material is present in the target,

whereby either:

if the distance is greater than or equal to the threshold distance a signal is generated in

response to the presence of the anomalous radioactive material in the target; or

if the distance is less than the threshold disfance a signal is generated in response to the

absence of the anomalous radioactive material in the target. |
2. The method of claim 1 wherein if the distance is greater than or equal to the

threshold distance a signal is generated in response to the presencc; of the anomalous
radioactive material in the target. '

3. The method of claim 1 or claim 2 wherein the step of pre-processing

- comprises normalising such that the pre-processed target data set is a normalised target

data set and the pre-processed data library is a normalised data library.
4, | The method. of any one of claims 1 to 3 additionally comprising the step of
rebinning the target data set prior to the step of pre-pfocessing the target data set.
5. The method of any one of claims 1 to 4 wherein the pre-processed data library
is obtained by a process compﬁsing: |
iv-a) obtaining a data library comprising reference gamma ray spectra from

Naturally Occurring Radioactive Materials and optionally other sources;
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iv-b) preparing a reference data set from each of the reference gamma ray

- spectra, each reference data set cornprising a plurality of intensity. values, each

intensity value being .associated with an energy bin representing al- gamma ray
energy or range of gamma ray energies in said reference gamma ray spectrum; and
iv-c) pre-processing each reference data set to obtain the pre-processed data
library.,
6. The method of claim 5 wherein step iv-c) comprises normalising said data
sets, whereby the pre-processed data library is a normalised data library.

7. The method of claim 5 or cl_éim 6 additionally comprising the step of
rébinning each reference data set prior to the step of pre-lprocessing the target data sets.

8.  The method of any one of claims 1 to 7 wherein the principal component
space is defined by a plurality of principal components obtained by the principal
component analysis (PCA) of the pre-procesSed datn library’s correlation matrix.

9.  The method of any one of claims 1 to 8 wherein the principal component
space comprises less than about 20 principal components. _ '

10. The method of any one of claims 1 to 9 wherein the target data set \and the
data library both comprise supplementary data not derived from a gamma ray spectrum.

11. The method of claim 10 wherein the supplementary data comprises at least
one of* temperature of the target, heat output of the target, time vanatlon of the target as it
passes through the detection zone, geographlcal origin of the target, target suppher g:ross
count and manifest. ) ‘

12. The method of any one of claims 1 to 11 wherein the distance of step (v) is a
Mahalanobis distance. _

13, The method of any one of claims 1 to 12 wherein step (i) comprises acquiﬁng
the target gamma ray. spectrum as the térget passes through the detection zone. . |

14. The. method of claim 13 wherein step (1) is conducted thhout the target
stopping in the detection zone. , 7

15. The method of any one of claims 1 to 14 wherein the target gamma ray
spectrum is acquired in less than about 10 seconds. : {

16. The method of any one of claims 1 to 15 wherein the target gan_nna ray
spectrum is acquired by means of a portable or fixed gamma radiation monitor systern.

17. An apparatus for detérmining the presence or absence of anomalous
radioactive materials in a target in a detection zone, said apparatus comprising:'

* adetector for obtaining a target gamma ray spectrum from the target,
R} .
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e a memory for storing the target gamma ray spec_tf,urn and a pre-processed data

library, ' _ ' |
- e a proceséor coupled to the memory for preparing, from-the target gamma rziy' '

speétrum, a target data set comprisihg a plurality of intensity values, each bin
being associated with an energy bin representing a gamma ray energy or range of
gamma ray energies in the target gamma ray spectrum; pre-processirig the target
data set; projecting the pre-processed farget data set into a principal component
space containing the prc—processed data library projeéted into said principal
compdne_nt space; determining a distance between the projected pre-processed
target data set and one or more clusters of the projected pre-processcd data library
in the principal component space; and comparing the distance with a -
predetermined threshold distance so as to determine if an anomalous radioactive
material is present in the target, whereby either (a) if the distance is greater than or
equal to the threshold distance a signal is generated in response to the presence of
the anomalous radioactive material in the target or (b) if the distance is less than
the threshold distance a signal is generated in response to the absence of the
anomalous radioactive material in the target; and

e an output device for (a) accepting the signal when an anomalous radioactive
material is present in the target in order to generate a physical response to the
presence of the anomalous radioactive material or for (b) accepting the signal
when an anomalous radioactive material is absent in the target in ofdcr to generate
a physical response to the absence of the anomalous radioactive material.
18. The apparatus of claim.17 wherein the detector is capable of obtaining -

reference gamma ray spectra from Naturally Occurring Radioactive Materials (NORM)

" and optionally other sources and the processor is capable processing the reference gamma

" ray spectra to form the pre-processed data library from the pre-processed reference

spectra. _
19. The apparatus of claim 17 or claim 18 wherein the processor is capable of
performing Principal Component Analysis (PCA) on the pre-processed data library’s
correlation matrix so as to generate principal components for the principal component
space. :
20. A computer program comprising:
e code for preparing from a target gamma ray spectrum a target data set comprising

a plurality of intensity values, each intensity value being associated with an energy
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bin representing a gamma ray energy or range of gamma ray energies in the target
gamrha ray 'spectrum; ’ |

¢ code for pre-processing the target data set;

¢ code for projecting the pre-processed target data set into a principal component
space containing a pre-processed Vdaté. library projected into said principal
component space;

e code for determining a distance between the projected pre-processed target data
set and one or more clusters of the projected pre-processed data library in the
principal component space; and | ,

¢ code for comparing the distance with a predetermined threshold distance so as to
determine if an anomalous radioactive material is present in the targct,

21. The computer program of claim 20 additionally comprising:

 code for preparing a reference data set from a plurality of reference gamma ray
spectra, each reference data set comprising a plurality of intensity values, each -
intensity value being associated with an energy bin representing a gamma ray
energy or range of gamma ray energies in said reference gémma ray spectrum; and .

e code for pre-processing each reference data set to obtain the pre-processed data
library. -

22. The computer program of claim 20 or claim 21 additionally comprising code
for performing Principal Component Analysis (PCA) on the pre-processed data library’s
correlation matrix so as to ‘generate principal components for the principal component
spaée. ' '

- 23. A computer reédable storage medium having a computer program recorded
thereon, the program being executable by a computer apparatus to make the computer
defermine the presence or absence of anomalous radioactive materials in a target in a
detection zone, said program comprising:

e code for preparing from a target gamma ray spectrum a target daia set c0mprising

a plurality of intensity values, each intensity value being associated with an energy
bin representing a gémma ray energy or range of gamma ray ehergieé in the target
gamma ray spectrum; | |

e . code for pre-processing the target data set;

e code for projecting the pre-processed target data set into a principal component
space containing a pre-processed data library projected into said .principal

component space,
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code for deterrvnining>a distance between the projected pre-processed target data
set and one or more clusters of the projected pfe-piocesscd data library in the
principal component space; and -

code for comparing the distance with a predetermined threshold distance so as to

determine if an anomalous radioactive material is present in the target,

24. The computer readable storage medium of claim 23 wherein said program

‘additionally comprises:

code for preparing a reference data set from a plurality of reference gamma ray

. spectra, each reference data-set comprising a plurality of intensity values, each

intensity value being associated with an energy bin representing a gamma ray
energy or range of gamma ray energies in said reference gamma ray spectrum; and
code for pre-processing each reference data set to obtain the pre-processed data

library.

25. The computer readable storage medium of claim 23 or claim 24 wherein said

program additionally comprises code for performing Principal Component Analysis

(PCA) on the pre-processed data library’s correlation matrix so as to generate principal

components for the principal component space.

26. A computer program element for use in determining the presence or absence

of anomalous radioactive materials in a target in a detection zone, said element

comprising computer program code means to make a computer execute a procedure to:

prepare from a target gamma ray spectrum a target data set comprising a plurality

of intensity values, each intensity value being associated with -an energy bin

representing a gamma ray. energy or range of gamma ray energies in the target

gamma ray spectrum,;

pre-process the target data set;

projéct the pre-processed target data set into a principal component space
containing a pre-processed data library projected into said - principal component
space; -

determine a distance between the projected pre-processed target data set and one
or more clusters of the projected pre~processéd data 'library in the principal
component space; and

compare the distance with a predetermined threshold distance so as to determine if

an anomalous radioactive material is present in the target.
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27.  The computer program element of claim 26 additionally comprising computer
program code means to make a computer execute a procedure to: |
e prepare a reference data set from a plurality of reference gamma ray spectra, each
reference data set comprising a plurality of intensity values, each intehsity value
~ being associated with an energy bin representing a gamma ray energy or range of
gamma ray energies in said reference‘ gamma ra)" spectrum; and A
e pre-process each reference data set to obtain the pre-processed data library.

28. The computer program element of. claim 27 or claim 27 additionally
comprising computer program code means to make a computer execute a procedure to
perform Principal Component Analysis (PCA) oh the pre-processed data library’s .
correlation matrix so as to generate principal components for the principal component
space.

29. A method for determining the presence or absence of anomalous radioactive
materials in a target in a detection zone, said method being substantially as hereinbefore
described with reference to any one of the examples and/or drawings. |

30. An apparatus for determining the presence or absence of anomalous
radioactive materials in a target in a detection zone, said apparatus being substantially as
hereinbefore described with referenc_é to any one of the examples and/or drawings.

31. Use of an apparatus according to any one of élaims 15, 16 or 24 to determine
the presence or absence of anomalous radioactive materials in a target in a detection zone.

32. A method for preventing passage of a target carrying anomalous radioactive
materials, comprising: ,

conducting the method of claim 1; and

if the signal is generated in response to the presence of the anomalous radioactive
material in the target, activating a barrier to prevent passage of the target; or

if the signal is generated in response to the absence of the anomalous radloactxve

material in the target, activating a barrier to allow passage of the target.



