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Abstract

Metal detection (MD) has been commonly used in humanitarian demining since MD can
detect the metal components in Anti-Personnel landmines. However, land in post-conflict
areas contain metal clutter such as shrapnel or bullets, resulting in a high false alarm rate
(FAR). MD has been augmented with ground penetrating radar (GPR) in recent years to
reduce FAR caused by metal clutter. However, GPR is also prone to FAR, caused by
other clutter in the soil such as burrows, water pockets or rocks. A better discrimination
for both MD and GPR could help speed up humanitarian demining by reducing FAR.

The Magnetic Polarizability Tensor (MPT) is a representative electromagnetic property
of a metal object, which depends on the size, material, shape, and excitation frequency of
the object. If an MPT library of threat and non-threat metal objects was generated, an MD
capable of measuring the MPT of the target objects could utilise this library to improve
classification performance and reduce FAR. This thesis describes advances in techniques
for characterising electromagnetic response of metallic targets using by exploiting their
tensor description. The major contribution of this research is as follows. (i) This research
has realised a new instrument and the associated measurement methodology for
measuring the rank 2 tensor of typical metal objects encounter in landmine detection and
security screening. The instrument utilises a novel coil geometry capable of generating a
uniform magnetic field over a specific region containing the target object to accurately
measure the rank 2 MPT. (i1) A novel methodology for fast and reliable measurement of
the rank 2 MPT was also established. Performance of the instrument has been validated
by comparing the measured rank 2 MPTs with previously published simulated and
experimental data, where good agreement has been observed. (ii1) The instrument was
used to study the rank 2 MPT of four AP landmines and their metal components. (iv)
Rank 2 MPT of 200 firearms and non-threat metal objects were measured to generate an
MPT library with the motivation to improve classification on walk-through metal
detectors. Clustering in the data was then studied using unsupervised machine learning
(ML) techniques.

This thesis has also considered how ML techniques can be used to advance the
characterisation of buried non-metallic targets that would normally be inspected using
GPR. Unlike MD, the GPR responses are more complex. Therefore, a large training set
is required. However, a large training dataset is required to achieve high accuracy. To
obtain the dataset, a real GPR dataset could be augmented with simulated data. The major
contribution from this research in GPR is establishing a methodology for generating
synthetic data representing real life scenarios. A methodology for generating a synthetic
data representing real life scenarios is presented. A simulated GPR dataset involving AP
landmines and clutter was then generated. Preliminary performance evaluation of two ML
classifiers were tested using the simulated GPR data. The established methodology and
the dataset can be used to augment a real GPR dataset in the future when the real data
becomes available.
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1. Introduction

Landmines are explosive devices typically concealed underground with the aim of
destroying or disabling enemy targets such as vehicles, tanks and military personnel as
they pass over them. However, landmines can still pose a threat for many years after
military conflicts have ended to civilians and economies around the world. A landmine is
typically a cylindrical or box shaped container housing an explosive substance. They are
generally designed to explode when triggered by the victim, for instance when pressure
is applied from the top. There are around 600 types of Anti-Personnel (AP) landmines
with the purpose of injuring or killing humans, while Anti-Tank (AT) landmines aim to
disable vehicles [1], [2]. Landmines are indiscriminate weapons with most killings taking
place in peace times and with the highest proportion of the civilian casualties being

children [3].

Landmines can remain armed for decades, meaning they stay active until long after the
conflict has ended. This renders large areas of land unusable, preventing use of the land
for agriculture, socio-economic activity, or housing [4]. Although this causes substantial
damage to the society around the contaminated land, the most significant damage is
caused by the landmines’ inability to discriminate between soldiers, civilians, or children.
People inadvertently enter contaminated areas and accidentally stand on landmines,
which usually result in serious injury or death. Treatment costs of these accidents also

further decrease the economic strength of the community [2], [4].

Although, the use, stockpiling and production of AP landmines are prohibited by The
Mine Ban Treaty (Ottawa Treaty) [5]-[7] which has been agreed by 164 state parties,
production is still being carried out by 12 non-signatory states including the United States,
Russia, China, and India [3], [7]. A map displaying the current states who have signed
the Treaty is shown in Figure 1-1. According to “The Landmine Monitor,” published by
the International Campaign to Ban Landmines (ICBL), 55 million stockpiled AP
landmines have been destroyed by signatory states of The Mine Ban Treaty since 1997.
However, tens of millions of active landmines remain deployed around the world to this
day [2], [3]. A minimum of 7,073 causalities caused by AP landmines and explosive
remnants of war (ERW) were reported in 2020, with around 80% of these victims being
civilians. This was an increase compared to the previous years, where 6,897 and 5,554

causalities were reported in 2018 and 2019, respectively. Of the civilian causalities,
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around 50% of them were children in all three years. Table I displays the countries with
the most child casualties in 2020 caused by landmines and Explosive Remnants of War.
Although, more than 356,000 AP landmines were cleared between years 2018-2020, this

is a very small number, compared to the size of worldwide landmine contamination [3],

(81, [9].

I Non-Signatory
I signatory -

Figure 1-1 — Map showing countries who are signatories of The Mine Ban Treaty. Data from [3].

Table I — Showing countries with the most child casualties in 2020. Data from [3].

Country Child Casualties Percentage of total global

child casualties in 2020
Afghanistan 706 37%
Syria 537 29%
Yemen 130 7%
Myanmar 76 4%
South Sudan 56 3%
Burkina Faso 49 3%
Iraq 42 2%
Pakistan 30 2%
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Common methods of landmine clearance include the use of mechanical methods and
Metal Detectors (MD). The clearance process is very slow when landmine detectors
utilizing MD are used, as well as dangerous when human workers are involved [10]-[12].
Mechanical methods are fast but costly when excavation vehicles are used [11], [12].
Although, the use of MD results in a high detection rate, it suffers from a high False
Alarm Rate (FAR) where the rate of a true positive alarm ranges from only 1 in 100 to 1
in 1000 alarms (FAR of above 99%) [10], [11]. This is mostly caused by the metal clutter
buried in the soil such as, shrapnel, grenade pins, bullets and bullet cartridges which exist
in post-conflict areas, and everyday objects, such as soda cans or metal bottle caps.
Another cause of FAR is the use of modern, minimum-metal AP landmines where the
metal content is only a few grams. This brings the need of using high signal gain in the
MD, which in turn results in detection of even very small items of metal clutter in the
soil, further increasing FAR [10], [11]. Detection performance of MD also significantly
drops when used on mineralized soil, which is usually termed as “uncooperative soil”
[13], [14]. This is caused by the very high electromagnetic response from the soil itself,
which dwarfs the response from target objects [13]-[16]. Therefore, using only MD is not
an ideal method for landmine detection, as the method can be very slow and expensive,

depending on the characteristics of the land that is being cleared.

In addition to MD, other methods have been used for the purpose of demining. These
include Ground Penetrating Radar (GPR) [11], [17], biological methods such as dogs, rats
or bacteria [11], [17]-[19], mechanical clearance [11], [17], and acoustic sensors [17].

Like MD, each of these methods has their own strengths and limitations.

In recent years, MD has been augmented with Ground Penetrating Radar (GPR) to reduce
the high FAR. GPR can detect dielectric discontinuities in the ground, meaning the
method can detect objects with different dielectric properties compared to the soil they
are buried in. This feature of GPR is useful since the casing of a landmine results in a
dielectric discontinuity in the ground, which, in theory, can be detected by GPR. Parts of
a landmine, including metal parts and the explosive, also results in dielectric discontinuity
inside the landmine. Advanced GPR systems are also able to measure these specific
signatures to also improve detection performance. However, rocks, water concentrations,
air cavities such as burrows and other materials also cause dielectric discontinuities in the

ground. This means landmine detectors utilizing GPR can also be prone to FAR, caused
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by these clutter sources [20]-[22]. Clearly, there is room for improvement for the

discrimination performance of these systems between clutter and AP landmines.

1.1. Aims and Objectives

The main aim of the research reported in this thesis is to investigate novel characterisation
techniques to aid reducing FAR on dual-mode landmine detectors utilizing both GPR and
MD. However, the larger portion of the work is concerned with characterisation
techniques for MD, since this is the most common method used for humanitarian

demining and as per the industrial partners’ interests.

A library involving electromagnetic signatures of landmines and other target objects of
interest may help reduce FAR generated by metal clutter on MD. Such libraries could be
utilised by MDs capable of using multiple excitation frequencies and measuring the
electromagnetic signatures of target objects for better target classification. For this reason,
building a coil sensor capable of characterising electromagnetic signatures of metal
objects is necessary, including the design and manufacturing of necessary electronics and
control software to drive the sensor, as well as processing algorithms for received data.
The Magnetic Polarizability Tensor (MPT) is a representative electromagnetic property
of a metal object, which depends on the size, material, shape of the object as a function
of the excitation frequency. Spectroscopic data from the sensor can be used to characterise

MPT of metal objects, including AP landmines.

Machine Learning (ML) algorithms such as Artificial Neural Network (ANN) perform
well for classification when trained by a large dataset covering a wide range of scenarios
[23]. Training ML algorithms with synthetic datasets use models that represent real life
scenarios. For the research presented in this thesis, this means generating simulated
training sets which attempt to model realistic soil, landmine and clutter which could
potentially improve our understanding of FAR generated by GPR on dual-mode landmine
detectors. Therefore, generating and optimizing such datasets in addition to ML

algorithms is a necessary part of this research.
Considering the above aims, the following objectives were set for this research:

1. To understand the requirements for characterizing electromagnetic signatures of
metal objects, as well as any related work that has been undertaken by previous

research. This also includes understanding possible proven ways of such
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characterizations, including the application of the Magnetic Polarizability Tensor
(MPT). Hence, designing, optimizing, and building an instrument system which can
measure the MPT appropriately. Such an instrument system should have an
appropriate level of performance which generates high quality data that can be utilized
confidently by any further research. A larger and a smaller version of the same coil
design is required to be built to cover a wide range of benign, clutter and threat objects
with different sizes. The larger, less sensitive coil arrangement could be used to
characterize large objects with a significant amount of metal, while the smaller, more
sensitive coil arrangement could be used to characterize small objects with minimum

metal content, such as minimum metal AP landmines.

To design, optimize, and build electronics within the instrument system that are
capable of providing quality raw measurement data that can be processed to produce
accurate MPT data. Such a system should be robust and built to a ‘commercial’ level,
enabling the system to be reliable and consistent. Additionally, the system will be
constructed in such a way that it can be transported for measurements undertaken

outside the university laboratories.

To understand the methods of metal characterization and the underlying mathematical
theory of the MPT. From this, develop an advanced signal processing algorithm
capable of undertaking MPT inversion, using simple voltage measurements from the
coils. Additionally, a hardware control algorithm will be developed enabling the
system to automatically acquire measurement data in a robust and repeatable manner.
Both the control and processing algorithms will be combined and wrapped around a
Graphical User Interface (GUI) that enables the system to be used by people without
advanced knowledge of the underlying theory. Data structure of the MPT
characterizations should also be standardized in such a way which will lend itself to

the development of a searchable MPT library in the future.

Similar to landmine detection, the MPT can also be utilised by walk-through metal
detectors, where non-threat metal objects can be rejected, increasing throughput of
people. If a library of threat objects (e.g., knives and guns) and non-threat objects
(e.g., keys and coins) were to be generated, an ML classifier could be trained to have
less false alarms. Therefore, one objective of this research is to collect MPT signatures

of threat and non-threat objects, and prove the difference of MPT signatures.
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5. Training ML algorithms with synthetic datasets which are useful in real applications
require the generation of large number of unique models that represent real life
scenarios. A pre-requisite of this is to understand soil and landmine materials and how
they should be modelled. These can then be modelled and simulated in appropriate
simulation software. Generating many different models to create a dataset also
requires automation of the model generation process within set variable ranges. The
generated GPR datasets can be divided into train and test datasets for training and

testing the performance the ML algorithms.

Therefore, one objective of this research is to generate GPR simulation models and
create datasets in an automated manner with variable ranges set in a way, so the

models represent real life scenarios.

1.2. Research Contributions

This research is funded by the Engineering and Physical Sciences Research Council
(EPSRC) and by the Sir Bobby Charlton Foundation. The research contributes to
humanitarian demining by evaluating novel methods to aid target classification
performance of dual mode landmine detectors utilizing both MD and GPR. One major
outcome of this research is the construction and development of two (a larger and a
smaller) novel MPT measurement systems utilizing a novel coaxial, multi-coil geometry.
In addition, electronics and control software required to control the measurement system
were also developed. The advantage of the novel coil geometry is the generation of a
uniform electromagnetic field at a specific region inside the coil arrangements. This
enables the accurate measurement of rank 2 MPTs of objects. The rank 2 representation

assumes a simple dipole response from the metal object.

Difficulty of accurately manipulating an object’s orientation inside a coil arrangement
has been a problem in previous research, which made the previously reported systems
either very slow or unable to characterize non-symmetrical, irregular, or non-homogenous
objects. This research introduces a novel method for characterizing rank 2 MPTs of non-
symmetrical objects. This has been achieved using a novel target orientation manipulator

and an advanced post-processing algorithm for MPT inversion.

Using the system mentioned above, rank 2 MPTs of four real landmines and their

components were characterized for the first time, to the best of the author’s knowledge.
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This uniquely proved the performance and the usefulness of the developed system for the

humanitarian demining application, which was another major outcome of this research.

By utilising both the larger and the smaller coil arrays, rank 2 MPTs of around 200 threat
(pistols, sub-machine guns etc.) and non-threat (belt buckles, mobile phones, coins etc.)
objects were characterised. Unsupervised Machine Learning algorithms were applied to
datasets generated using the MPT characterisations of the objects. Clustering of the threat
and non-threat objects by the ML algorithms, as well as performance of the algorithms

were evaluated and reported, which was another major outcome of this research.

Although rank 2 MPTs provide a good level of object characterization, the number of
independent coefficients in the rank 2 MPT is limited. The Generalized Magnetic
Polarizability Tensor (GMPT) includes higher order terms in the asymptotic expansion
of MPT, which represents the object’s properties more accurately and has more
independent coefficients. Therefore, measuring the GMPT of objects has the potential of
providing better target classification and identification. Undertaking experiments using
non-uniform electromagnetic fields to prove the GMPTs can, for the first time, be

measured in practice is another major outcome of this research.

The final major outcome of this research is the generation of synthetic GPR datasets to
train Artificial Neural Network (ANN) and Convolutional Neural Network (CNN) type
classifiers. This has involved simulations to generate datasets of realistic soil models, in
addition to accurate models of three landmines and clutter items commonly found in soil

contaminated by previous conflicts.

All publications authored and co-authored have been included in the Publications Chapter
of this thesis, with the exception of publications where the author did not do a
considerable contribution to the work. However, all publications involving the author can
be found in the publications list at the start of this thesis. The author has taken the decision
not to include the publications as separate chapters since in some cases there is significant
overlap of the work from publication to publication. For this reason, all publications are
included as a single chapter within this thesis. For conciseness, the publications which
are included as part of this thesis are listed in Table II below with a summary of each

paper in relation to the aims and objectives of this research.
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Table II — List of publications with a short summary for each paper describing the achievements and how
the paper relates to the research.

Title

Authors

Journal/
Conference

Summary

Measuring the Magnetic
Polarizability Tensor
Using an Axial Multi-Coil

Toykan Ozdeger, John
L. Davidson, Wouter
van Verre, Liam A.
Marsh, William R. B.

IEEE Sensors
Journal
(Published,
Volume: 21, Issue:

This paper describes the MPT
measurement system built as part
of the research. A novel coil
arrangement, system electronics
and software are discussed in
detail. This ties in with the three
objectives which are related to

Geometry Lionheart, Anthony J. building a system capable of]
Peyton 17, Sept. 2021) characterizing MPTs of metal

objects. However, this paper

provides a method which can only

characterize symmetrical objects.

This paper follows up from the

Toykan Ozdeger, John previous paper above, by

Measuring the Magnetic L Davidson, Paul D. providing a novel method for

Polarizability Tensor of

Ledger, Daniel

IEEE Sensors

characterizing MPTs of non-

. . Conniffe, Journal (Under |symmetrical objects. This enables
Non-Symmetrical Metallic o .
Obiects William R. B. Review) the system to be used to
) Lionheart, Anthony J. characterize any metal object,
Peyton independent to its shape and
material.
This paper describes methods to
synthetically ~ generate  and
Ozdeg IEEE Sensors i
Measurement of GMPT Toykan Ozdege.r, Paul measure h%gher rank MPT
Coefficients for Improved D. Ledger, William R. Journal characterizations of metal objects.
. proved ) g Lionheart, John L. (Published: This proves that higher rank
Object Characterisation in )
. Davidson, Anthony J. |[Volume: 22, Issue:|MPTs can be  measured
Metal Detection ’ . .
Peyton 3, Feb. 2022) |experimentally, which can be

applied to various problems to
improve classification.

A Study on the Magnetic

The International
Instrumentation &

This conference paper reports
MPT characterizations of four

N Toykan Ozdeger, Paul| Measurement  |landmines and their components.
Polarizability Tensors of

Minimum Metal Anti. D. Ledger, Anthony J.|  Technology Thes§ measurements were .the

Personnel Landmines Peyton Conference first time the system was put into

(Published: May [its intended use aimed by the

2022) research.

This paper describes a larger coil

array which was built using the

. . same coil configuration as above.

g;?jf-?LiZ;thSZii; John L Df,widson, MPTs of small to medium sized

Using the Magnetic Toylfan Ozde.ger, IEEE Sensors ﬁrfaarms and a set of nog—threat

Polarizability Tensor and a Daniel Conniffe, Journal objects were measured using the

Mark Murray-Flutter, (Accepted) instrument  described.  Two

Large-Scale Multi-Coil
Array

Anthony J. Peyton

datasets were generated using the
data and clustering in the data was
evaluated by applying
unsupervised machine learning.
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1.3. Thesis Structure

Chapter 2 discusses background theory of MPT as well as existing previous work
published on the subject, including previously proposed experimental instruments.
Chapter 3 introduces the MPT measurement system that has been built as part of this
research and presents the performance test results of the system. Chapter 4 then presents
the results obtained from the case studies done using the instrument. Chapter 5 describes
the GPR simulation models built for generating train datasets for ML training, as well as
the ML test results. Finally, Chapter 6 concludes the thesis discussing the main outcomes

of the research and possible areas of future work.

As this thesis is in Journal Format, Publications Chapter presents all major outcomes of
this research in the form of journal or conference papers which have either been published

or are under review.
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2. Using the Magnetic Polarizability Tensor For
Reducing False Alarm Rate

This chapter describes the basic principles of the Magnetic Polarizability Tensor (MPT)
and discusses previous relevant work found via a comprehensive literature review. These
principles serve as background to the work discussed in Chapter 3, as well as the
publications produced by the author. Section 2.1 briefly introduces the MPT and its
potential uses. Section 2.2 describes the Magnetic Polarizability Tensor and the
underlying mathematical theory. Section 2.3 concludes with an overview of the relevant

work that has been previously published on characterising the MPT of metal objects.

2.1. Introduction

The Magnetic Polarizability Tensor (MPT) is a characterisation of a metal object. The
MPT of an object is defined by its shape, size, material and the applied excitation
frequency. The induced voltage in a metal detection system is due to the eddy currents
that are generated in a metal object and the magnetic polarisation within ferrous materials
when the object is present in a time-varying low-frequency background field. The induced
voltage can be expressed in terms of an integral over an appropriate surface involving the
perturbed magnetic field due to the presence of the conducting object. An asymptotic
expansion of this perturbed field characterises an object by MPT, which is independent
of the object’s position. This is particularly relevant to Metal Detection (MD) applications
where False Alarm Rates (FAR) are high, such as landmine detection or walk-through
metal detectors, as well as where object classification is necessary, such as scrap metal
sorting. Application of the MPT to these areas are described in detail in Section 2.3. If a
library describing characterisations of objects of interest and objects that need to be
rejected is generated for an application, a classification algorithm can utilise this library
to improve classification performance and reduce the FAR of the system. For example,
this has recently been proved using synthetically generated MPT data in [24], where
several types of metal objects were classified using MPT eigenvalues or MPT invariants
by ML algorithms. Section 2.3 gives a detailed description of previous work in the area

of classification algorithms applied to MD systems.
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2.2. MPT Theory

In the presence of an object, B, with high conductivity o and permeability of u, the

interaction of magnetic and electric fields in metal detection can be described by the eddy

current equations (1) and (2), where j = v—1 and w = 2nf.
VXEy,=jouH, (D
VXH,=],+0E, (2)

For a conducting permeable object described as B, = aB + z, where B is the unit size
object placed at the origin, scaled by a and translated by z from the origin, the object
characterisation is provided by the rank 2 MPT in the leading order term of the asymptotic
expansion of the perturbed magnetic field [25]-[31]. The rank 2 tensor composition comes
from the MPT coefficients within the leading order term. Higher rank tensor composition
can be obtained by including higher order terms of the asymptotic expansion in the
equation, which describe the object’s electromagnetic characteristics in more detail.
However, it is possible to approximate the object’s characterisation to rank 2 MPT, which
can be accurately measured when a uniform magnetic field is applied to the target object.
The asymptotic expansion is in the form of (3), which holds if a = 0 meaning the object’s

size should be negligible compared to the generated field.
(Hy — Ho)(x); = (DG (x,2)), (M) j1(Ho(2)), + R(x); (3)

Hy(z) in (3) represents the background magnetic field (or the primary magnetic field)
present at the object’s position. H, represents sum of the primary incident field and the
secondary magnetic field generated by the eddy currents at position x by an object where
x is external to the object. The magnetic field perturbation can then be expressed as
(H, — Hy)(x) at position x. The object has a conductivity of o, and permeability of p,.
D2G(x,z) is the hessian of the free space Laplace Green function describing the
background field where G(x,z) = 1/(4m|x — z|). In addition, (u); represents the ith
component of vector u and repeated indices imply summation. The residual R(x) has a
known form as shown in [24]-[31] and includes the higher order terms of the asymptotic
expansion. Finally, (M) j; is the complex symmetric rank 2 MPT expressed as in (4) and

transforms as the coordinate system is rotated, i.e., (M)} i = R)ip(R)jg(M)pg-
M = (M);je; Q e; (4)
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where orthonormal coordinate basis vectors are described as e; ,i = 1,2,3. Equation (5)
also shows the complex symmetric MPT matrix at a frequency f where the coefficients
with the same colour are the same. The MPT is complex symmetric with 6 independent
coefficients.

Myx +j My My + My My, + My,

M(f) = [Myx +j My Myy + My, My, + My, (5)

My + Mz Mgy + jMyy
For a case where a small coaxial transmit and receive coil pair placed away from a
conductive permeable object, it has been shown in [26] that the change in the induced

voltage in the receive coil caused by presence of the object is:
Ving ® m- (Hy — Hy)(x) (6)

where m is the magnetic dipole moment of the receive coil. For the case where a large
coaxial coil pair is placed close to the target object, it has been shown in [26] that the

induced voltage takes the form:
Vina = | - (He = H)G0) dx ™)
s

where integral of the (6) over cross-sectional surfaces of the coils with unit normal n
predicts the induced voltage. For both (6) and (7), it has been proven that the equations
can reduce to the form:

Jwio
L

Vina = — H® - (MH™) (8)

where I, is the current that would flow through the receive coil, if it was to be used as the
transmit coil. H™* represents the magnetic field at the target object’s position, generated
by the transmit coil, and H?* represents the pseudo magnetic field at the target object’s
position, if the receive coil was used as the transmit coil. To arrive at (8) from (3), it is
necessary to have a uniform magnetic field over the region a target object occupies. In
this case, the residual R(x) in (3) vanishes, which then enables the use of (8) with M
representing the complex symmetric rank 2 MPT. Therefore, a target object can be rotated
inside the uniform magnetic field which would cause a change in the induced voltage,

depending on the object’s properties. The receive and transmit fields can also be rotated
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accordingly using (9) to represent the change in orientation of the magnetic fields applied

on the object.

H, = RH, )
where Hy is the initial magnetic field orientation, which can be rotated by the rotation
matrix R to find the rotated field H;. Using 6 unique orientations and measuring the
induced voltage at each orientation, 6 linear equations from (8) can be constructed. The
linear equations can then be solved using the least-squares method to arrive at the MPT.
Although using 6 unique orientations is enough to calculate the MPT, more are used in

practice to achieve a better posed solution, as well as better Signal-To-Noise-Ratio

(SNR).

The MPT is frequency dependent, which means using a wide frequency spectrum will
result in a better characterisation of the object. In addition, the rank 2 MPT calculated
using (8) is orientation dependent. However, it is important to have orientation
independence for characterising MPT where the orientation of the object is unknown. To
gain orientation independence, eigenvalues of the MPT matrix can be calculated. The
resulting 3 complex eigenvalues represent the responses that would be generated if the
target object’s principal axes were aligned with the primary field [32]. The complex MPT

eigenvalues are shown by the diagonal matrix in (10):

A;,»cx +j/1;clx 0 0
A(f) = 0 Ay, + jAy, 0 (10)
0 0 A, +j/1'z'z

The MPT can be expressed in terms of the diagonalised MPT eigenvalues, A, and the
eigenvectors, Q, that rotate them, i.e., M'(f) = (Q)A'(Q)T +j (Q")A”(Q")T.
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An Alternative Way to Derive the MPT Equation

The equation (8) relating the MPT to the voltage induced on the receive coil can also be
derived by combining the Biot-Savart Law, Faraday’s Law and the equation for the
magnetic dipole moment. Using the Biot-Savart Law in (11), magnetic field strength

generated by a circular coil at any point in space can be calculated [33].

I
= X T
H=—; idl 7 (11)

where / is the filamentary current flowing through the coil, 7 is the distance between the
coil segment and the observation point, dl represents the length of the coil segment used
to generate the magnetic field, and 7 is the unit vector from the coil segment to the
observation point. The unit for H is Amps per meter (A/m). A map of the magnetic field
strength around a circular coil can therefore be generated by applying the equation at
discrete points in three-dimensional space. Using the H calculated by (11), the magnetic
flux density can be calculated at the same points in space by multiplying the magnetic
field strength with permeability of free space, where the unit for magnetic flux density, B

is Tesla:
B =u,H (12)

When there is a varying magnetic flux density through a circular coil, the voltage that is
induced on the coil can be calculated using the Faraday’s law in (13), where ds is the

surface area in m? and t is time in seconds [34].

0B
Vind = —Uﬁ'ds (13)

Magnetic dipole moment of a planar circular coil can be described by (14) where [ is the

current flowing through the coil and S is the coil’s area [35]-[37].
m=SI (14)

Equation (14) can be modified to cover three-dimensional space which takes the form in
(15), where r is the position vector, J is the current density, and dv is the volume element

inm?>.

mzéfrx]dv (15)

4
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Vector potential in (16) is generated in the presence of a magnetic dipole moment [35]-
[37], where B = V X A.

Uom X 7

(16)

4rrr?

When the generated magnetic field is sinusoidal and time varying, the vector potential in

(16) can be substituted for B in (13), where the time derivative can also be written as jw.

Jwho -
Ving = — f; y— mx7t-dl (17)

Equation (11) can be used to substitute for H in (17) which simplifies to the form in (18).

Jwlo
L

Vind = — m- HRx (18)

Where I, and HR represent the pseudo current and magnetic field that would be present
if the receive coil was to be used as the transmit coil, same as in (8). Finally, by utilising
the relationship between the magnetic dipole moment and the MPT in (19), we can arrive
at the relationship between the induced voltage and the MPT in (20), which is the same
formula as (8) [36].

m=MHT (19)
W

Vina = =22 H¥* - (MCH™) 20)
T
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2.3. Previous Work

This section provides an overview of the previous work that has been published on

characterisation and the use of MPTs, which are relevant to the research in this thesis.

Research in [38]-[40] applied the use of the MPT in Unexploded Ordnance (UXO)
detection. In [38], Fernandez et al introduced the Man-Portable Vector Sensor (MPV)
which is a handheld sensor for characterising and detecting buried UXO. The sensor
utilises five coils mounted at different positions, and the whole sensor is moved around
above the target object to get the rotation information for characterising the MPT of the
target object. Norton and Won used the GEM-3 handheld sensor to characterise
spectroscopic electromagnetic induction (EMI) data of symmetrical objects at three
orientations in [39]. The EMI data (collected using a frequency range from 30 Hz to 20
kHz) was used to characterise the MPTs of the objects. Additionally, a small library
involving eigenvalues of MPT characterisations of nine cylinders were built. A fitting
algorithm was used to see if an object could be detected when buried in soil. Finally, the
same methodology was applied on the MPT characterisations of four UXOs. Similarly,
Grzegorcezyk et al attempted to simultaneously identify multiple UXO targets buried at
different depths in [40] by using the MPV sensor from [38] and the Multi-Sensor Towed
Array Detection System (MTADS) reported in [41] (which works at 50 Hz) by Nelson
and McDonald. Similar to the MPV sensor in [38], the MTADS uses multiple coils to
collect the orientation information, the MPT eigenvalues are then computed to arrive at
the orientation independent characterisations. However, both systems operate slowly and
are heavy. In addition, there are error contributions to the MPT characterisations from

positioning errors. The sensors are also optimised only for UXO detection.

Research in [42]-[47] discusses the characterisation and application of MPT for walk-
through metal detector applications in order to classify threat and non-threat objects
potentially carried by people. In [42], Marsh et al describe a walk-through metal detector
portal capable of characterising MPTs of objects passed through the portal at frequencies
around 12 kHz. Multiple coils are used in the system to achieve orientation information
of the object. Makkonen et al describes a method to determine target object properties
using the MPT in [43] and to discriminate between cylinders and strips made from several
materials. Decision borders between several types of materials are also shown. In [44]-

[46], Makkonen et al evaluate the performance and attempt to improve the reliability for
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classification of objects using the MPT collected by the system described in [42]. A K-
Nearest Neighbours (KNN) method is used to classify a set of threat and non-threat
objects passed through the portal. The classification performance is also improved by
implementing noise and bias countering in the classifier, as well as object path detection
and analysis. The classifier was reported to have over 95% success rate for classifying

threats, and over 85% success rate of correctly classifying objects.

A conveyor belt system utilising magnetic induction spectroscopy was proposed in [48]
to discriminate between metals made from different materials for metal recycling. 16
coils, each working at 6 frequencies (from 2 kHz to 64 kHz), were placed under the
conveyor belt to collect spectral magnetic signature of the metal pieces going through the
belt. A sample matching classifier was tested on spectral signatures of 117 test pieces

where 95% classification accuracy was achieved.

Tao et al proposed a system for workpiece recognition in [49] where eight coils were
positioned under the object bed in a circular array. Instead of rotating the object to recover
the full MPT, orientation information was gathered by utilising the different position of
each individual coil with respect to the target object. MPT of the target object was
characterised partially using this method at a single frequency of 10 kHz. The system was
tested using 26 target objects made from 4 different types of materials. The objects were
clustered into their respective 4 material categories correctly using the partial MPT

characterised using the circular coil array.

A handheld metal detector utilising a novel coil array was reported by Marsh et al in [50],
where one transmit and four receive coils were used at different positions. The handheld
detector was swept above a target object to retrieve orientation information, which was
then used to characterise the MPT of the target object. The MPT characterisation error
was reported to be from 10 dB to 20 dB with the SNR being 6%.

Ambrus et al evaluated the MPT characterisation performance of seven simulated planar
coil arrangements in [51]. The coil arrangements ranged from a single transmit and single
receive coil to single transmit and nine receive coils. The coil arrangements utilising
multiple receive coils were optimised to best interrogate the three-dimensional space to
characterise the target object’s shape and orientation. MPT characterisation performance
of three inversion methods including non-linear least squares, differential evolution and

HAP (magnetic field H, vector magnetic potential A, and magnetic scalar potential, P)
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methods were evaluated using synthetic data. The study concluded that planar coil
arrangements utilising multiple receive coils have performed better for MPT

characterisation of buried cylinders, irrespective of the inversion algorithm used.

Zhao et al used multiple coil arrangements, measurement and inversion methods to
synthetically characterise MPTs of metal objects in [52]. The evaluated coil arrangements
involved planar (one transmit, one receive coil) and coplanar (one transmit, two receive
coil) metal detector swept above the target object, an inline metal detector utilising single
transmit, two receive coils, and a balanced coaxial coil array utilising one transmit and
two receive coils. For the coaxial coil array case, target orientation information was
obtained by rotating the object inside the coils. Gaussian Elimination, Singular Value
Decomposition (SVD) and Regularised Gauss Newton Method were used to arrive at the
MPT characterisations of the target objects from the synthetic data. Simulations involving
a brass wire in each sensor at 800 kHz were done. It was found that for the single transmit,
single receive coil case, sufficient orientation information about the object could not be
obtained to calculate the full rank MPT. For rest of the sensors, all inversion methods

resulted in MPTs close to the analytical results.

Dekdouk et al applied linear least squares method in [53] to arrive at the MPT
characterisation of target objects from both measured and simulated data. In addition, a
non-linear optimisation algorithm was used to arrive at the MPT when the object’s
location was not known, which was also used to estimate the object’s position. A tri-axial
coil arrangement was used for obtaining the synthetic data, which is assumed as the true
MPT of the target object, whilst a planar electromagnetic induction sensor and a coaxial
coil arrangement producing a uniform magnetic field were used for obtaining the
experimental data. The experimentally obtained MPTs of a spherical target object and an
AP landmine detonator analogue were reported to be within 5% and 12% of the true

MPTs, while the objects’ locations were localised within a few centimetres.

Ambrus et al propose a circular mono-coil EMI sensor in [54] for characterising MPTs
of target objects in time domain. The sensor is moved above the target object and
measurements are taken at discrete positions to obtain orientation and shape information.
A non-linear inversion method is used to arrive at the MPT characterisations from the
EMI data, where the inversion method is not specified. The non-linearity of the problem

is caused by the object’s location being unknown.
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Dalichaouch et al used a coil arrangement utilising a magneto-resistive sensor in [55] to
characterise two minimum metal AP landmines. Although the MPT characterisations of
the AP landmines were not calculated, spectroscopic responses from 100 Hz to 150 kHz

were measured and reported.

Scott describes a coil array in [56] which is attached on a cart type arrangement to measure
responses of AP landmines and metal clutter, such as bottle tops or ammunition shells.
The coil array utilises a single transmit and three receive coils. The system uses 21
discrete frequencies separated logarithmically from 300 Hz to 90 kHz. The arrangement
is pushed over the buried metal targets and the spectral magnetic responses are recorded.
Scott and Larson later utilise the coil array described in [56] to establish a measurement
facility for characterising MPTs of metal objects, described in [57]-[59]. A laboratory
positioner is used to rotate the target objects within a known field generated by the coil
array, which was held stationary during the experiments. The custom-made positioner is
described to have three automated translational stages, two automated rotational stages
(yaw and pitch), and one manually adjusted roll stage. The target objects were rotated in
steps around one axis, where the rotation around the other two axes were stepped once a
full rotation around the first axis is complete. Consequently, this results in having many
orientations to measure with each experiment typically lasting 19 hours. A least squares
method was used to arrive at the MPT characterisations of the target objects from the
experiment data. Objects involving AP landmines, metal clutter such as rifle cartridges
and still nails, as well as coplanar metal loops were characterised during the experiments.
Good agreement between experimental and analytical MPT characterisations was
reported for the case of single and triple conducting metal loops. Scott and Larson also
describe the dipole expansion and inversion methods developed for calculating the MPT
from measurement data in [58]. Scott and McFadden further describe the inversion
method in [60] which is applied to the magnetic susceptibility measurement of soils and

MPT characterisation of metal objects.

Rehim et al described a coil arrangement in [61] utilising one transmit and two receive
coils, as well as custom electronics. A frequency spectrum from 1 kHz to 100 kHz was
used with logarithmically spaced discrete frequencies. A custom target orientation
manipulator capable of rotating target objects around one horizontal axis was reported in
the paper. Least squares method was used to arrive at the MPT characterisations of the

target objects from the measurement data. Later, the system was utilised [62] to
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characterise metal clutter commonly found in post-conflict areas, as well as AP landmine
surrogates. Davidson et al also utilised the system described in [61] to characterise the
MPTs of the US coinage in [63]. The MPT characterisations of the coins were also
calculated using data generated by Finite Element Method (FEM) type simulations.
Although, compared to the experimental setup, a wider frequency spectrum from 1 Hz to
1 MHz was used for the simulations, resulting MPT characterisations from both
simulations and experiments were reported to have a good agreement between 1 kHz and

100 kHz.

Research in [24], [31], [64]-[66] are the most recent and relevant to this research.
Noteworthy progress is done both for the underlying mathematics and the application of
the MPT for better object classification. In [31], Wilson and Ledger have reported a novel
way of speeding up Finite Element Method (FEM) type simulations for synthetically
characterising MPTs of metal object. An open-source simulation software under the name
of “MPT-Calculator” was published as part of the paper. Amad et al in [64] has provided
MPT characterisations of four objects as a benchmark which can be used to evaluate
performance of new systems built for MPT measurement. Ledger and Lionheart discuss
the theory for characterising multiple metal objects placed close to each other in [65] as
well as characterising shape and material of buried objects in [27]. In addition, Ledger
and Wilson discuss possible pre-processing methods in [66] or MPT datasets to be used
in ML applications. The paper also provides a set of synthetically obtained object MPTs
to build the dataset. Finally, Wilson and Ledger evaluate the performance of several ML

algorithms in [24] on the dataset produced with synthetic MPT data.

Summary

From the literature it can be seen that a significant amount of research has resulted in the
measurement and simulation of MPTs. To achieve this, several distinct types of
approaches have been adopted, such as moving a coil arrangement above a buried object,
rotating the target object inside a coil arrangement, or using multiple coils at the same
time to obtain the orientation information. Overall, more than 25 coil geometries were
explored in the literature reviewed in this section. However, the literature strongly
suggests that the current experimental methods of acquiring the MPT are slow and, in
some cases, inaccurate. In addition, some of the approaches are only able to characterise

symmetrical metal objects, which can’t be applied to real life scenarios. A comprehensive
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set of real threat and benign objects have also not been either produced or reported in the

literature.

In line with the Research Contributions Section, the originality and novelty of this

research relating to the measurement and use of the MPTs come from the following:

e Introduction of an MPT measurement system with two coil arrangements utilising
a novel coil geometry for generating a uniform magnetic field inside the coils.
This work has been published in IEEE Sensors Journal with the title “Measuring
the Magnetic Polarizability Tensor Using an Axial Multi-Coil Geometry”.

e Introduction of a fast and accurate procedure for characterising rank 2 MPTs of
non-symmetrical, irregular metal objects. This work has been submitted to IEEE
Sensors Journal with the title “Measuring the Magnetic Polarizability Tensor of

Non-Symmetrical Metallic Objects”.

e Measurement of higher rank MPTs of cone shaped metal objects for the first time,
to the best of the author’s knowledge. This work has been published in IEEE
Sensors Journal with the title “Measurement of GMPT Coefficients for Improved

Object Characterisation in Metal Detection”.

e Measurement of the rank 2 MPT characterisations of four landmines for the first
time, to the best of the author’s knowledge. This work was presented in the 2022
IEEE International Instrumentation and Measurement Technology Conference
(I2MTC) with the title “A Study on the Magnetic Polarizability Tensors of
Minimum Metal Anti-Personnel Landmines” and was published in the

conference’s proceeding.

e Measurement of the rank 2 MPT characterisations of firearms ranging from small

pistols to sub-machine guns.

e Measurement of the rank 2 MPT characterisations of an extensive set of non-threat

objects, such as belt buckles, mobile phones and watches.

e Application of unsupervised ML algorithms to datasets generated using the
experimental data to interrogate the clustering between the threat and non-threat
objects. The work mentioned in the last three bullet points have been accepted for

publication the in IEEE Sensors Journal with the title “Classification of Threat

44



and Non-Threat Objects Using the Magnetic Polarizability Tensor and a Large-
Scale Multi-Coil Array”.

As discussed in the Introduction Chapter, a problem with metal detectors used in
landmine Detection and walk-through metal detectors, is solely the detecting the presence
of a metal object. If more information could be obtained about the detected metal target,
a smart classification could be made on the targets, reducing FAR and increasing
application speed both for landmine detection and security screening. The instrument and
the methodology described in Chapter 3 shows that the MPT can be used to measure the
electromagnetic properties of the target object, and this information can be used to

discriminate between different types of targets.

The reason for building coil arrays which can generate a uniform magnetic field to
measure the rank 2 MPT of metal targets as part of this research is the sufficient
approximation of the target object’s electromagnetic properties by the rank 2 MPT.
However, coils used in most practical applications (e.g., landmine detection and walk-
through metal detection) do not generate uniform magnetic fields, where there is more
contribution from higher order terms to the MPT. The higher rank MPT of the targets in
these applications can be measured by knowing the exact magnetic field generated by
these coils at the target’s position, as well as recording the object’s location with respect
to the sensor. This can lead to more accurate measurement of the target object’s MPT

with potential to further improve the target classification performance by the sensors.
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3. Magnetic Polarizability Tensor Measurement

System

In Chapter 1 the high occurrence rate of false alarms in landmine detection, and the need
for an improvement were discussed. In Chapter 2, the MPT theory, how MPT can be used
for better target classification, and how this was done in the literature were discussed. By
utilising recent advances in mathematical theory and developing measurement techniques
capable of characterising the electromagnetic properties of target objects, it is possible to
accurately obtain the MPTs of a range of metal objects. If a library of MPT measurements
of landmines and metal clutter was built, classification software, such as curve fitting or
supervised machine learning algorithms, could be trained and deployed to better classify
the target objects. This could help considerably reduce FAR by rejecting the objects with
high possibility of being clutter. This chapter describes a laboratory instrument capable
of measuring rank 2 MPT data of metal objects. The instrument was designed and built
as part of this research with the motivation of paving the way towards building such a

library.

Section 3.1 gives an overview of the instrument including the coil array, system
electronics and the software. Section 3.2 describes the geometry of the coil array and the
mechanical details. Section 3.3 then discusses the system electronics including the
transmit and receive amplifier circuits and the microcontroller used for signal acquisition.
The target orientation manipulators and their applications were mentioned in Section 3.4.
Section 3.5 describes the control and post-processing routines necessary for running the
experiments, as well as the Graphical User Interface of the software. Experiment
methodology and the instrument’s MPT characterisation performance were evaluated in
detail in Sections 3.6 and 3.7, respectively. Section 3.8 then describes the larger coil
arrangement built to work with the existing electronics and software for characterising
MPTs of firearms. Finally, Section 3.9 summarises the key points about the design and

development of the instrument discussed in this chapter.
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3.1. System Overview

To measure the rank 2 MPT of objects containing small amount of metal (e.g., AP
landmines), an instrument utilising a coil array capable of generating a uniform magnetic
field at the position of the target object is required. In addition, the generated field must
be strong enough to achieve a high Signal-to-Noise ratio for small metal objects (e.g., the
small amount of metal in AP landmines). Finally, a bespoke software with experiment

control and data post-processing capabilities is required to run the instrument.

The instrument described in this chapter consists of three main parts, which are the coil
arrangement, system electronics and the control software. The Graphical User Interface
(GUI) of the control software allows users to choose experiment settings, such as transmit
voltage, frequency range, number of frequencies per decade, the target orientation
manipulator used in the experiment, etc. The control software uses the settings to send
control signals to a microcontroller inside the electronics box, which then generates the
excitation signal for the transmit electronics. The resulting voltage and current on the
coils are measured using two sets of receive electronics which filter and amplify the
signals. The measured signals are acquired by the microcontroller and Digital Signal
Processing (DSP) techniques are applied before converting the measured values to
transimpedances and sending these values back to the control software, where the values
are stored. Averaging, MPT calculation and result plotting are then done by the control
software. The coil arrangement is made up of a transmit coil and two oppositely wound
receive coils which are balanced to give near zero output when no metal object is placed
near or in the coils. The instrument was designed to work in the frequency range from
100 Hz to 100 kHz. The frequency spectrum was chosen to capture the most characteristic
information from metal objects with similar size to metal components within a minimum
metal AP landmine, as well as metal objects relevant to walk-through metal detection.
The excitation frequency range used for mine detectors and walk-through detectors
typically extends from a few hundred Hz to a hundred kHz. This choice of frequency
range is influenced by several factors as follows. At the lower end of the range, the
detector system must output data at a rate consistent with the relative movement of the
target. For instance, for a target moving at 1 m/s, with an output frame rate of 100 Hz,
would give a spatial sampling rate of 1 cm, sufficient to capture several frames of data
during the passage of most targets. The upper frequency is limited either by parasitic

signals from the ground (landmine detection) or the person (WTMD), which typically
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increase with frequency, or by the effects of unwanted resonances within the inductive
coils of the detector. Of course, the frequency range must also be compatible with the
response of the target, which is one on the main themes of this study. A schematic of the
instrument is shown in Figure 3-1. The instrument is the subject of a peer reviewed and
published journal paper entitled "Measuring the Magnetic Polarizability Tensor Using an

Axial Multi-Coil Geometry" which is given in Publications — Publication 1 of this thesis.
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Figure 3-1 — System schematic showing coils, electronics and the data acquisition PC.
3.2. Coil Arrangement

To characterise the rank 2 MPTs of metal objects, a uniform magnetic field needs to be
applied to the target object. The primary goal of constructing such instrument was to
characterise minimum metal AP landmines. Therefore, a uniform field covering a volume
of 13x13x13 cm was decided to be necessary as the region represents the size of common
AP landmines [67]. A coil arrangement capable of generating a uniform magnetic field

over such region was designed and optimised using Helmholtz coil principles. According

to the Biot-Savart Law in (1), a magnetic field B is produced when a current I passes
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through a conductor with small segment dL, where 72 is the displacement vector between
point of observation and midpoint #. As circular coils can be represented by a number of
linear segments, (21) can be used to calculate the magnetic field generated by circular
coils.

Uol dL x

gt fal
41t T2

(21)

A coil geometry that satisfies the requirement of generating a uniform field across the
specified region was found by an MEng team as part of their final year team project. They
used a bespoke optimiser in MATLAB utilising Biot-Savart law and Helmholtz coil
principles. The optimiser iteratively calculated the generated field over the specified
region by varying a number of parameters including the number of coil sections, coil

section positions and the number of turns.

The built coil arrangement consists of a transmit coil made up of 9 coil sections (turns:
11:3:5:5:5:5:5:3:11) and two receive coil halves, each made up of 4 coil sections (turns:
27:18:18:49 and 49:18:18:27 respectively), where the 4 coil sections are connected in
series addition to form a single complete receiver coil. The two receive coil halves are
connected in series opposition to give near zero output when there is no metal object in
or near the coils. The coil geometry and the relative positions of the coils to each other
are shown in Figure 3-2. The transmit coil 1s 240 mm in diameter and made up of a 2.1
mm enamelled copper wire. The receive coil is 220 mm in diameter and is made up of
1.2 mm PVC insulated wire. The coils are wound around two fiberglass reinforced plastic
hollow tubes, one for the transmit, and one for the receive coils. A third fiberglass tube is
used as the cover of the coil arrangement which fits around the transmit coil. A two-turn,
current pick-up coil is present at the bottom of the coil arrangement to measure the current
passing on the transmit coil. The current pick-up coil’s position is chosen to have minimal
interference over the generated magnetic field by the coils. For thermal and mechanical
stability, and to preserve the relative positions of the coils to each other for keeping the
coils balanced, the coil arrangement was encapsulated with epoxy resin. The built coil
arrangement and the mechanical drawing are shown in Figure 3-3. To minimise the
effects of any capacitive coupling between the coils and a target object placed in the coils,
inner surface of the coil arrangement is covered with a conductive paint (Bare Conductive

— Conductive Paint — SKU0216). The conductive paint is grounded to the system’s
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common ground and has a surface resistance of 55 €/Square for a sheet of thickness 50

microns.
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Figure 3-2 — Coil geometry of the coil arrangement. (a) is transmit and receive coils separately and (b) is
both coils put together showing their relative positions.
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Figure 3-3 — The coil arrangement. (a) is the mechanical drawing and (b) is the completed version.

Receive Coil Balancing

Although, both receive coils were designed to be identical, in practice, there was a slight
difference of the coils’ impedances over the operating frequency spectrum. This was
mainly caused by the receive coil at the top having longer connection wires compared to
the one at the bottom, as the junction boxes were fixed to the base plate of the coil
arrangement (see Figure 3-3). As a result, the receive coil at the top had a resonant
frequency at 478 kHz while the receive coil at the bottom had a resonant frequency at 371
kHz. To reduce the impedance mismatch between the receive coils, parallel resistances
of 56 kQ and 43 kQ were added to the top and the bottom receive coils, respectively. In
addition, a parallel capacitance of 15 pF was added to the top receive coil. As a result,

both receive coils’ resonant frequencies were around 300 kHz with minimal impedance

51



differences within the operating frequency spectrum (100 Hz to 100 kHz). Impedance
plots of the receive coils before and after impedance balancing are shown in Figure 3-4
(a). Balancing the impedances of the receive coils has effectively increased the linearity
of apparent transimpedance between the transmit and the receive coils (connected in
series opposition) within the operating frequency spectrum, which can be seen in Figure
3-4 (b). As can be seen from the figure, the resonant frequency of the transimpedance is

at around 250 kHz, which is above the upper limit of the designed operating frequency.

1000000 =
E Rx1 - Before Balancing
1 Rx2 - Before Balancing
100000 + Rx1 - After Balancing
E Rx2 - After Balancing
m
E 1
o 10000 3
(O]
o
C 4
3]
B 1000 %
Q. I
£
100 %
T (a)
10 t —— t —————++ ———
1 10 100 1000
Frequency (kHz)
10000
Transimpedance - Before Balancing
1000 —— Transimpedance - After Balancing
g 100
<
e
3] 10
c
®
©
g 1
£
[2])
C
o 0.1
|_
0.01
(b)
0.001 + t —t— 1 t —t—t———++1 t ——
1 10 100 1000

Frequency (kHz)

Figure 3-4 — Coil impedances measured between 1 kHz and 1 MHz. (a) is individual receive coil
impedances before and after balancing. (b) is the transimpedance between transmit and receive coils
before and after balancing the receive coils.
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3.3. System Electronics

System electronics are made up of power supply units (PSUs), the microcontroller, and
transmit and receive amplifier circuits. All electronics are housed in an aluminium 19-
inch rack enclosure which is fitted with two cooling fans. There are a total of three
medical grade PSUs powering the system electronics. Two of the PSUs (XP Power
SMP350PS18) are used to power transmit and receive electronics and are able to output

+18 V at 350 W each. Another 12 V, 80 W PSU is used to power the microcontroller and

the cooling fans of the enclosure. The electronics box is shown in Figure 3-5.
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Figure 3-5 — The aluminium, 19-inch rack electronics box of the instrument

Transmit Electronics

The transmit electronics are built on a four-layer printed circuit board (PCB) which
consists of twenty power amplifiers (Analog Devices LT1210), an instrumentation
amplifier (Texas Instruments AD8429) and a passive band bass filter at the input for
removing AC and Digital-to-Analogue Converter (DAC) switching noises as well as any
DC bias. The instrumentation amplifier interfaces the output from the microcontroller to
the power amplifiers by amplifying the £1 V excitation signal to 32 V. The twenty power
amplifiers are divided into two groups of ten as inverting and non-inverting
configurations. Each power amplifier is powered with £18 V and can output over a range
32 V peak-to-peak. By having ten inverting and ten non-inverting power amplifiers, the
transmit coil can be driven in a differential configuration to achieve a maximum peak-to-
peak voltage of 64 V. To achieve the differential configuration, both ends of the transmit

coil are excited with sine waves 180 degrees out of phase from each other, with no
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common ground connection. By utilising the differential configuration of the power
amplifiers, the transmit amplifier circuit is able to output 64 V peak-to-peak at 10 A (640
W reactive power) to the transmit coil. The transmit amplifier circuit diagram is shown

in Figure 3-6.
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Figure 3-6 — Transmit amplifier circuit diagram. The diagram shows one inverting and one non-inverting
amplifier. However, in reality, there are 10 of each, which are identical.

Receive Electronics

There are two identical receive amplifier circuits built on two-layer PCBs. Each receive
amplifier circuit has an instrumentation amplifier (Texas Instruments AD8429) at the
input interfacing with the coils. Output from the instrumentation amplifier is then input
to an active band pass filter to attenuate any signals outside of the operating frequency
spectrum. The cut-off frequencies of the band pass filters are chosen to be from just below
100 Hz to 200 kHz. This ensures any AC noise is eliminated, as well as any high
frequency parasitic noise. One of the receive amplifier circuits is used for interfacing the
receive coils to one of the inputs of the microcontroller, while the other receive amplifier
circuit is used for interfacing the current pick-up coil for the transmit coil. The receive

amplifier circuit diagram is shown in Figure 3-7.
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Figure 3-7 — Receive amplifier circuit diagram.
Microcontroller

A Red Pitaya model (STEMlab 125-14) is used as the microcontroller for data acquisition,
digital signal processing and excitation signal generation. One of the two output ports of
the microcontroller is used as the excitation source, which is connected to the input of the
transmit amplifier circuit. Both input ports are also used as data acquisition points which
interface with the two receive amplifier circuits for measuring the voltage and current

induced on the coils.

3.4. Target Orientation Manipulator

To obtain all independent coefficients of the MPT, the target object has to be rotated
inside the generated magnetic field. For the rank 2 MPT, a minimum of 6 independent
orientations inside a uniform magnetic field are required to recover all 6 independent
MPT coefficients, however more orientations may help with averaging and noise
reduction. A higher number of independent orientations in a non-uniform magnetic field
are required for characterising higher order MPT, e.g., rank 3. To rotate target objects
inside the generated field by the instrument, three target orientation manipulators (TOM)

have been built as follows:
1. For characterising rank 2 MPTs of symmetrical metal objects.

ii.  For characterising rank 2 MPTs of non-symmetrical, irregular metal objects.
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iii.  For characterising higher order MPTs of symmetrical objects.

These are described in the following sub-sections respectively.

Single Axis Rotation

Rotation around one axis is sufficient to fully characterise the rank 2 MPT of symmetrical
objects if the axis of symmetry is known. A TOM capable of rotating target objects around
a single axis was designed and built. This was mainly used during the initial stages of the
instrument development. Symmetrical test objects were characterised as part of the
development stage to understand the system and develop the necessary calibration and
measurement methods. This meant that the required mathematical theory and the
complexity of the control software were simpler. Target objects were rotated 360 degrees
in typically 15-degree steps during experiments with this TOM. The TOM built for single

axis rotation for characterising symmetrical metal objects is shown in Figure 3-8.

Figure 3-8 — Target orientation manipulator for single axis rotation. (a) is the three-dimensional design
of the TOM. (b) is the built version of the TOM with a Type-72 AP landmine placed on the rotating plate.
Three-Axis Measurement

For characterising the rank 2 MPT of non-symmetrical objects, a minimum 6 independent
rotations, which involves rotation around all three axes, inside a uniform magnetic field
i1s necessary. A TOM similar to a three-axis gimbal could be built for this purpose.
However, this would involve several complex moving parts, and must be built with no

metal parts. Therefore, a simpler method of rotating objects in all three-axis was sought.
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A truncated Icosahedron (tI) shaped TOM was designed and built for this purpose, which
is the shape of a traditional football (soccer ball). This shape has 32 faces, which gives
16 unique orientations, because of the reciprocity caused by the uniform magnetic field.
The tI shaped TOM is built in two parts, which can be opened to place the target object
on a mounting plate inside. It also has keyed holes on each of the faces, which are
numbered for reference. The TOM can then be placed on one of its faces on a keyed table
inside the coil arrangement. The target object can be rotated by placing the TOM on its
different reference faces which has known rotations compared to the starting orientation.
The tI shaped TOM is shown in Figure 3-9. A larger version of the tI was built for
measuring larger objects, such as firearms, which is described in Section 3.8. The work
in this section has been further described in the peer reviewed (currently under review)
journal paper entitled "Measuring the Magnetic Polarizability Tensor of Non-

Symmetrical Metallic Objects" given in Publications — Publication 2 of this thesis.

@ ’ (b)

Figure 3-9 — Computer Aided Design (CAD) models and built version of the Target Orientation
Manipulator. (a) and (c) showing closed CAD and built versions. (b) and (d) showing CAD and built
versions where the two halves are separated.
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Higher Order MPT Characterisation

As described in Chapter 2, the rank 2 approximation of the MPT holds when the target
object is placed in a uniform magnetic field. The higher order MPT of the object (e.g.,
rank 3) can be characterised by placing and rotating the object outside of the region with
uniform magnetic field. To characterise rank 3 MPT of cone shaped objects, a TOM
capable of rotating the objects around an axis outside of the region with uniform magnetic
field was built. The TOM, shown in Figure 3-10, can be placed on top of the coil
arrangement, where the magnetic field is non-uniform, and the target objects can be
rotated around an axis at different horizontal and vertical positions. More detail about the
theory and measurement of higher rank MPTs are provided in a peer reviewed journal

paper, which is given as part of this thesis, see Publications — Publication 4.

(b)

i
Figure 3-10 — TOM capable of rotating cone shaped objects around one axis outside of the region with
uniform magnetic field. (a-b) are the CAD drawings and (c-d) are the manufactured TOM using 3D
printing techniques.
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3.5. Software

The software used to run the instrument consists of three different components which are:
i.  The control routines that run on the host PC.
ii.  The post-processing algorithm that also runs on the PC.
iii.  The algorithm that runs on the Red Pitaya microcontroller.

The control and post-processing routines are written in the Python programming language
and are combined together into one with a GUI, which was also written in Python. The
Red Pitaya microcontroller uses a previously developed algorithm which is written in
combination of C++ programming language and Field-Programmable Gate Array
(FPGA) programming. The algorithm for the microcontroller is written for operating
conventional metal detector systems and has more features than required for this

instrument.

Control Routines

The control routines allows the user to choose the experimental settings, perform a
calibration, and display measurement plots in real time. It sends commands to the
microcontroller in real time using Message Queuing Telemetry Transport (MQTT)
communication protocol, which is generally used for Internet of Things (IoT) applications

[68]. The basic settings that can be chosen by the user are shown in Table III.

The control algorithm also simultaneously receives messages from the microcontroller in
real time, which carry the acquired and digitally filtered signal readings, as well as
warning messages (e.g., input saturation). The control algorithm then averages, stores and
displays the received inputs as per the experiment settings. The workflow of the control
algorithm is shown in Figure 3-11. The control algorithm also enables users to change
some important variables of the algorithm running on the microcontroller. Although the
optimal settings are set for normal operations by default, these can be changed to adapt
the process for different types of future experiments which might use the same software.

Full code of the software used for this experiment is provided in Appendix 1.
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Table 11l — Basic settings that can be set by the user for each experiment in the control algorithm.

Setting Range Setting Range
Peak-to-Peak Voltage 1-64V File Name N/A
Starting Frequency 0.1 —10 kHz Starting Position 1-16
Ending Frequency 1 -100 kHz Position Steps 1/2/4/8
Number of orientation
Points Per Decade 1-100 steps before another 1/2/4/8/16
background measurement
Linear/ Target Orientation Single/Multi
Sweep Type L : .
Logarithmic Manipulator Axis
Number of readings to
average before moving 1-10 Calibration Mode On/Off
to the next frequency
Single
Number of full sweeps
Frequency,
to average per 1-20 Sweep Mode )
‘ ‘ Continuous
orientation
Sweep
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Figure 3-11 — The control routine’s main workflow.

Post-Processing Algorithm

61

The post-processing algorithm lets the user convert the measured induced voltages into a
rank 2 MPT of the object and extract its eigenvalues. The algorithm has manual and
automatic modes, where the user can either use the default settings and process the most
recent experiment’s data or process any other experiment’s data by using the manual
mode. The post-processing algorithm first removes the background measurements from
the measurements taken with the target object present in the coil arrangement to arrive at

the field perturbation. The algorithm assumes linear drift between two consecutive




background measurements and generates a straight-line equation of the drift between
them using the timestamps of the measurements. Phase calibration and scaling to the
resulting values are applied using the values generated from the reference ferrite rod
measurement. The algorithm then calculates the 6 MPT coefficients of the rank 2 MPT
using the calibrated measurement data and orientation information. Finally, the algorithm
calculates the MPT eigenvalues and plots the results. Basic workflow of the post-

processing algorithm is shown in Figure 3-12 and the full code is given in Appendix 1.

Start Post-

Processing
Yesg Read Values from

Input Fields

No

Read Values from
Last Experiment

Background Remove
Remova Background

Apply Calibration

Calculate MPT
Eigenvalues

Plot Results Yes I_’lot MPT
Eigenvalues

No

Save Raw and
Processed Data

Figure 3-12 — The post-processing algorithm’s main workflow.
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Graphical User Interface

The control and post-processing algorithms are wrapped up in a GUI which combines
both algorithms together. The GUI is written using a Python library called PyQt5, which
has functions to generate the individual parts e.g., user input buttons. The GUI has three
tabs; one houses the control algorithm’s settings and some outputs, a second one houses
some settings and variables of the microcontroller’s algorithm, and finally, one for the

post processing algorithm’s settings. Figure 3-13 shows the main tab of the GUL

B MainWindow — [m] *

Main Post Processing Advanced

CONNECT
() Single Freguency
QUTPUT (O Frequency Sweep
sToP © Frequency Sweep (Continuous)
[ calibration Mode

Vp-p ® v
BT 70 (Multiples of 954 Hz) MEASURE Reset Al
Average 5 File Mame measurements Reset
Start Frequency 1 (Multiples of 954 Hz) Position 1 Reset
End Frequency 100 (Multiples of 954 Hz) Pos Steps 1 Reset
PP Decade 10 Logarithmic Background after each 1 Reset

# of Sweeps 10 # Background meas: 0

Measurement Ri
9 Bal # Object meas: 0

# Totalmeas: 0 Reset
Offset Removal Sample Length
Single F. 100 Reset
F. sweep 5 Reset
Raw Samples Transimpedance Samples
Channel A (V) Line Graph (Re)
Channel B (I} Line Graph (Im)

@ Use ferrite calibration  Raw ~

Figure 3-13 — Screenshot of the main tab of the GUI, where the experiments are controlled.
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3.6. Methodology

Before starting an experiment, all output settings were set, and the instrument was left
running for a minimum of half an hour to reach steady state temperature. The experiments
were also conducted in a temperature-controlled laboratory to minimise thermal drift.
These measures ensured that any measurement drift caused by temperature changes was
minimised. A background measurement was taken with no object present inside the coils
and stored. These values were then subtracted from the subsequent measurements with
an object present in the coils. The object was then placed and rotated to the 16 different
orientations inside the coil using the truncated icosahedron shaped TOM (for the rank 2
MPT characterisation). Depending on the level of averaging applied during an
experiment, more background measurements were taken between different orientations
and the background was updated. This ensured that drift in the measurements was further

reduced.

Before characterising an object, a NiZn ferrite rod (Ferroxcube ROD10/40-4B2-L) was
measured for calibration as a pure real (reactive) and constant frequency response is
expected from the ferrite rod across the operating frequency of the instrument. Phase
correction for each frequency was calculated according to the ferrite rod using (22), where
Z, is the uncalibrated and Z;qiprateq 1S the calibrated transimpedance values, |Z;| is the
absolute value and the 8 is the angle of the complex number when in polar form. The
correction values were then stored and applied to all subsequent target object
characterisations.

e /0

Zcatibrated = Zo X 75T (22)
|Zo|

For the rank 3 MPT measurement, three cone shaped metal objects in Figure 3-14 were
used. The cones were made up of aluminium, copper and brass. The cones were placed
in the TOM shown in Figure 3-10 and were rotated 360 degrees in 5-degree increments.
The cones were rotated on top of the coil arrangement at different heights and horizontal
positions. This meant that the magnetic fields applied to the cones at each position were
different, revealing more information about the target object’s characteristics. The MPT
characterisations measured at the top of the coil arrangement also involved the rank 2
MPT, as well as the higher order terms. To only characterise the higher order terms, cones

were also characterised inside the uniform magnetic field to measure only the rank 2 MPT
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of the cones. The rank 2 MPT characterisations were then subtracted from the MPT
characterisations made outside of the coil arrangement to reveal only the higher order
terms in the MPT. Further detail about the theory and measurement of higher rank MPTs
are provided in a peer reviewed and published journal paper entitled “Measurement of
GMPT Coefficients for Improved Object Characterisation in Metal Detection,” which is

given as part of this thesis, see Publications — Publication 4.

(a) (b) (c)
Figure 3-14 — Cone shaped target objects used for rank 2 and rank 3 MPT characterisations. (a)
copper, (b) aluminium, (c) brass cone.
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3.7. Coil Characterisation and System Performance

The system’s performance was measured by evaluating the generated magnetic field
uniformity, measurement noise and drift, experiment repeatability and the difference

between various experimental and simulation methods.

Field Uniformity

The uniformity of the generated magnetic field was characterised by simulating the field
strength along the vertical axis at different horizontal positions inside the coil
arrangement. The simulations were made using the commercial FEM solver, Maxwell,
(Ansys Electromagnetics Suite, Release 19.2). The simulated magnetic field strength for
transmit and receive coils were used to generate field strength plots, shown in Figure

3-15, and field strength maps shown in Figure 3-16.
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Figure 3-15 — Simulations of the magnetic field inside the coil system for the non-target case when
transmit and receive coils are individually driven by an electric current. (a) transmit coil and (b)
receive coil excitation. The measurement region is between the red vertical lines shown in the figure.
The subplots within the figure show the field data within the measurement region at an enhanced scale.
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Figure 3-16 — Magnetic Field plots for transmit and receive coils. (a) transmit coil, (b) receive colil.

Measurement Noise

The measurement noise was quantified by comparing transimpedance values of a copper
disk of 30 mm diameter and 2 mm thickness to the noise floor across the operating
frequency spectrum. The comparison is shown in Figure 3-17 after the calibration process
described in the previous section and plotted on a dB scale which is useful for providing
a clear comparison. As seen from the figure, there is a minimum of 20 dB difference
between the transimpedance values of the copper disk and the noise floor. The variance
in the noise floor of MPT measurements is between -78 dB and -100 dB, which correlates
to approximately 15 mm?>. It should be noted that these values are at minimum signal
averaging and the SNR can be improved by increasing the signal averaging during the

experiments. However, this increases the time it takes to run each experiment.
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Figure 3-17 — MPT measurement noise floor compared to the real and imaginary transimpedance values
of a copper disk across the operating frequency spectrum. The transimpedances are shown in dB scale
instead of mm’ for easy comparison.

Measurement Drift

Measurement drift was recorded at 50 kHz for two hours and plotted to determine the
duration of the initial “warm-up” period. In addition, the amount of measurement drift
during steady state conditions were used to decide on the interval between subsequent
background measurements during an experiment. Figure 3-18 shows the measurement
drift of real and imaginary transimpedance values plotted from when the instrument was
initially turned on from cold until it reached steady state working condition. From the

figure, it can be seen that the measurement drift stabilises after 60 minutes.

5 _x10°% x 10°

Transimpedance (Ohms)

20 40 80 80 100 120
Time (Minutes)

Figure 3-18 — Measurement drift of real and imaginary transimpedance values at 50 kHz plotted versus
time for 120 minutes.
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Experiment Repeatability

To evaluate the experiment repeatability of the instrument, transimpedance values from
a copper disk at a single orientation were measured 10 times. Then, average values for
each frequency of the 10 experiments were plotted with error bars showing the minimum
and maximum values for each frequency, which is shown in Figure 3-19. It was found
that a typical measurement had only 0.54% of average difference between minimum and
maximum real transimpedance values and 0.62% for imaginary transimpedance values
across the operating frequency spectrum. This shows excellent results in terms of

measurement repeatability.
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Figure 3-19 — Average of the transimpedance values of ten consecutive experiments with error bars
showing the range of maximum and minimum values for each transimpedance. Plots show (a) real and
(b) imaginary transimpedance values. The deviation in the data is approximately two orders of
magnitude smaller compared with the absolute transimpedance values, which gives the appearance of
single horizontal tick lines for the plotted error bars in the main plots. The upper right insert region in
the plots shows the typical small deviation across the experiments, which is not easily discernible in
the main plots.
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The repeatability was further quantified using the Normalised Root Mean Square Error
(NRMSE), shown in (23).

2L, (Expt; — Expt(Avg);)?

NRMSE = S (23)
Expt(Avg)

In the NRMSE equation, # is number of measurement frequencies, Expt; is the maximum

or minimum transimpedance value at frequency i, Expt(Avg); is the average of the
transimpedance values for frequency i and Expt(Avg) is the average of average
transimpedance values for all frequencies. The NRMSE values for a copper disk is shown

in Table IV, where lower NRMSE values mean better experimental repeatability.

Table IV — NRMSE of differences between maximum and minimum transimpedance eigenvalues of the
copper disk compared to the average.

Real Transimpedance Imaginary Transimpedance
Minimum Maximum Minimum Maximum
0.0017 0.0023 0.0033 0.0037

MPT Characterisation Performance

A set of non-symmetrical copper test objects shown in Figure 3-20 were manufactured to
test MPT characterisation performance of the instrument. The test objects’ rank 2 MPTs
were characterised using both the single and multi-axis TOMs. The test objects’ MPTs
were also acquired by simulations using the aforementioned FEM method and also using
an optimized dedicated open source MPT-Calculator package [69] which employs the
NGSolve FEM library [70]-[72].

80 mm
40 mm

40 mm . ! 20 mm 1 : 40 mm i 20 mm ' ! 38 mm
(a) (b) (c) (d) (e)
Figure 3-20 — Example target objects showing copper cuboid with a hole, ‘L’ shape and three legged ‘L’

shape. Object (a) and (b) copper cuboids with a hole, (c) and (d) copper ‘L’ shapes, (e) three legged ‘L’
shape. All five objects have a thickness of 10 mm where the three legged ‘L’ shape’s third leg is 19 mm.
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Figure 3-21 — Measured real and imaginary MPT eigenvalues of target objects, compared with results

from FEM simulations, MPT Calculator and measurements using the previous TOM. Plots (a-b) small ‘L

>

shape, (c-d) large ‘L’ shape, (e-f) small cuboid with hole, (g-h) large cuboid with hole. “Expt 1”
represents values from experiments done using the single axis TOM while “Expt 2" represents values
taken using the multi axis one. “FEM” represents values from FEM simulations while “MPT Calculator”

represents values acquired using the MPT Calculator.
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Figure 3-22 — Real and imaginary MPT eigenvalues for a three legged ‘L’ shape measured using the
new object orientation manipulator, compared with results from FEM simulations and MPT
Calculator. “Expt 2" represents values taken using the multi axis TOM. “FEM” represents values
from FEM simulations while “MPT Calculator” represents values acquired using the MPT Calculator.
Plots show (a) real and (b) imaginary MPT eigenvalues.

As can be seen from Figure 3-21 and Figure 3-22, there is a good agreement between the
results acquired from all four methods. For all four test objects characterised using both
TOMs in Figure 3-21, MPT eigenvalues’ loss-peak magnitude and frequencies were
within less than one percent of each other, and five percent at worst when the simulations
were also included. The three legged ‘L’ shape was not characterised using the single axis
TOM as that was not possible given its non-symmetrical shape. However, the practical
(multi axis TOM) and simulated (FEM and MPT Calculator) data in Figure 3-22 for the
three legged ‘L’ shape still have their loss-peak magnitudes and frequencies within five
percent of each other at worst. The main source of error between the two TOMs was the
difference in orientation accuracy. The single axis TOM has around 1 degree orientation
accuracy while the multi axis one has better than 1 degree accuracy, dictated by the ridges
on the 3D printed surfaces which are below 0.2 mm. The FEM process involves several
sources of error, including the inability to exactly model coil positions in the coil
arrangement due to differences between the design and actual winding positions and the
difficultly of representing eddy currents in thin surface layers across the full frequency
spectrum of individual targets. Additionally, a further source of error between the
practical and the simulation methods were because of the homogenous modelling of the
target objects. In practice, this is not the case due to target materials having both small
quantities of minor alloying metals and a level of unknown surface impurities or surface

oxidation.
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3.8. Large Coil Arrangement

Given the MPT characterisation performance of the coil arrangement described in this
chapter, a larger coil arrangement with the same coil configuration was built for
characterising larger target objects. Specifically, this coil arrangement was utilised to
characterise small to medium sized firearms, such as pistols and sub-machine guns
(SMGs) and larger non-threat objects, such as large mobile phones, battery power banks,
etc. The large coil arrangement, shown in Figure 3-23, was built by scaling all dimensions
from the smaller one by two. The external height of the large coil arrangement is 1.1 m,
with a 0.44 m inner and 0.8 m outermost diameter. The transmit coil has an inner diameter

of 495 mm and the two receive coils have an inner diameter of 430 mm.

Using fiberglass and encapsulating with epoxy resin at this size would not be possible
given the weight concerns. Therefore, the large coil arrangement was built using 6 mm
flexible Medium-density fibreboard (MDF) to provide the necessary tubular formers. The
tubes holding the coils were fixed by using 12 mm MDF annuli lids on both top and the
bottom with inserts, where the tubes slide in and keep in position. The transmit and
receive coils were built using 12 AWG and 14 AWG PVC insulated copper wire wound
around the MDF Tubes.

Given the larger size of the coil arrangement, a large multi axis TOM shown in Figure
3-24 was also built which utilises the same principle as the small multi axis TOM but is
built with 3D printed parts and PBT (polybutylene terephthalate) pipe, rather than being
fully 3D printed.
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Figure 3-23 — The large-scale coil arrangement showing, (a) design concept cut away along with
simplified inner receive coil and (b) constructed coil arrangement on the bespoke mounting platform

Figure 3-24 — CAD model and built version of the large-scale TOM; (a) design concept and (b)
constructed TOM with mounting plate. The TOM is approximately 360 mm in diameter.
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3.9. Summary

This chapter described an instrument capable of measuring the rank 2 MPT of metal
targets. A coil array was developed using Helmholtz Coil principles to generate a uniform
magnetic field over the region of the target, which is necessary for the rank 2 case. System
electronics to drive the coil and for signal filtering were designed and built into a 19-inch
rack enclosure. The transmit electronics were designed to have a high-power output (640
W) to achieve a high SNR when measuring small targets. To control the experiments and
to automatically process the acquired data for MPT calculation, a software was written
using Python, which also has a GUI for easy operation. Three TOMs were developed for
different types of targets and applications. One of the TOMs were built for measuring
rank 3 MPT of cone shaped objects outside of the uniform magnetic field region of the
coils. This was for an experiment to prove that higher rank MPTs can be measured
experimentally. The performance tests such as field uniformity, measurement noise and
experiment repeatability showed good results, which proved the ability of the instrument
to accurately measure rank 2 MPTs of the targets. Two journal papers were published
about the instrument and the methodology used for acquiring the rank 2 MPTs. A larger
coil array with the same coil geometry was also built for measuring the rank 2 MPT of
larger objects (e.g., firearms) to extend the scope of the project to security screening

applications.
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4. Magnetic Polarizability Tensor Case Studies

Using both the smaller and the larger coil arrays described in Chapter 3, a range of objects
were characterised over the course of this research, as part of different case studies. The
case studies are described in separate sub-sections with subset of the results shown in
each section. The complete results data covering all the objects that were characterised
are given in Appendix 2. Most of the results shown in this section have been published in
peer reviewed journals or have been submitted for publication and currently are under

review, see Publications Chapter.

4.1. British Pound and United States Dollar Coins

Experimental and simulated rank 2 MPT of US Coinage were published previously in
[63] by Davidson et al. Due to the symmetrical shape of coins, these targets were
characterised again using the single-axis TOM in the small coil array. The results were
compared with the previously published MPT characterisations to quantify the system’s
MPT characterisation accuracy using the single axis TOM. In addition, UK Coinage were
also characterised using the multi-axis TOM to be included in a dataset described in
Section 4.3. A subset of the results are shown in Figure 4-1, where the measured rank 2
MPT characterisations of the coins are compared with previously published experimental
and simulated data. Overall, the experimental coin MPTs are in good agreement with the
previously published experimental and simulated data, and NRMSE of the differences are

given in Table V.

The main sources of error between experimental results and previously published
experimental MPTs are from lower SNR and orientation accuracy of the previous system.
Minor imperfections, difficulty of accurately modelling the faces and minor material
inhomogeneities of the coins are the main reasons of differences between experimental
and previously published simulated MPTs. Accurately modelling the coins’ faces is
difficult and requires a high resolution (which increase simulation complexity), so the
coins are assumed to be perfect cylinders with smooth faces. In addition, the FEM
simulations assume homogenous distribution of material throughout the coins, which is
not the case in practice as the coins are made from alloys. The inability of the FEM
process to accurately describe the true physical and electrical nature of coins is more fully

described in [63].
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Figure 4-1 — Measured real and imaginary rank 2 MPT eigenvalues for US coinage, compared with
simulated and previously published rank 2 MPT results are shown. Plots (a-b) one cent, (c-d) dime, (e-f)
half dollar and (g-h) nickel. Expt 1 and Sim are values for experimental and simulated results from [63]

while Expt 2 is experimental data from the instrument described in this thesis.
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Table V — NRMSE of differences between measured MPT eigenvalues compared to the previously
published measured and simulated MPT eigenvalues.

Experimental Eigenvalues Simulated Eigenvalues

Eigenvalue 1 | Eigenvalue 2 Eigenvalue 1 Eigenvalue 2
Re Im Re Im Re Im Re Im
One Cent 0.270 | 0.052 | 0.023 | 0.025 | 0.516 | 0.300 | 0.073 | 0.091

Nickel 3.290 | 0.138 | 0.044 | 0.025 | 0.367 | 0.535 | 0.046 | 0.042
Dime 0.618 | 0.061 | 0.059 | 0.066 | 0.755 | 0.304 | 0.146 | 0.142
Half Dollar | 0.072 | 0.043 | 0.009 | 0.021 | 0.273 | 0.305 | 0.042 | 0.108

4.2. Minimum Metal Anti-Personnel Landmines

A range of AP landmines and AP landmine surrogates were measured using the multi-
axis TOM and the small coil array, which was the main purpose of the instrument. The
landmines were provided by Fenix Insight Ltd. The AP landmines which were measured
are shown in Table VI. Each landmine, real or surrogate, was first measured as a whole,
in the fully assembled state. The landmine was then taken apart and each metal component
was characterised individually. Similarity of the real and surrogate landmines’ MPT
characterisations were then compared. Feedback about the similarities and differences of
the real and surrogate landmines were provided. The rank 2 MPT characterisations of the
landmines and their metal components are shown in Figure 4-2 — Figure 4-5. For all four
landmines, the springs were found to be ferrous. This can be understood from the real
MPT eigenvalues being above 0 m?® towards the lower end of the frequency spectrum for
the springs. The firing pins were also found to be ferrous except for the PMN. Firing and
striker pins of the PMN landmine had the largest response amongst its components, which
was the opposite of what was observed for the other three landmines. From these, it can
be concluded that the firing and striker pins of the PMN landmine are made up of a
different material compared to the other three landmines. Compared to M14 and Type-72
landmines, PMN and VS-50 landmines have 10 to 100 times higher response magnitude.
This makes the latter ones more detectable, especially in soil with high magnetic content.
Top plate of the VS-50 landmine, which is larger than the other components, mostly
dominated the response of the landmine. MPT eigenvalues of normal and rusted firing
pins of M14 landmine were also compared to assess the effects of rusting of metal
components. The results are shown in Figure 4-6. The motivation of this comparison is

that the landmines’ components may rust after they have been left under the soil for long
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time. It was found that the MPT eigenvalues between normal and rusted firing pins had
minimal difference. However, the imaginary MPT eigenvalue 2 had a lower magnitude
for the rusted pin towards the higher end of the frequency spectrum, compared to the
normal pin. Although the difference is visible at this scale, it is still ten times smaller
compared to the imaginary MPT eigenvalue 2 of the whole landmine’s MPT
characterisation. This means that the difference between normal and rusted pins would be
difficult to discriminate in real world conditions, with higher noise and soil effects.
Therefore, it can be concluded that rusting of the components of a minimum metal AP
landmine may not have a significant impact of the landmines overall MPT
characterisation. This reduces the possibility of a false classification of any potential
target due to the components’ rusting. The work in this section has been further described
in the peer reviewed published conference paper entitled "A Study on the Magnetic
Polarizability Tensors of Minimum Metal Anti-Personnel Landmines" and given in

Publications — Publication 3 of this thesis.

Table VI — Characterised Anti-Personnel Landmines

Name Image Metal Components
M14 Detonator, Pin
Detonator, Spring,
Type-72 . .
Igniter, Pin
Detonator, Spring,
VS50 ‘
Pin, Top Plate
Detonator, 2 Springs,
PMN Firing Pin, Lid Strap
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¢ X 10 5 x10°
5 (a) (b)
4 ¥
3 *]
o ¥ a
g g
= =2
= 2% =
[ &
s i =
. ——PMN-Eig1-Im
0% ——PMN-Eigl-Re e
1} —PMN-Eig2-Re ——PMN-Eig2-Im
PMN - Eig 3 - Re PMN - Eig 3 - Im
0.1 1 10 100 0.1 1 10 100
-6
4 , Xx10
3 Detonator - Eig 1 - Tm Detonator - Eig 2 - Im
Detonator - Eig 3 - Im ~— = = Firing Pin - Eig I - Im
g g g
.~ —— = Firing Pin - Eig 2 - Im iring Pin - Eig 3 - Im
2 Firing Pin - Eig 2 - T Firing Pin - Eig 3 - T
1 ~ = = = Striker Spring - Eig 1 -Im — — — = Striker Spring - Eig 2 - Im
0 p— Striker Spring - Eig 3 -Tm  «+eeveeeeee Plunger Spring - Eig 1 - Im|
n’g -1 - =>—— rg roeeeeeees Plunger Spring - Eig 2 - Im Plunger Spring - Eig 3 - Im
~_ T —— ] A
£ TTe—— =
s 3 p
4 Detonator - Eig 1 - Re Detonator - Eig 2 - Re
Detonator - Eig 3 - Re ~— —— - Firing Pin - Eig I - Re
5 g g g
- = = = Firing Pin - Eig 2 - Re Firing Pin - Eig 3 - Re
-6 4 = = = = Striker Spring- Eig 1 -Re = = = = Striker Spring - Eig 2 - Re
7 Striker Spring - Eig 3 -Re  «+oeeeeeeee Plunger Spring - Eig 1 - Re}
PO Plunger Spring - Eig 2 - Re Plunger Spring - Eig 3 - Re|
- t t
0.1 1 10 100

Frequency (kHz) Frequency (kHz)
Figure 4-5 — Real and imaginary MPT eigenvalues of PMN anti-personnel landmine and its
components. (a-b) are PMN anti-personnel landmine. (c-d) are detonator, pin, striker spring, plunger
spring and igniter of PMN.
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4.3. MPT for Faster and More Reliable Security Screening

Using walk-through metal detectors (WTMD) is currently the main method for screening
people for metal threat objects (e.g., concealed guns and knives) at security checkpoints
[73], [74]. Although, several new technologies have been proposed for classifying
concealed targets in the recent years, WTMDs still cannot discriminate between potential
threat and non-threat objects [75]. This means that each person is usually required to
remove all metal possessions before going through a WTMD. This results in reduced
throughput and long queues especially at big venues such as airports or stadia. If an MPT
library of common threat and non-threat objects were to be built, smart classification
algorithms could be trained to look for these signatures in the measurement data to better
classify the targets and speed up the security screening process. Under the Innovate UK
Smart Metal Detector (SMD) project (IUK project ref: 39814), and with collaboration of
Rapiscan Systems (www.rapiscansystems.com) and Metrasens (www.metrasens.com),
two separate measurement campaigns (lasting approximately 1 week each) were
performed at the UK’s National Firearms Centre (NFC). During the measurement
sessions, around 120 threat objects’ rank 2 MPTs were measured by utilising both the
small and the large coil arrays described earlier, depending on the target object’s size. In
addition to the standard firearms, such as pistols and sub-machine guns, several
unconventional threat objects were characterised, such as concealed knives. A subset of
the measured firearm types are shown in Figure 4-7. The threat object groups are also
shown in Table VII, except for the unconventional type objects, which are non-standard
and do not form a group. Details of the inert fillings which are used in the deactivated

grenades are also unknown and may affect the overall electromagnetic signatures of the
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grenades if the fillings are metal based. An MPT comparison between a revolver, a

polymer framed pistol and a metal framed pistol is shown in Figure 4-8.

(o) ] s

Figure 4-7 — Example tested firearm types, (a) polymer framed self-loading pistol (Glock 43), (b) metal
framed handgun (Beretta 92FS), (c) revolver (Smith and Wesson, model 547), (d) Uzi 9 mm SMG, (e) mini
revolver (NAA .22), (f) hollow battery casing with 9 mm cartridges inside, (g) Example concealed knives.

Table VII — Summary of tested standard threat objects.

Group / Type Details / Manufacturers

Glock Group 9m Self Loading Polymer Framed

Smith and Wesson, Heckler and Koch, Beretta,
Jennings Firearms

Miscellaneous 9 mm Pistols

Colt, Webley, Smith and Wesson, 0.38 and 0.45

Revolver Group Calib
alibres

SMG Uzi, Ingram, Scorpion, Steyr Arms

Same manufacturer (and model); different material
Pistol Pairs finishes
Sig Sauer, Smith and Wesson, Sigma, Ruger

A set of mini pistols, mostly manufactured in mid

Mini Pistol Group 1900
S

Drill type with inert filling

Grenades . o
e.g., Arges Type HG84, ‘Mills’ British No. 5
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Figure 4-8 — Real (a) and imaginary (b) eigenvalue MPT data for example tested objects; polymer (Glock
17) and metal framed pistols (Sig Sauer 9mm P225) and revolver (Colt 0.455).

From the MPT comparison plot, it is apparent that the electromagnetic signatures of
different types of pistols are dissimilar. The most significant difference is the imaginary
eigenvalue 1 of the revolver, which has a very large magnitude at the loss-peak, compared
to the other pistols. This is consistent with the properties of the revolver, as it has the
highest amount of metal amongst the pistol types involved. However, the shapes of the
curves (e.g., position and magnitude of the resonant peaks) are also different between all
three pistols, which is very important for target classification purposes. All three pistols
had three different MPT eigenvalue plots, which was consistent with their asymmetrical
shapes. MPT eigenvalue 1 for all pistols were the largest one, which corresponds to the

axial direction along the barrel of the pistols.

Non-Threat Objects

To assess their differences to the threat objects, and to form datasets for classification
tests, a set of non-threat objects were also characterised in the University of Manchester
laboratories. Some examples are coins, belt buckles, keys, mobile phones, vapes and
headphones. A total of 90 non-threat objects were characterised which meant 210 object
MPT eigenvalues were collected using the instrument for dataset creation. A subset of the
non-threat objects are shown in Figure 4-9. An MPT comparison between a key and a
one-pound coin, as well as a polymer pistol and a key is also shown in Figure 4-10. The
one-pound coin in Figure 4-10(a-b) has two unique MPT eigenvalues instead of three
compared to the key, caused by the symmetrical shape. When compared to a polymer

framed pistol in Figure 4-10(c-d), the key has three orders of magnitude smaller response

&5



size compared to the polymer framed pistol, which is the type of pistol with less metal,

hence smaller response. Therefore, the magnitude difference would possible be higher

when compared with a metal framed pistol.

@)

Figure 4-9 — Example non-threat test objects; (a) subset of circulated British coins (circa 2015) and (b)
typical UK mortice and domestic door keys.
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Figure 4-10 — Real (LHS) and imaginary (RHS) eigenvalue MPT data for example tested objects; (a)-(b)
one pound coin and domestic key, (c)-(d) polymer pistol and domestic key.
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Datasets

Two datasets were generated using the threat and non-threat object data described in
sections above. The datasets were specifically generated to be used with unsupervised
clustering algorithms, a form of unsupervised machine learning. Therefore, the types of
objects and the potential groups they would form were considered when choosing the
objects. One of the datasets involved a subset of the characterised firearms, which were
expected to form clusters. The other dataset involved most of the firearms in the first
dataset, except for the mini pistols and the grenades. Mini pistols were taken out as they
are non-standard and formed a very small group, the grenades were removed as there is
not enough information about the inert filling material, meaning they may not represent
the real live grenades’ signatures. The dataset also involved groups of non-threat objects

(coins, keys, belts). Both datasets and the object groups are shown in Table VIII.

Table VIII — Object types involved in the datasets generated. Numbers in each cell under the dataset
columns indicate the number of specific objects in that sub-group of the dataset.

Dataset 1 Dataset 2
Metal Frame Pistol 11 11
Polymer Frame Pistol 18 18
Revolver 7 7
Mini Pistol 2 -
Sub-Machine Gun (SMG) 4 4
Grenade 4 -
Key - 12
Coin - 13
Belt - 11
Total Number of Objects 46 76

From three complex MPT eigenvalues and 28 frequency points, 168 data points/features
were recorded per object. Using the MPT eigenvalues, MPT invariants were calculated
as per [24] and [66], which results in the same amount of data points but removes any
possible error arising from arbitrary allocation of eigenvalues. Principal Component
Analysis (PCA) was applied to each object’s data to reduce the number of features per
each object from 168 to 2. The dimensionality reduced data was found to still hold 95%
of the information of the original 168 feature data. The data of each object was also

normalised so that the minimum and the maximum values were between 0 and 1. This
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removed the possibility of any classification bias caused by the response size of the object,
such as a pistol versus a coin. A decision bias caused by the response size (which is a
feature of an object) is desirable in a commercial, deployed system as a large magnitude
signal is not expected from most of the non-threat objects (e.g., coins, mobile phones).
However, for this case, it would not be feasible to plot the results without normalising the
data as most of the small objects would appear as a single dot on the screen compared to
the larger objects, which would make it impossible to evaluate the clusters in the data.
This way, the objects are scattered across the two-dimensional plots showing the clusters
in the data, decided by only looking at the shapes of the MPT eigenvalue curves and not
the magnitudes. This means that the objects’ shapes and materials are the deciding factor
for the clusters. For evaluating the impact of dimensionality reduction of the data on the
clustering performance, both datasets were used in their original form with 168 features,
and also as processed form with 2 features per object. After applying the clustering
algorithms, the datasets with 168 features/dimensions were also reduced to 2 dimensions

by applying PCA to be presented on to dimensional plots.

Clustering Results

K-Means Clustering, Spectral Clustering and Agglomerative Clustering algorithms were
used to evaluate the clustering in the datasets. The number of clusters for the clustering
algorithms were set to 5, which was found to give the best performance for these datasets
after initial tests. Other clustering algorithms (e.g., Meanshift Clustering and DBSCAN)
were also tested on the datasets but found to give limited performance. Therefore, the
afore mentioned three clustering algorithms were used for the actual performance

evaluation and optimisation.

Clustering results for the datasets with original 168 features per target object are shown
in Figure 4-11 and results for the dimensionality reduced datasets with 2 features per
target object are shown in Figure 4-12. As K-Means Clustering uses decision boundaries
to cluster data, the decision boundaries were plotted together with the results in Figure
4-12 for the datasets with 2 features per target object. However, it was not possible to
draw the boundaries in Figure 4-11 for the datasets with 168 features per target object as

the decision boundaries are not two-dimensional lines.

For dataset 1 in Figure 4-11, most firearm types were correctly grouped in separate

clusters by all three algorithms. All revolvers and metal pistols were correctly in single
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clusters for their own. However, two metal pistols were classified together with polymer
pistols, and another one metal pistol together with a mixed firearm cluster of SMGs and
Grenades. These metal pistols were converted ‘blank’ firing pistols, where the original
‘blank’ firing pistols were modified to fire real bullets. Because of that, these pistols
possibly had different metal parts made from various materials, which made them appear
more like other firearms rather than a metal pistol. All polymer framed pistols were also
grouped into their own cluster, except for the Spectral Clustering algorithm, where the
polymer framed pistols were divided into two separate clusters and one of them was in
revolvers cluster. The grenades and the SMGs did not form a strong cluster together and
were either clustered together with the polymer framed pistols or together in their own
cluster. However, they would probably be clustered correctly if the datasets were not

normalised, given the higher amount of metal in both types.

Most threat and non-threat objects in dataset 2 were grouped into separate clusters by all
clustering algorithms. Most of the threat objects are positioned towards the left-hand side
(LHS), while the non-threat ones are on the right-hand side (RHS) of the two-dimensional
plots. Although, the separation between different firearm types was not as obvious as the
dataset 1, the threat objects were grouped closely together, and the metal pistols were
clearly separated into a different cluster for all three clustering algorithms. The reason for
having different firearm types in one cluster in this dataset is possibly caused by having
non-threat objects with very different characteristics to the firearms (e.g., they have less
ferrous steel and more non-ferrous alloys), which makes different types of firearms appear

very similar to each other compared to a coin or a key.

In some cases, some ferrous non-threat objects were clustered together with the threat
objects, meaning some false positive classification. For example, in Figure 4-11(f), two
ferrous coins were clustered together with the threat objects, and in Figure 4-11(g), two
belts and a coin were again clustered with the threat objects. However, no threat object in
any case was clustered together with the non-threat objects. This means that the clustering
algorithms did not produce any false negative classification. The false classification of
some non-threat objects as threat objects would possibly not happen if the data was not
normalised, as a firearm would generally have a much larger response compared to a non-
threat object (e.g., a coin or a belt). However, the normalisation was necessary for this
specific application for the purpose of clearly presenting the results, as described

previously.
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The performance of the clustering algorithms, when applied to data with 2 features, were
still considerably good but slightly worse than when they were applied to data with 168
features. This was an expected result given that 5% of the information was lost when the
dimensionality was reduced by applying PCA. For example, in Figure 4-12(d), one of the
grenades was incorrectly clustered together with the metal pistols, which was correctly
clustered in Figure 4-11(d), when the dataset with 168 features per target object was used.
In addition, the metal pistols were clustered together with the other firearm types in Figure
4-12(h), where they were clustered in their own cluster in Figure 4-11(h), when the dataset

with 168 features per target object was used.

The performance of the clustering algorithms in this application was limited and had some
errors, caused by the normalisation of the data and the small size of the datasets. However,
the purpose of this application was to prove that different types of threat and non-threat
objects could be clustered separately with the application of Unsupervised ML
algorithms. For a commercial system, or to test the real-life performance of object
classification using MPT, a Supervised ML algorithm trained with a large, non-
normalised dataset would possibly be used. The Supervised ML algorithm would also be
able to classify different types of threat and non-threat objects. However, it would still
perform better at classifying an object as threat or non-threat compared to classifying the
individual type of the objects. This work is the subject of a recently accepted peer review

journal paper provided in Publications — Publication 5.
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Figure 4-11 — PCA visualization and three different clustering algorithms applied to the datasets with
168 features per object; (a-d) is dataset 1 and (e-h) is dataset 2.
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Figure 4-12 — PCA visualization and three different clustering algorithms applied to the datasets with 2
features per object; (a-d) is dataset 1 and (e-h) is dataset 2.
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4.4. Measuring the Generalised MPT of Cone Shaped Targets

A case study was done using the instrument described in the previous chapter to measure
the higher rank MPTs of metal targets. For this, a non-uniform magnetic field with a
known strength is required. Although the instrument was designed to generate a uniform
magnetic field at a specific region and the measurements to be done in that region, it is
still possible to do measurements outside of this region for measuring higher rank MPT.
Three cone shaped objects with three different materials (copper, brass, and stainless
steel) were chosen to be used as the targets. A bespoke TOM was built for holding and
rotating these cone shaped targets outside of the uniform magnetic field region, described
in Section 3.4. These targets were first rotated outside of the uniform magnetic field
region at several chosen positions. The rank 2 MPT of these targets were then measured
by placing them in the uniform magnetic field region. Rank 3 MPT of the objects were
then obtained by subtracting the rank 2 response from the response acquired from the
non-uniform region. Figure 4-13 shows a subset of the results from this case study. The
results indicate a close match between experimental and simulated rank 2 and rank 3
MPTs of the stainless-steel cone. Small differences between experimental and simulated
data are due to the challenge of accurately modelling material properties of the stainless-
steel. In Figure 4-13(c), the noise in experimental data is caused by the low SNR outside
of the uniform magnetic field of the coil array, which was not optimised for this
experiment. However, the general trend and the average magnitude of the responses are
still very similar to the simulated data. This proved that, for the first time, the higher rank
MPT (GMPT) of a metal object can be measured in practice. The work done for
measuring GMPT of cone shaped objects has been further described in the peer reviewed
published journal paper entitled "Measurement of GMPT Coefficients for Improved
Object Characterisation in Metal Detection" and given in Publications — Publication 4 of

this thesis.
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4.5. Summary

This chapter presented the results obtained from four case studies done using the
instrument described in Chapter 3. Initially, rank 2 MPT of a set of British Pound and
United States Dollar coins were measured and compared with previously published
measured and simulated data. This proved the instrument’s ability to accurately measure
and replicate the rank 2 MPT of metal objects. The rank 2 MPT of four AP landmines
and their metal components were later measured, for the first time. The study also
identified which metal components of the landmines contributed to the magnetic response
observed on the overall response of the landmines. Another study utilised both the small
and the large coil arrays to collect rank 2 MPT data of a set of threat (e.g., firearms,
knives) and non-threat (keys, belts and coins) objects. Clustering in the data was then
evaluated by the use of unsupervised machine learning algorithms. The study concluded

that rank 2 MPT of threat and non-threat objects could be clustered into separate groups.

94



Utilising this information to develop the next generation of walk-through metal detectors
has the potential to speed up the security screening process in large venues in the future.
Finally, rank 3 MPT of three cone shaped target objects were measured by placing them
outside of the uniform magnetic field region of the coil array. This proved that higher
order MPT of metal objects can, for the first time, be measured in practice. The
knowledge gained from the higher rank MPT study can be applied for designing the next
generation landmine detectors. A landmine detector capable of measuring the rank 2 MPT
of target objects could utilise an MPT library of landmines and clutter for better
classification However, magnetic fields generated by metal detectors used in landmine
detection are not uniform. This results in more contribution from the higher rank MPT of
the target objects to the overall electromagnetic signature, which can decrease the
accuracy of the target classification. A landmine detector with a known magnetic field
could measure its position relative to the detected target to measure the higher rank MPT
of that target, which can improve the target classification performance even further. To
generate a higher rank MPT library of target objects, a robust methodology needs to be
developed. This includes designing and building a coil array with known, non-uniform
magnetic field, a TOM which can rotate the objects’ in this non-uniform magnetic field,
and a post-processing software which can automatically retrieve the higher rank MPT of

the target objects.
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5. Ground Penetrating Radar

This chapter describes the basic principles of Ground Penetrating Radar (GPR), discusses
previous relevant work found via a comprehensive literature review, and presents the
work undertaken involved in generating ML training datasets using simulation models of

realistic GPR scenarios.

Section 5.1 briefly introduces GPR and its potential uses and limitations. Section 5.2 then
describes the working principle of a typical GPR system. Previously published work on
generating simulated or real GPR datasets and the application of ML classifiers are then
discussed in Section 5.3. Section 5.4 describes the methodology for generating realistic
simulation models involving landmines and clutter, which was done as part of this
research. Finally, Section 5.5 provides a summary of the chapter with potential areas for

future research.

5.1. Introduction

GPR is a non-destructive geophysical method which uses electromagnetic waves to
investigate the subsurface. It can be used to extract features from the subsurface and
ultimately can create an image to analyse or detect objects. In the context of landmine
detection, GPR is an alternative methodology which operates at a higher frequency
spectrum. This opens up the potential to characterise different components of the target
landmines and clutter. Using the two methodologies at the same time can improve the
classification performance and confidence. The GPR can detect dielectric discontinuities
under the ground, which happens at the boundary of materials with different dielectric
properties. This means that GPR can detect matter volumes of objects in the ground, for
example, a landmine. However, rocks, water concentrations, air cavities such as burrows
and other materials also cause diclectric discontinuities. Therefore, GPR, similar to metal

detection, is also prone to clutter in the soil which causes FAR [76] - [81].

Similar to using smart classification algorithms (e.g., ANN) that utilise the MPT of target
objects for metal detection, a large dataset of GPR signatures of landmines and clutter
objects can be generated for training ML algorithms. However, collecting a large amount
of real data is difficult as access to real landmines is limited. An alternative is to augment
the real dataset with simulated data to achieve the dataset size required. However, it is

important for the simulation models to represent real scenarios to achieve high
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classification accuracy on real scenarios. If this is achieved, and in the context of dual
mode landmine detection (MD and GPR), a lower false alarm rate from MD by utilising
MPT and a lower false alarm rate from GPR by utilising ML algorithms could help
achieve a very low overall false alarm rate for a dual mode landmine detector. This
chapter describes an attempt to generate GPR simulation models which represent real life
scenarios with the aim of training a ML classifier to improve target classification and
reduce FAR, using a commercial Finite-Difference Time-Domain (FDTD) method
simulation package called gprMax [82]. However, it is important to note that although,
simulations are valuable for augmenting real datasets, they are not enough by themselves
to train an ML classifier which would perform well on real data. This is because it is very
difficult to generate complex simulation models that represent the amount of random
noise generated in real life scenarios (e.g., by electronics, sensor head movement and
clutter), as well as the amount of inhomogeneity in the soil. Some research work was also
done on visualisation of the simulation models and the results generated, as it is important
for understanding and optimising the results. The GPR scans were plotted using a custom
Python script, while the simulation models were exported from the simulation software
and visualised in ParaView [83], [84]. It is also important to note that to achieve a dual
mode landmine detector with reduced FAR, the classification algorithms for both MD
and GPR should be combined together with a higher-level decision algorithm. However,

this is out of the scope of this research.

5.2. Principles of GPR

A GPR sends electromagnetic waves towards the ground with a frequency that can range
between 1 MHz and 10 GHz. However, frequencies used in most applications are between
10 MHz and 3 GHz [76], [78]. When these waves encounter a boundary between two
media with different dielectric constants or conductivities, they refract, reflect, diffract or
scatter [85]. Examples to this can be the boundary between air and ground or between
soil and rock. After emitting the source electromagnetic waves, GPR then listens to the
waves which are scattered back, and the sensed waves are then recorded as time series
data [76]. An example of a such time series recorded at a stationary position is shown in
Figure 5-1, which is called an A-Scan. The A-scan shows the main components in the

received signal, which are convolved together at the receiver.
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Figure 5-1 — An A-Scan recorded for around 5 nanoseconds, where the direct interaction between
transmit and receive antennas, the wave bounce back from the air/ground boundary and the responses
from the dielectric discontinuities in the soil are shown.

Figure 5-2 shows a B-Scan, which is made up of a series of A-Scans recorded over a
certain distance. Recording a B-Scan allows more information to be captured about a
target in the soil by revealing more features of the object from different positions. The
horizontal lines between 1 and 2 nanoseconds in Figure 5-2 represent the direct response
and the ground bounce whereas the parabolic shape below the horizontal lines are the
waves reflected from the target object. When the sensor head is away from the object’s
position, the reflected waves take longer to come back and are also weaker. The reflected
waves become stronger and take a shorter time to come back as the sensor head gets closer
to the target object. This results in a parabolic shape on the B-Scan plot when there is a

single target object in the ground.
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Figure 5-2 — A B-Scan made up of 62 A-Scans recorded on a straight line with 4 mm steps.

As the dielectric losses and conductivity of the soil increases, the penetration depth of the
GPR decreases. This is because the ground absorbs more energy from the electromagnetic
waves. In addition, the penetration range of GPR decreases as the centre frequency of the
emitted waves increases. However, higher bandwidth increases the resolution and the
features that can be extracted from the subsurface. Therefore, finding the optimal
frequency range which gives the required penetration and resolution for a specific

application is crucial [76], [86].

Although, GPR can use time or frequency domain techniques, the most common method
is the time domain where series of electromagnetic pulses are radiated from the antennas.
The amplitude of the radiated waves can range from 200 mV to 200 V and the pulse
length from 0.2 to 50 nanoseconds. The pulse shape is generally similar to a differentiated
Gaussian function where the centre frequency can be set depending on the application. A
pulse with bandwidth of at least 25 percent of the centre frequency is called and Ultra-
Wideband Radar (UWB). UWB radars have less range as their power spectrum is low.
However, the pulses are spread across a large frequency spectrum, yielding higher
resolution and making them suitable for applications which require low penetration depth
but high resolution [87], [88]. The frequency domain technique varies the frequency of
the waves while keeping the amplitude constant. This can be done by either stepping the

wave frequency over time or stepping a carrier frequency of a continuous wave [89], [90].

100



5.3. Previous Work

This section provides an overview of previous work that has been published on generating
GPR models of realistic scenarios in the context of humanitarian demining and
application of ML classifiers to real and simulated datasets made of such models, which

are relevant to the research in this thesis.

One relevant study to this research is [78] where simulated datasets of landmines and
metal clutter were created using gprMax. These datasets were then used to train Deep
Neural Networks (DNN) to discriminate between the targets. The simulations included
landmine models buried in realistic soil models along with an uppermost rough surface
or undulating. The DNN trained with the simulation data achieved a 98% detection rate
with 10% FAR. The work on the simulation and the modelling used in their research and

further work undertaken by the authors on the subject were also published in [91]-[96].

A real dataset consisting of GPR B-Scans were augmented using B-Scans obtained from
gprMax simulations to train a Convolutional Neural Network (CNN) in [97]. A detection
rate of 90% was achieved with 30% FAR. The downside of the used methodology is that
any detected object is considered to be a landmine, with the assumption of most of the
objects in a minefield are landmines. However, this can result in a much higher FAR

when the trained classifier is used in the actual minefield with a lot of clutter in the soil.

The Finite-Difference Time-Domain (FDTD) method was used, similar to gprMax, to
generate a synthetic GPR dataset with landmines in [98]. The dataset was post-processed
using a Nonuniform Fast Fourier Transform (NUFFT) algorithm. The dataset was then
fed to normalized energy and least-mean-square-based anomaly detectors for landmine
detection. Using this methodology, the study was able to achieve around 90% detection

rate was achieved with less than 20% FAR.

Wilson et al. used a dataset to test four different discrimination algorithms and evaluate
their performance [99]. The dataset involved B-Scans collected by a NIITEK vehicle-
mounted GPR array. The data was collected over 41,807 m? of ground and included 1,593
landmines. Before inputting the dataset to discrimination algorithms, a pre-screener was
applied to the dataset to extract points of interest from the large amount of data.
Approximately 90% probability of detection with 0.00054 false alarms per meter square

was achieved by the discrimination algorithms.
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A pre-processing algorithm called Drop-Off Minibatch Online Dictionary Learning
(DOMINODL) was proposed for obtaining sparse representations of GPR data for
speeding up Neural Network (NN) and improving classification performance [100]. A
98% correct classification of PMN and PMA-2 AP landmines were achieved using a

dataset involving the landmines.

Data from GPR, MD and an Infrared (IR) camera were fused together using a two-level
belief function in [101]. Target objects were classified into three categories using the MD
data in the first level, which were low, high and no metal content object. In the second
level, data from all sensors were utilised to classify the objects as threat or non-threat.
The methodology was tested on a small dataset consisting of 28 threat and non-threat
objects. It was concluded that the use of a two-level belief function increased the
classification performance compared to using just MD with no classification algorithm.
However, the size of the dataset was not sufficient to calculate the actual amount of

performance increase between the methods.

An Electromagnetic Induction (EMI) sensor and a GPR were used to collect real data
from two landmine detection test lanes in [102]. Classification performance of a number
of machine learning algorithms such as Logistic Regression (LR), Random Forest (RF)
and SVM were tested on the dataset. A probability of detection of 95%, with 0.0025 false
alarms per meter square was achieved with RF. However, 100% probability of detection
with 0.05 false alarms per meter square, was achieved using LR in conjunction with

application of a feature extraction algorithm as a pre-processing method.

A test lane consisting of 26 AP landmines and 6 clutter was scanned in [103] using a multi
sensor detector utilising MD, GPR and IR sensors. Performance of four data fusion
algorithms were tested on the dataset for target classification. The data fusion algorithms
used were Bayesian Reasoning, Dempster-Shafer, Fuzzy Probabilities and manually
implemented rules. A 90% probability of detection at 4 false alarms per meter square was
achieved using the manually implemented rules. The next best performing algorithm was

the Fuzzy Probabilities algorithm.

A real GPR dataset consisting of 1771 threat alarms and 640 nonthreat alarms were used
to test the performance of SVM and RF classifiers when a custom pre-processing
algorithm called PatchSelect was used [104]. A 98% probability of detection at 0.003

false alarms per meter square was achieved using the PatchSelect pre-processing
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algorithm together with the SVM classifier. Similarly, a real GPR dataset of buried
landmine surrogates was built in a lab arrangement in [105]. The data was then used to
train a Support Vector Machine (SVM) and a DNN. It was concluded that the DNN
performed 10% better at target classification compared to the SVM. A detection rate of
90% was achieved with 25% FAR using the DNN.

A CNN was trained with a simulated GPR dataset consisting of 50,000 B-Scans of threat
and non-threat targets in [106]. The trained CNN was then tested on a real dataset
consisting of 9 threat and non-threat target objects. A 95% probability of detection at a
0.2 false alarms per meter square was achieved. Similarly, a real GPR dataset involving
11,952 landmines and 24,045 clutter was used to train a CNN classifier in [107].
Performance of the CNN was then evaluated using a test dataset involving 2,900
landmines and 3,954 clutter. The results show a 90% probability of detection with 0.2
false alarms per meter square. Another real GPR dataset consisting of B-Scans which do
not involve landmines was used to train a CNN based Autoencoder in [108]. The
Autoencoder was setup as an anomaly detection algorithm, which was trained using the
GPR dataset without landmines. The Autoencoder was then tested using two datasets
consisting of 17 landmines buried in a test lane, as anomalies. A 98% probability of
detection with 0.2 false alarms per meter square or a 90% probability of detection with

no false alarms were achieved.

The above shows that there is sufficient amount of research suggesting that the use of ML
classifiers for landmine detection is a promising strategy. However, datasets used in
virtually all the published literature are either small or existing datasets taken from a third
party, which involve unknown parameters. This may cause data overfitting and result in
the tested classifiers to achieve better than they would in real life situations across
different soil types and scenarios. It is also important to note that most publications used
real datasets for training and testing ML classifiers, rather than simulated data. This
suggests that there is a general understanding in the literature that ML classifiers trained
with simulated data may not perform well when introduced with real data. Therefore, the
methodology used to generate simulated GPR datasets in the research presented in this
thesis can be used to augment real datasets to build large datasets involving both
simulated and real data. This can then help overcome the disadvantages of large,

simulated datasets or small real datasets for training ML classifiers.

103



5.4. Simulation Models

By generating realistic models of AP landmines, clutter, and soil using gprMax, a
simulated dataset was generated for training ML algorithms for classification. This was
achieved by iteratively adding more complex features to an initial simple reference model
(e.g., soil with homogenous materials and no clutter). The dataset was then conditioned

by applying post processing of the data for better ML training results.

Landmine Models

Three AP landmines (PMA-1, PMA-2 and PMA-3) were modelled in gprMax. The
landmines were chosen according to the availability of information about the internal
components as well as their widespread use in the field [109]-[111]. A 1 mm resolution

was used all landmine models.

The PMA-1 is a Yugoslavian anti-personnel landmine which uses 200 g of
Trinitrotoluene (TNT) as explosive charge. It is mostly found in Namibia, Balkans, and
Angola. It is 140 mm in length, 30 mm in height and 70 mm in width. The plastic case
has a relative permittivity €,= 2.8 and the TNT explosive €,= 6 [109]. The simulation
model of PMA-1 is shown in Figure 5-3 visualised using ParaView software [83], [84].

Plastic Lid

/

Plastic Case

NT Explosive

Detonator

/

Plastic Case

Figure 5-3 — Simulation model of a PMA-1 AP landmine. (a) is the landmine with the top lid closed
and (b) the top lid open, revealing the components inside.
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PMA-2 is also a Yugoslavian anti-personnel landmine which uses 95 g of TNT. It is found
in Albania, Angola, Bosnia, Cambodia, Croatia, Serbia, Zimbabwe, and Namibia. It has
a diameter of 68 mm and height of 61 mm. The relative permittivity used for the plastic
case, the TNT explosive and the detonator fuse are the same as PMA-1 [110]. The

simulation model of the PMA-2 is shown in Figure 5-4.

(b)

Plastic Case Detonator

Plastic Case
TNT

Explosive

Figure 5-4 — Simulation model of a PMA-2 AP landmine. (a) is the landmine view from outside and (b) is
the cross-sectional view from the side.

PMA-3 is also a Yugoslavian landmine with 35 g of TNT for the explosive. It is found in
Albania, Bosnia, Cambodia, Chad, Chile, Croatia, Serbia, Lebanon, Namibia, and Peru.
It has a diameter of 111 mm and height of 40 mm. The relative permittivity used for the
plastic case, the TNT explosive and the detonator are the same as PMA-1 [111]. The lid

on the top that covers the sides is made of rubber, with a relative permittivity €,= 3.

\ TNT Explosive Detonator

Plastic Case—> Rubber Lid J{(b) Plastic Case Rubber Lid

Figure 5-5 — Simulation model of a PMA-3 AP landmine. (a) is the landmine view from outside and (b) is
the cross-sectional view from the side.
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Clutter Models

Naturally occurring clutter in the soil include rocks, water concentrations, air cavities
such as burrows and plant roots. In addition, shrapnel and bullet / bullet cartridges are
sources of clutter in post conflict land. As the clutter shapes and sizes are random, basic
shapes included in the simulation package (e.g., cube, triangle, sphere, cylinder) were
used for generating these types of clutter. The size, shape, material and position of this
type of clutter were also randomised when generating the models for the dataset, which
is described in detail in Section 5.4. A model was built for a .222 Remington cartridge,
which is representative of a typical metal clutter found in post-conflict land. The bullet
and the cartridge case were modelled separately and as well as together as a whole. All
three types were then used as clutter in the generated models. However, it is important to
note that due to the resolution limit of the simulation software, which is 1 mm, it wasn’t

possible to correctly model the bullet head’s shape. The models are shown in Figure 5-6.

Figure 5-6 — Model of the 7.62%51 mm NATO standard ammunition cartridge. (a) is the unfired
cartridge as a whole, (b) is the cartridge case and (c) is the bullet.
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Soil Models

Inhomogeneous soil was modelled using a function in the simulation package which
allows the use of a mixing model for soils, proposed by Peplinski et al. [112]. The function
utilises fractals, allowing the use of orthogonal parallelepiped with fractal distributed
properties, which are related to a material mixing model in the simulation model. Various
parameters of the soil can be set inside the function, such as sand fraction, clay fraction,
bulk density, density of the sand particles and the volumetric water fraction of the soil. In
addition, varying surface roughness and grass can also be added to the soil using other
functions in the simulation package. Two soil models generated using the simulation
package, one with and one without clutter and grass, are shown in Figure 5-7. A cross-
sectional snapshot of the GPR waves propagating through the model in Figure 5-7(b) is

also shown in Figure 5-8.

S

GPR Head

T
|

GPR Head |
|

|
| ‘ Grass |

| /o

|
PMA-2 ‘\

Clutte#

Figure 5-7 — Two soil models generated using gprMax. (a) is a soil model with inhomogeneous material
distribution and rough surface. In addition to the features in (a), (b) also introduces clutter and grass.

GPR Head
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Figure 5-8 — A snapshot of the GPR waves propagating through a simulation model, where reflections
from the grass, soil surface, and the PMA-2 landmine are visible.
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Dataset

To generate the dataset, 500 simulation models were created per landmine, bullet and

bullet cartridge. In addition, 500 simulation models were created with no target object but

just clutter, to simulate no target scenarios. A B-Scan was run over the target object for

each simulation model, resulting in a dataset with 3,000 B-Scans covering 6 target

scenarios. 100 A-Scans with 4 mm steps on a straight line were recorded to form each B-

Scan. To generate the 3,000 simulation models, a python script was used, which produced

500 random scenarios per target object. A number of model parameters were randomised

in the script to make all models unique, such as soil moisture amount, number of grass

shoots, shape, size, material and the number of clutter items. The main parameters for the

simulation models are shown in Table IX below.

Table IX — Main parameters of the simulation models.

Variable |Randomised Range Variable |Randomised| Range
Soil 20 - 45 mm Clutter Anywhere
Yes o Yes ) )
Roughness peak-to-peak Position in Soil
Volumetric .
Landmine
Water Yes 0.01 - 0.1 Yes I1-5cm
_ Depth
Fraction
GPR Height No 20 mm Grass Yes Yes/No
Number of Number of
Yes 2-10 Yes 10 - 300
Clutter Grass Shoots
Cube, 0, 15,
Clutter Triangular Landmine +30 and
Yes ) ) ) Yes
Shapes Prism, Sphere, | Orientation +45
Cylinder degrees
Clutter Rock, Plastic, | Clay/Sand
Yes No 0.5/0.5
Materials PEC, Air Fractions
Clutter Bulk Density
Yes 4 -8 mm ‘ No 2 g/em3
Length of Soil
) Sand Particle
Clutter Radius Yes 4 -8 mm _ No 2.66 g/cm?
Density
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The resulting B-Scans were further processed to aid the training of the ML algorithms.
As the ground response dominates the B-Scans, the targets’ responses are not visible on
the B-Scan visualisations. Removing the ground response amplifies the target’s response
which can potentially help speed up and improve the performance of an ML classifier. To
remove the ground response, the A-Scans at the start and at the end of the B-Scan were
averaged and subtracted from the whole B-Scan. Although, this does not completely
remove the ground response as the ground is uneven, it is generally mostly removed. To
remove the remaining ground response and amplify the target object’s response, a time
varying gain can be applied to each A-Scan in the B-Scan. This attenuates the responses
closer to the GPR head (e.g., the ground) and amplifies the ones farther (e.g., a landmine).
Finally, the B-Scans are normalised to make the response magnitudes standard, which
again may help improve classification performance. Visualisation of a B-Scan before and

after post-processing are shown in Figure 5-9.
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Figure 5-9 — Example B-Scan before and after applying post processing. (a) the raw B-Scan, (b) after
background removal, (c) after applying time varying gain, and (d) after magnitude normalisation.
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5.5. Summary and Future Work

The chapter discusses the working principles of GPR, its advantages and limitations. Use
of real and synthetic GPR data for training of ML classifiers in the literature were also
summarised, with discussion of the methodology used in each publication. The simulation
methodology and the simulation models generated (e.g., AP landmines, clutter and
inhomogeneous soil) were also described in detail. Using the methodology described,
synthetic GPR datasets were generated with incremental complexity, which involved
GPR B-Scans. Random clutter with random shape, material, size and position were
included in the soil for increased complexity. The soil in the most complex dataset also
contained random roughness, vegetation and moisture. The most complex dataset

included 3000 B-Scans.

Even with all the complexity and randomness used in the simulation models, the data still
does not involve enough details to reflect all real-life scenarios. This would possibly cause
data overfitting during ML classifier training, causing a good classification accuracy on
the data, where the same classifier would perform poorly in a real-life application. Some
examples are the lack of real noise, fixed GPR head height, small number of target
models, and the lack of soil type variation (percentage of sand and clay in the mixture is
always the same). A preliminary test of DNN and CNN type ML classifiers confirmed
this by achieving perfect classification performance on the most complex dataset.
Although, it is possible to generate more complex simulation models with larger volume,
resolution, variation and more complex features, the computational cost of the
simulations quickly rises. Therefore, the augmentation of the dataset with real GPR data
is necessary. This means that the dataset will be large, because of the simulated data, but
will also include enough complexity and noise from real life scenarios which will prevent
the overfitting of the dataset by the ML classifiers. This finding is also consistent with the
literature, where mostly real data was used for ML classifier training and testing. This is
also consistent with the work reported in Section 4.3 of this thesis when applying ML to
real MPT data from metal detection systems. Namely, real data is an essential requirement
in order to achieve meaningful output from ML algorithms. Taking this into account, it is
anticipated that with the availability of real GPR data and the progress of computational
technology, it is possible to generate a hybrid dataset involving real GPR data from
different soil types and more complex simulation models. Therefore, an ML classifier can

be trained to achieve high probability of detection and low false alarm rates on real data.
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Methodology of using the polarizability tensor could also be utilised for the GPR
applications in the future when the mathematical theory is in place. When such
methodology is available, both the MPT and the GPR polarizability tensor signatures
could be measured for a target object simultaneously using a dual mode landmine
detector. This would allow the characterisation and classification of the buried target with

much higher accuracy compared to conventional dual mode landmine detectors.
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6. Conclusion and Future Work

6.1. Conclusion

The research presented in this thesis has given both a detailed background and a collection
of peer-reviewed articles concerning MPT characterisation methods, machine learning
and GPR simulation modelling. Overall, the research has taken forward ideas of using
methods which can better provide discrimination between threat and non-threat items.
The methods have been applied in the application areas of humanitarian demining and

aiding the development of the next generation of smart WTMDs.

An instrument for measuring the MPT of metal objects was designed, constructed and
evaluated. The instrument utilises either smaller or larger bespoke multi-coil arrays for
measuring the MPTs of different sized metal objects. Each novel coil geometry generates
a uniform magnetic field inside the coil array for measuring the rank 2 MPT of the target
objects placed inside the coils. The small coil array was built with the motivation of
measuring the rank 2 MPT of AP landmines, while the large coil array was built for
measuring the rank 2 MPT of small to medium sized firearms. Portable system electronics
to drive the coils and measure the transimpedance were designed and built. A control
software with GUI for experiment control and automation was written, as well as a post-
processing software for MPT inversion from multiple transimpedance measurements.
Noise and drift performance as well as the measurement repeatability of the instrument
were tested and reported. MPTs measured by the instrument were compared with
previously published simulated and experimental data, which proved the instrument’s
ability to accurately characterise rank 2 MPTs of metal objects. The developed system
was used during several measurement campaigns involving the characterisation of
hundreds of metal objects in such a way as to build accurate data libraries of both threat
and non-threat objects. Such data libraries are anticipated to be invaluable in furthering
research in developing related and future metal detection systems e.g., the next generation

of smart metal detection, Walk-Through Metal Detectors.

Three TOMs were built for measuring the MPT of different types of objects. A single
axis TOM which can rotate objects around a horizontal axis with an estimated one-degree
level of precision was built. This was used to measure rank 2 MPT of symmetrical and

homogenous metal objects during the instrument’s development stages.
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A truncated Icosahedron shaped multi-axis TOM capable of orientating objects more
fully in three-dimensional space was built. The geometry of the TOM had 32 faces made
up of pentagons and hexagons, which provided 16 unique orientations due to the uniform
magnetic field. The TOM was used for measuring the rank 2 MPT of non-symmetrical,
irregular objects. A small, 3D printed version of the TOM was built for the small coil
arrangement, while a large version was built using PBT pipe and 3D printed nodes for the
large coil arrangement. The tI shaped TOM, together with the post-processing algorithm
which carries out the MPT inversion is a novel aspect of this research. This methodology
provides fast and reliable measurement of the rank 2 MPT of any metal object which can

fit inside the TOM.

Another TOM was built for rotating cone shaped metal objects around a horizontal axis
with one degree accuracy, outside the uniform magnetic field region of the small coil
array. The TOM also enabled the adjustment of horizontal and vertical position of the
cones inside the non-uniform magnetic field region. This enabled the exposure of the cone
shaped metal objects to different regions of the non-uniform magnetic field. Using this
methodology proved that, for the first time, the rank 3 MPT (GPMT) of a metal object

could be measured.

Using the small tI shaped multi-axis TOM inside the small coil array, the rank 2 MPT of
four AP landmines and their metal components were measured and published in the
literature for the first time. The study compared the characteristics of the metal
components and found that the springs and the firing pins in the AP landmines were
responsible for the magnetic response of the four AP landmines. Furthermore, the study
showed that rusting of the metal components had minimal effect on the overall rank 2
MPT of the AP landmines. This proved that the rank 2 MPT of a brand-new AP landmine
still holds after the landmine has been buried in the soil for several years and the onset of
component oxidation. The information from this study is crucial for reducing the FAR in

the next generation of smart landmine detectors.

Using the large tI shaped multi-axis TOM inside the large coil array, the rank 2 MPT of
120 firearms were measured. The target objects included pistols, SMGs, grenades and
unconventional firearm types. In addition, rank 2 MPT of 90 non-threat metal objects
were measured. The target objects included coins, keys, belts, mobile phones, vapes, etc.

Using the rank 2 MPT of threat and non-threat objects, two datasets were produced where
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one of them included only threat objects, and the other one included both threat and non-
threat objects. Clustering in the datasets were evaluated using three clustering algorithms
(unsupervised Machine Learning). Different types of firearms were generally grouped
into separate clusters in the dataset with only threat objects. Threat and non-threat objects
were also grouped into separate clusters in the dataset with both threat and non-threat
objects, with some of the non-threat objects clustered together with the threat ones.

However, no threat objects were clustered together with the non-threat objects.

Using gprMax, simulation models of three AP landmines and a NATO standard
ammunition were built. By using these models and realistic soil models with random
surface and clutter, a dataset was created with 3000 simulated B-Scans. The soil model
involved random number of grass shoots, clutter and random amount of moisture. The
position and orientation of the target objects were also random. A preliminary
classification test was conducted where a DNN and a CNN were trained and tested using
the dataset and all targets were classified correctly. A possible reason for this is the ML
classifiers overfitting the dataset, where the accuracy becomes so high as the train and
test datasets use similar simulation models (e.g., same soil type). The same classifier
would possibly not perform as well in a different soil type or on real data. Although,
augmentation with real data is necessary for the simulated datasets to be useful, achieving
a methodology for generating simulated datasets and training ML classifiers with such

datasets are useful for the development of future landmine detectors.
The major achievements of this research can also be briefly summarised as below:

e Development of an instrument capable of measuring the rank 2 MPT of metal
objects by utilising a novel coil array geometry to generate a precise uniform

magnetic field.

e The instrument’s details and the performance test results were published in the
publication named “Measuring the Magnetic Polarizability Tensor Using an Axial

Multi-Coil Geometry” in the IEEE Sensors Journal.

e A methodology was established for fast and reliable measurement of the rank 2
MPT of non-symmetrical metal objects by utilising a novel target orientation

manipulator.
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This methodology and the rank 2 MPT of non-symmetrical test objects were
submitted for publication in IEEE Sensors Journal with the name “Measuring the

Magnetic Polarizability Tensor of Non-Symmetrical Metallic Objects”.

Using the instrument and the methodology described in the above points, rank 2
MPT of four AP landmines and their metal components were measured, for the

first time.

These results were published and presented in the 2022 IEEE International
Instrumentation and Measurement Technology Conference with the name “A
Study on the Magnetic Polarizability Tensors of Minimum Metal Anti-Personnel

Landmines”.

Rank 3 MPT of three cone shaped test objects were measured by placing them in
the non-uniform magnetic field region of the coil array. A bespoke target
orientation manipulator was built for this study. The study proved, for the first

time, that the higher rank MPT of metal objects can be experimentally measured.

The results of this study was published in the IEEE Sensors Journal with the name
“Measurement of GMPT Coefficients for Improved Object Characterisation in

Metal Detection”.

Using the instrument and the methodology described, two rank 2 MPT datasets
involving threat (e.g., pistols, SMGs, knives) and non-threat (e.g., keys, coins,
belts) objects were built. Unsupervised machine learning algorithms were then
applied to the datasets to evaluate the clustering in the data. This study showed
that the threat and non-threat objects can be grouped into separate clusters by the
unsupervised machine learning algorithms. These results give the confidence to
further expand this study to generate a large dataset involving threat and non-
threat objects. Then, supervised machine learning classifiers can be trained using
the dataset to improve classification and throughput in security screening

applications.

The results from this study was submitted (accepted) for publication in the IEEE
Sensors Journal with the name “Classification of Threat and Non-Threat Objects

Using the Magnetic Polarizability Tensor and a Large-Scale Multi-Coil Array”.
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Overall, this research has mainly studied characterisation and classification techniques
for both MD and GPR for dual mode humanitarian demining. However, emphasis was
put on characterisation techniques for MD as per industrial partners’ interests. The
methodology established for fast and reliable measurement of the rank 2 MPT of metal
objects is crucial for improving the pace of humanitarian demining by reducing FAR.
This could be achieved by generating an MPT library of both landmines and common
metal clutter using the established methodology. A standard data format for MPT is also
needed for generating such library, which was established in this research for sharing the
acquired data with the industrial partners. The work during the course of this research and
reported in this thesis has made significant progress in creating such an MPT library of,
in particular, threat objects which are difficult to acquire for MPT measurements e.g.,
firearms and landmines. A landmine detector utilising magnetic induction spectroscopy
may then use this library to do better target classification. In addition, the same
methodology can be used to generate an MPT library of threat and non-threat objects for
better classification in WTMDs. A detector capable of measuring the MPT of metal
objects on a person passing through can utilise this library for rejecting non-threat objects
to increase the throughput of people. On the other hand, the methodology established for
generating simulated GPR datasets for ML training could be utilised to augment real GPR
datasets with realistic synthetic data. The resulting dataset could then be used to train high
performing classifiers to reduce FAR. The better classification from both MD and GPR
combined has a high potential to improve FAR and speed up the pace of humanitarian

demining operations, which was the main motivation of this research.

6.2. Future Work

This thesis has considered both MD and GPR technologies. It is worth noting that over
the past decade commercial systems have increasingly combined MD and GPR as dual
mode detectors. This thesis has reported characterisation techniques for both MD and
GPR as separate developments with Chapters 2-4 focusing on MD and Chapter 5 focusing
on GPR, respectively. Clearly both MD and GPR techniques share the same foundations
in Maxwell’s equations. Therefore, a direction for future research may be to find
synergies between these two methodologies exploiting their common physical basis. For
instance, the ML approaches used for GPR in Chapter 5, which take into account complex

ground effects, could be applied to the discrimination problem for MD, especially dealing
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with uncooperative ground. Conversely, for GPR, a concise tensor like characterisation
of target objects may also be beneficial. Hence, this thesis has considered these separate
areas, but with the expectation of future research may eventually unite them as one

continuum across the electromagnetic spectrum.

Larger coil arrays, possibly with different geometries could be built in the future for
measuring the MPT of larger threat object, such as assault rifles or anti-tank landmines.
WTMDs which only look for threat signatures like these could help the early detection of
possible attacks in crowded areas. An MPT library of anti-tank landmines could also
expand the future use of MPT in humanitarian demining to clearance of such threats.
Future work could also include development of an automated TOM which would enable
object rotation inside the coil arrays to further speed up the MPT measurement. This could
help with the feasibility of generating a library involving threat and non-threat objects for
MD applications, by reducing the amount of work required by the instrument operator.
Measuring the MPT of larger metal objects would also require expanding the frequency
spectrum to lower frequencies to be able to capture the important signature information.
As metal detectors used in dual mode landmine detectors generally generate a non-
uniform magnetic field, the contribution from higher rank MPT of target objects become
more apparent in the electromagnetic signatures. Even though the landmine detector is
capable of measuring the rank 2 MPT of the target object, the presence of the non-uniform
magnetic field can result in a less accurate object characterisation, hence, worse
classification accuracy. To solve this, an instrument capable of measuring the GMPT of
metal targets with a robust and reliable measurement methodology could be developed.
The instrument can then be used to generate a GMPT library of the target objects. The
same methodology can then be adapted for the dual mode landmine detectors to enable
the GMPT measurement of the target objects. This can lead to much better

characterisation accuracy of the targets, hence, better classification accuracy.

The study on GPR datasets can further expand in the future by generating a real GPR
dataset involving AP landmines and clutter in different soil mixtures. If a large enough
dataset could be built, an ML classifier could be trained using just the real data for best
performance. Otherwise, performance of an ML classifier trained with simulated data
could be tested on the smaller real dataset. The real data could also be augmented with
the simulated data to possibly achieve the best classification performance by reducing

data overfitting.
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Publications

This chapter presents publications where the author either led or made considerable
contribution towards the reported work. Whether a publication is published, under review
or accepted and pending publication at the time of the submission of this thesis is stated
on the page before the paper. The contribution of the author towards the work for each
paper, as well as how each paper relates to the objectives of the research are described

below:

1. Measuring the Magnetic Polarizability Tensor Using an Axial Multi-Coil
Geometry: This journal paper describes an instrument capable of measuring the
rank 2 MPT of symmetrical metallic objects. The paper discusses the background
mathematical theory, previous work measuring the rank 2 MPT and the instrument
built including the coil array, system electronics and software. This work therefore
satisfies the objectives 1, 2 and 3 of this research. The author was provided with
a coil configuration design and a partially built coil array which were carried out
as part of an MEng team project. The author reverse engineered and fully built the
coil array. This involved modifying the parts which were not built as per the
design documentation, rewiring, balancing, encapsulating and screening the coils,
running performance tests and generally ensuring a durable coil array was built.
The author also designed, simulated and built the system electronics, as well as
the control and post-processing software. Finally, the author run the practical

experiments for the results section of the paper.

2. Measuring the Magnetic Polarizability Tensor of Non-Symmetrical Metallic
Objects: This journal paper describes a novel methodology which can be used
with the instrument described in Publication 1 to measure the rank 2 MPT of non-
symmetrical, irregular metallic objects. The paper describes a TOM which enables
target orientations to give a wide interrogation of three-dimensional space, which
better defines the inversion of the MPT problem, and the methodology required
to acquire the full rank 2 MPT of the non-symmetrical objects. The author was
initially provided with the TOM design with CAD drawings which were used by
the author to 3D print and assemble the TOM. The paper describes the

mathematical theory of rotations between different orientations of the TOM.
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Finally, the author used this information to produce a post-processing software

capable of calculating the rank 2 MPT from raw measurement data.

. A Study on the Magnetic Polarizability Tensors of Minimum Metal Anti-

Personnel Landmines: This conference paper presents and evaluates the rank 2
MPTs of four minimum metal anti-personnel landmines and their metal
components measured during a measurement campaign at Fenix Insight Ltd in
London. The author was responsible for running the practical experiments and
evaluating the results. The author has also presented the work at the related

conference as a poster.

Measurement of GMPT Coefficients for Improved Object Characterisation
in Metal Detection: This journal paper describes the Generalised Magnetic
Polarizability Tensor (GMPT) theory which includes higher rank MPT in the
object characterisation. The paper then shows, for the first time, that GMPTs can
be measured in practice. For this paper, the author was responsible for designing
and manufacturing the TOM, which was used to rotate cone shaped metal objects
outside of the uniform magnetic field region of the instrument described in the
previous papers. The author also run the practical experiments which were used

for the characterisation of the GMPTs of the cone shaped metal objects.

Classification of Threat and Non-Threat Objects Using the Magnetic
Polarizability Tensor and a Large-Scale Multi-Coil Array: This paper
describes a larger coil array which uses the same coil configuration with the coil
array published in Publication 1. The coil array was built for measuring the rank
2 MPTs of small to medium sized firearms, such as pistols and SMGs. The large
coil array was used during two measurement campaigns at the UK’s National
Firearms Centre (NFC) where rank 2 MPTs of around 120 threat objects were
measured. The rank 2 MPTs of the threat objects were then combined with a
number of non-threat object MPTs to generate two datasets. Unsupervised
Machine Learning algorithms were then used to evaluate the clustering in the
datasets. The author shared the workload of manufacturing the large coil array
with the lead author of the paper, as well as the practical experiments run during
the measurement campaigns at the NFC. The author also run the experiments for

measuring the rank 2 MPTs of 90 non-threat objects. The author used the collected
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data to generate two training datasets and applied a number of clustering
algorithms (unsupervised machine learning) to the datasets for evaluating the

clustering of the objects.
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Abstract—The Magnetic Polarizability Tensor (MPT) is a
representative property of an electrically conducting or mag-
netic object that includes information about the object’s char-
acteristics such as, shape, size and material. The MPT is
especially relevant to metal detection (MD) and can be used to
improve MD performance by helping to distinguish between
objects. This paper describes an instrument intended to mea-
sure the MPT of objects such as anti-personnel landmines
and metallic clutter, up to 130 mm in diameter. The instrument
uses a novel multi-coil geometry to generate a uniform elec-
tromagnetic field over the volume containing the test object
to accurately determine the MPT. Performance tests of the
system shows peak variance in the MPT is approximately

——Eig 1-Re
Eig2-Re

1 100

1 10
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1 10
Frequency (kHz)

15 mm3. Typical experimental repeatability is better than one percent for tests involving copper disks. Additionally,
simulated data as well as previously published simulated and experimental data are used as a validation method of
the experimental results. Good agreement between these and the measured MPTs of example targets are seen, proving

the system’s capability of characterizing metallic objects.

Index Terms— Electromagnetic Induction Spectroscopy, Magnetic Polarizability Tensor, metal detection, metal classi-

fication.

|. INTRODUCTION

NTI-PERSONNEL (AP) landmines continue to be a

significant problem in post-conflict areas as they can
remain armed long after the conflict has ended. Clearing
an area of landmines is a slow and expensive process and
so landmines may remain undisturbed for many years. This
renders large areas of land unusable, preventing people from
using this land for agriculture, social and economic activity,
or housing. However, the biggest problem is that a landmine
is victim activated and cannot distinguish between military
personnel or civilians. Therefore, landmines in post-conflict
areas mostly cause damage to non-military people [1], [2].
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It is estimated that there are tens of millions of buried AP
landmines worldwide, which means with the current rate of
demining, it will take many years to clear all post-conflict
areas of landmines [3], [4].

Metal detection (MD) has been the common way to detect
landmines in humanitarian demining, which has more recently
been augmented by ground penetrating radar (GPR). However,
land in post-conflict areas usually have a high density of
metallic clutter in the soil, which results in a high false alarm
rate (FAR) from MD, which can hamper the demining process.
In some fields, deminers can find 100 clutter objects for each
landmine [5]. Clearly better differentiation would help.

The Magnetic Polarizability Tensor (MPT) is a representa-
tive electromagnetic object property, which depends on the
size, material and shape of an object. Recent progress in
mathematical theory has demonstrated that the MPT is the
coefficient array in the first term in an asymptotic expansion
of the perturbed field [6]-[9]. Although the motivation of
this paper is toward humanitarian demining, the MPT and
Electromagnetic Induction Spectroscopy have also been suc-
cessfully applied widely in MD, for example to the detection
of unexploded ordnance [10]-[12], walk-through metal detec-
tors [13], metal recycling [14], workpiece recognition [15],
non-destructive testing [16]-[18] and buried object detec-
tion [19]. MPT and broadband inductive sensing have also
been previously proposed for landmine detection [20]-[25].
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If an MPT library of landmines and common metallic clutter
found in post-conflict areas are to be constructed, landmine
detectors could utilize this library to reduce FAR and speed up
the demining process, especially when coupled to secondary
detection such as GPR.

Small-scale multiple coil arrangements have been reported
in the area of induction spectrometry. For example, Gold-
farb and Minervini [26] reported on the theory of mutual
inductance applied to AC spectrometry for small cylindrical
specimens. Additionally, West and Bailey [27] describe a
simplistic six coil arrangement used for the measurement of
the complex magnetic susceptibility of soils. However, those
systems have not been used to produce absolute measurements
of the MPT nor are of sufficient size to enable measurements
to be taken on larger objects such as AP landmines.

Previously, Scott and Larson have established an experimen-
tal test facility [24], [25] which enables the measurement of
the electromagnetic induction (EMI) response of target objects
as a function of location and orientation. The facility includes
a cart-based broadband EMI data collection system [28] and
a laboratory-based positioner [29] with 3D automated trans-
lational and semi-automated rotational stages. Additionally,
Scott and Larson developed dipole expansion and inversion
techniques used to measure the magnetic susceptibility of soils
and the polarizability of metallic objects [25], [30]. Reported
targets have included coplanar metal loops, AP landmines
and clutter items such as rifle cartridges and steel nails.
Good agreement between measured and theoretical model
parameters are presented for the case of single and triple
conducting loop targets as a function of relaxation frequency.

At the University of Manchester, an MPT measurement
system was previously built in [31], which was reported to
characterize MPTs of AP landmine surrogates and small metal
objects such as common clutter items found in post-conflict
areas [32]. However, measurements from the coil arrangement
were prone to drift, the system did not have a large region
of uniform electromagnetic field for measuring larger AP
landmines and was unable to characterize large objects due to
the small size of the measurement space. Additionally, the pre-
vious system only utilized a simple target manipulator, which
was unable to provide precise orientation of large targets.

This paper describes a new multi-coil arrangement with
custom electronics system and software, which is better suited
to the characterization of large objects such as landmines
and landmine surrogates. A wider frequency spectrum was
also used in the new system, extending to a lower frequency
of 100 Hz, thereby improving the characterization of objects
of lower conductivity and higher permeability. Commercial
demining metal detectors do not presently provide direct MPT
measurements. Additionally, although some experimental and
laboratory-based systems [10]-[12], [28]-[30] have generated
MPTs, these have often been for either large UXO type targets
or for test objects which are difficult to replicate accurately
in terms of size, shape, and material composition. Therefore,
to assess the performance of the new system, we have com-
pared the MPT data with previously obtained and published
US coins MPT data from [33] and AP landmine MPT data
from [32].

In this paper we start in Section II with describing the MPT,
how it can be measured experimentally and the design of a
coil arrangement for this purpose. Section III gives details of
the experimental setup for the MPT measurement arrangement
including the system electronics, controlling software for data
acquisition and the target orientation manipulator. Section IV
describes the methods used for characterization of the coils,
assessment of overall system performance, setup calibration
and acquisition of target data. Section V describes Finite
Element Method (FEM) simulations of the coil arrangement
and a sub-set of target objects. Section VI discusses the results
of the coil characterization and system performance tests. The
paper then shows the experimental results from the system
and compares them with previously published measured and
simulated data in section VII. Section VIII concludes the paper
with a discussion of system potential and further work.

Il. BACKGROUND

A. Magnetic Polarizability Tensor

Every conductive object gives a response to an applied
electromagnetic field. In the eddy current approximation,
the leading order term of the response is determined by the
MPT of the object [34]. The MPT is an object specific property
that depends on the shape, size, object’s orientation and
material composition. Consequently, when a metal detector
generates an electromagnetic field near an object, the response
that is measured by the receive coil is determined to a first
approximation by the MPT [31]-[37]. The MPT in (1) is a
3 x 3 matrix of complex, frequency dependent coefficients.
At a fixed frequency f, low enough for the eddy current
approximation to be valid, the MPT matrix is symmetric and
has six unique complex coefficients.

M+ My My, + My M+ My
M(f)=| My My My, + My My +jMy:" | (1)
Méx'f‘jsz// Méy +jMZ)’// Méz"*'jMZZU

If constructing the MPT matrix by measurements, at least
six complex suitably chosen measurements of the object are
needed. However, in practice more orientations are used to
improve accuracy [32]. The induced voltage Vj,q in a receive
coil, where [ is the virtual electrical current in the receive
coil satisfies (2). H is the primary electromagnetic field
as a vector representing the produced field by the coil in
three-dimensional space, superscript T means transposed and
subscript T and R correspond to transmit and receive coils,
respectively.

~ . 0
Vina= — Jznf”THWHR )

To get coefficients in M, multiple independent complex
measurements of Vj,; at each frequency are required for
different transmitter and receiver field orientations to build
a system of linear equations. To calculate all six unique
components in the MPT matrix, the object should be rotated
into at least six different orientations. By measuring V;,s and
calculating alignment of Hr and H g with the target, a linear
equation for each orientation can be constructed using (2),
where the only unknown is M. Then, least squares method
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can be used to calculate the MPT coefficients [38]. A nearly
uniform electromagnetic field is needed near the object for this
application as when non-uniform field is used, higher order
terms in the asymptotic expansion also become apparent [9].
For calculating rotated electromagnetic fields of transmit and
receive coils for each orientation, which are same for both
coils if they are coaxial, rotation matrix can be used as in (3):

3)

The MPT is frequency dependent, which means that mea-
suring MPT at different frequencies provides a more detailed
information set so a stronger basis for discrimination. How-
ever, the orientation dependency of the MPT makes it dif-
ficult to characterize a target object, where the orientation is
unknown. Therefore, eigenvalues of the MPTs are used in clas-
sification, which are not orientation dependent. Eigenvalues of
MPT are responses generated when the primary field is aligned
with one of object’s principal axes [39]. Diagonal matrix, A,
in (4) shows eigenvalues of the MPT matrix M.

H'=R H®

A+ A 0 0
A(f)= 0 Ayy'+ A" 0 )
0 0 A+ A"

B. Coil Design

To calculate the MPT of an object, the applied field needs
to be accurately known. One of the key requirements of the
system is to generate a parallel uniform magnetic field over
a region of approximately 13 cm x 13 cm x 13 cm. This
volume space being representative of a typical AP landmine
or landmine surrogate [40]. To achieve uniformity over this
volume the coil arrangement design is based on Helmholtz
coil [41] principles and the application of the Biot-Savart Law.

According to Biot-Savart Law in (5), a magnetic field B
is produced when a current / passes through a conductor
with linear segment DL, where 72 is the displacement vector
between point of observation and midpoint 7:
DL x #

47 72

Circular coils could be represented by piecewise linear
elements. The magnetic field generated by each coil segment
can then be calculated using (5).

Individual coil arrangements of candidate systems were
generated using bespoke MATLAB based code to calculate
the field over the desired volume. Coil geometry variables
included the number of coils, the coil positions and the
number of turns. A bespoke optimizer algorithm utilizing the
Biot-Savart Law and Helmholtz coil principles determined
field distributions. The optimizer algorithm generated multiple
geometries that could create a uniform field. One of the
generated geometries from the optimizer was chosen that best
satisfied the most appropriate practical coil arrangement.

5

[1l. EXPERIMENTAL SETUP
A. System Overview

The main system consists of three main parts, which are
a coaxial coil arrangement, system electronics and control

Microcontroller

]
\

Transimpedance
PC
— Control Signal

o~
T

\\_J

I—Current Meas.

Receive Coll Signal

Inverting
Excitation Signal

Current Measurement Coil

Receive Coil Signal=—jp=—

Non-Inverting
Excitation Signal

eceive Coil 2 _Receive Coil 1

Transmit Coil

o
-

Fig. 1. System schematic showing signal routing between coils,
electronics and the data acquisition PC.

software on a PC. The custom-made control software is
used to transmit control signals e.g. frequency, amplitude and
digital signal processing settings to a microcontroller. The
microcontroller is then used to generate excitation signals for
the power amplifiers driving the transmit coils. Measurement
signals from the receive coils are filtered and amplified by
bespoke receive electronics. These measurements are con-
verted to transimpedance values by the microcontroller after
applying digital signal processing (DSP) and sent to the
PC. Value averaging and MPT inversion are then performed
by the control software. The system schematic is shown
in Fig. 1.

B. Coil Arrangement

The coil arrangement in Fig. 2 consists of a coaxial transmit
coil with 240 mm diameter and two coaxial receive coils with
220 mm diameter. Additionally, a two-turn pick-up coil posi-
tioned at the base of the coils is used for current measurement.
Position of the pick-up was deemed to give minimal interaction
with target objects. Design of the coils are based on the method
described in section II-B and the overall height of the resulting
coil arrangement is 500 mm. The transmit coil is made up
of 2.1 mm enamelled copper wire wound as nine separate
coil sections (turns: 11:3:5:5:5:5:5:3:11) connected in series
addition. The two receive coils are connected in series oppo-
sition with each coil made up of 1.2 mm PVC insulated wire
wound as four coil sections (turn: 27:18:18:49:49:18:18:27).
The coils are optimized for the range between 100 Hz
to 100 kHz so the resonant frequencies of the transmit
and receive coil impedances are outside of the operating
frequency spectrum. All coils are wound around glass fibre
reinforced plastic hollow cylinders and are encapsulated in
epoxy resin. The arrangement is painted with conductive
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Tx2 Rx2
™3
x4 Rx3
T Rx4
X Rx5
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X7
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Tx8
™9 Rx8
(b)
Fig. 2. The coil arrangement. Figure (a) is the schematic of the coll

geometry and (b) the constructed coil arrangement.

R1 R2

ADCA1
ADC2

}F{Jut

ETH <

Fig. 3. Input data signal processing chain.

paint (surface resistivity: 55€Q/sq/50 microns) for electrostatic
shielding.

C. Electronics

Main system electronics consists of transmit and receive
electronics, power supply units and the microcontroller. The
system is powered by two 18 V, 350 W power supply
units (PSU) for the amplifiers and a 12 V, 80 W PSU for
the microcontroller and electronics box cooling fans. A Red
Pitaya model (STEMlab 125-14) is used as controller and
signal processor for the system. The transmit electronics
are implemented on a four-layer PCB and consists of an
instrumentation amplifier, twenty power amplifiers and a band
pass filter at the input for removing both AC and Digital-
to-Analogue Converter’s (DAC) switching noise. Half of the
power amplifiers are configured as non-inverting while the
rest are configured as inverting amplifiers. Each amplifier
(Analog Devices LT 1210) is powered with £18 V and can
output 32 V peak-to-peak voltage. By utilizing ten inverting
and ten non-inverting configurations working in parallel in a
differential configuration, the transmit circuit is able to output
64 V peak-to-peak at 10 A (640 W reactive power) to the
transmit coil. Receive electronics consists of two identical cir-
cuits on two-layer PCBs, each consisting of an instrumentation
amplifier (Analog Devices AD8429) and an active band-pass
filter.

Fig. 4. Mechanical orientation manipulator 3D model showing (a) the
target rotating plate, (b) Type 72A landmine surrogate, (c) measurement
protractor and (d) the manually operated drive belt.

E e

(c) (d)
Fig. 5. Example target test objects showing copper disk, cone and
AP landmine surrogates. Object (a) copper disk viewed from above
and measuring 30 mm in diameter and 2 mm in thickness, (b) cop-
per cone measuring 30 mm in height with a 30 mm diameter base,
(c) TS-50 landmine surrogate and (d) Type 72A landmine surrogate.
Black lines under each object represent a centimeter for scale.

(a)

D. Data Acquisition and Digital Signal Processing

The data acquisition and processing are performed by a
Xilinx Zynq7000 system-on-chip (SoC), combining a
dual-core ARM Cortex A7 processing and Xilinx 7-series
FPGA. The SoC is mounted on a Red Pitaya, which also
includes two 125 MSPS, 14-bit, Analogue-to-Digital Con-
verter (ADC) channels and two DAC channels, also at
125 MSPS and 14-bits. The ADCs and DACs are interfaced
with the FPGA fabric in the SoC, to ensure accurate timing
between all four channels. The system is modified from one
previously designed spectroscopic metal detector [42], [43].
The data processing on the SoC is split between the FPGA
fabric and the ARM cores; the full processing chain is shown
in Fig. 3 in block form.

The first step is a down sampling low-pass filter (with
rate RI), followed by a step, which generates blocks with N
samples. These blocks are then further down sampled (by a
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Fig. 7. (a) shows individual impedance curves of the receive coils before and after balancing the impedances while (b) shows the transimpedance
between transmit coil and the receive coils, connected in series opposition, before and after the receive coils were balanced.

rate R2) and sent to the ARM cores. The samples are then
transformed using an N-point RFFT and the harmonics of
interest are extracted. The final output is calculated by dividing
the extracted harmonics from ADCI by ADC2, to calculate the
transimpedance. The results are transmitted to the host PC via
Ethernet, using Linux on the ARM processor. The effective
sampling frequency, output data rate and the fundamental fre-
quency of the system are given in (6), (7) and (8) respectively,
where ADC frequency (fapc) is always 125 MSPS.

_ Japc
fs =" (6)
_ I
Jou = N Ra @
fo= % (8)

The output signal path consists of a lookup table in the
FPGA (of length N) for the transmit signal, which is read at
the sampling frequency f;. The data can be output at this rate,
or up sampled to fapc via a linear interpolator or cascaded
integrator-comb filter, which can be configured at runtime.
The parameters R/, R2 and N are also configurable at run-
time, so that the sampling frequency, fundamental frequency
and output frequencies can be configured depending on the

application needs. A low fundamental frequency reduces the
acquisition speed of the system. Therefore, in this experiment
the parameters R/ and N were changed as the frequency sweep
progresses. This allows for granular sweep at low frequencies,
while speeding up the acquisition rate at higher frequencies.

E. Control Software

The control software was written in Python 3.7 and allows
the user to set experiment settings by a graphical user inter-
face (GUI). The control of frequency sweeps, data logging and
processing, MPT inversion and plotting are done automatically
by the control software. The final output folder contains raw
data, calibrated transimpedance values and MPT eigenvalues.

F. Target Orientation Manipulator

The custom-built target orientation manipulator shown in
Fig. 4 is used to place and rotate objects in the coil arrange-
ment, which has rotational precision of approximately 1°. It is
manually operated and can rotate target objects around one
axis. This means that only objects with symmetrical geometry
can be measured as this methodology assumes the axis of
rotation is aligned with an eigenvector of the object.
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IV. METHOD

An impedance analyser (Solatron 1260A) was used to
measure the impedance characteristics of the coil arrangement.
This was performed for the nine transmit coils connected in
series wound in the same sense. This was also repeated for
each receive coil. Impedance measurements were repeated
five times to eliminate any error originating from noise
contributions.

Before starting an experiment, all settings were set using
the GUI and the system was left running for at least half
an hour. This enabled the system to reach a steady-state
temperature and minimize measurement drift caused by sys-
tem temperature changes. Additionally, all experiments were
performed in a temperature-controlled environment to prevent
significant ambient temperature changes, in order to minimize
thermal drift. A background measurement was first taken with
no object in the coils. Then, this was subtracted from the
measurements with the target object in the coils. After this,
a NiZn ferrite rod (Ferroxcube ROD10/40-4B2-L) was placed
in the coils for calibration as a pure real response is expected
from the rod across the frequency range used. Phase correction
for each frequency was done according to the ferrite rod’s
results using (9). The correction values were then restored and

applied to all subsequent target measurements.

e /o

| Zo|

The noise floor of the system was quantified by performing
measurements with no object in the coils and then subtracting
the background field from the measurements. Measurement
drift was quantified by measuring transimpedance with no
target object in the coils over a defined time scale and using
the same background subtraction method for all measurements.
Experimental repeatability was evaluated by repeating the
same measurement protocol with a copper disk for ten times
over a period of 48 hours. Each separate measurement lasted
one hour and was temporally spaced by approximately two
hours.

MPTs were acquired by rotating each target object in the
coils twenty-four times with fifteen-degree steps using the
target orientation manipulator in Fig. 4. After each rotational
increment, the background field subtraction was updated to
further minimize drift and improve experimental repeatability.
After all orientations were measured, the control software
calculated the MPTs and output MPT eigenvalues and the
associated plots. A subset of target objects is shown in Fig. 5.
The landmine surrogates were provided by Fenix Insight UK.

Zcalibrated = Zo X 9)

V. ColL GEOMETRY MODELING AND SIMULATIONS

The simulation geometry comprised of an outer free-space
region and the coil arrangement simplified into segmented
3D rings of the nine transmit and eight receive coils as
shown in Fig. 2(a). Coil excitation used current distributions
normalized to the transmit coil with the fewest number of
turns. Simulations for comparison with experimental measure-
ments involved the rotation of the target object positioned
in the most sensitive and uniform field region of the coil
arrangement. Target rotations used 15° increments from 0° to
345° at either single fixed frequencies or spectroscopically in
the range of 10 Hz to 100 MHz in ten logarithmic increments
per decade. For disk targets typical meshing involved a FEM
model of approximately 150k tetrahedral elements in total
per rotational geometry with between 12k to 20k elements



19328

IEEE SENSORS JOURNAL, VOL. 21, NO. 17, SEPTEMBER 1, 2021

Real Transimpedance (Ohms)

-12 t t

0.1 1 10
Frequency (kHz)

100

x 106

5]

o

(9]

ha

-

Imaginary Transimpedance (Ohms)

=]

i il i
+ T +

il i AN
Tttt + i

100

0.1 1 10
Frequency (kHz)

Fig. 10. Average of the transimpedance values of ten consecutive experiments with error bars showing the range of maximum and minimum values
for each transimpedance. Plots show (a) real and (b) imaginary transimpedance values. The deviation in the data is approximately two orders of
magnitude smaller compared with the absolute transimpedance values, which gives the appearance of single horizontal tick lines for the plotted
error bars in the main plots. The upper right insert region in the plots shows the typical small deviation across the experiments, which is not easily

discernible in the main plots. This is quantified in TABLE I.

per disk. This increasing to approaching 200k tetrahedral
elements per whole FEM and approximately 30k elements for
simulations involving cone targets. For the non-target case,
2D axial-symmetric- simulations were carried out to assess
the field uniformity of the coil arrangement as shown in
Fig. 6. The uniformity was verified by measuring the MPT
of a stainless-steel ball bearing of 1 cm in diameter at various
locations on and off-axis within the measurement region. The
standard deviation of the MPT was found to be 30 mm3,
which is the same order of magnitude as the noise floor.
Simulations were performed using the FEM solver, Maxwell,
(Ansys Electromagnetics Suite, Release 19.2).

VI. ColL CHARACTERIZATION AND
SYSTEM PERFORMANCE

Although both receive coils were designed to be identical,
in practice, their impedances across the adopted frequency
range were not the same. Coil Rx1 was found to exhibit a
resonance peak at 371 kHz, while coil Rx2 yielded a resonance
peak at approximately 478 kHz, due to differing lengths
and spacing of constituent wires. To reduce the resonance
effects, a parallel capacitance of 15 pF was used. Additionally,
a parallel resistance of 43 kQ was added to coil Rx1 and
56 kQ was added to coil Rx2. The effect of the additional
passive components on linearity and resonance is shown in
Fig. 7(a). The addition of the passive component networks has
effectively increased the linearity towards the higher end of the
operating frequency spectrum. The measured transimpedance
between the transmit and the receive coils are shown in
Fig. 7(b). As seen from the plot, the resonance frequency
is approximately 250 kHz, which is above the maximum
operating frequency of the system.

System performance was measured by evaluating measure-
ment drift, the noise floor characteristics and experimen-
tal repeatability. From the measured drift curves shown in
Fig. 8(a), it can be clearly seen that most of the drift happens
in the first sixty minutes. The results of the drift measurement
were then compared to the transimpedance measurements of
the copper disk at 50 kHz, shown as straight dashed lines,

in Fig. 8(b). Time interval to update the background was
determined by evaluating this figure. The measured noise floor
was compared to transimpedance measurements of a copper
disk having a diameter of 30 mm and thickness of 2 mm
as shown in Fig. 9 in dB scale. As can be seen, there is
a minimum of 20 dB difference between noise floor and
signal across the measured frequency spectrum. In addition,
the variance in MPT measurements is between —78 dB and
—100 dB, which is approximately 15 mm?.

Quantification of experimental repeatability was evaluated
by using the largest and smallest values of the MPT eigenval-
ues for a given frequency in normalized RMS error (NRMSE)
as defined by (10). In the NRMSE equation, n is number of
measurement frequencies, Expt; is the maximum or minimum
transimpedance value at frequency i, Expt(Avg); is the average
of the transimpedance values for frequency i and Expt(Avg)
is the average of average transimpedance values for all fre-
quencies. Lower NRMSE values mean better experimental
repeatability.

\/ I (Bxpti—Expt(Avg),)>
n

NRMSE = (10)

Expt(Avg)
TABLE I presents the NRMSE values for the copper disk.
Fig. 10 also shows the variation of eigenvalues from all
experiments for each frequency compared to the average using
error bars, where most of the maximum and minimum values
can only be discerned as a single line. This represents a typical
result of only 0.54% average difference between maximum and
minimum real transimpedance values and 0.62% imaginary
transimpedance values across all frequencies, which indicates
excellent experimental repeatability.

VIl. RESULTS
MPTs of various objects were measured with the multi-coil
arrangement and compared. A range of US Dollar coins
were compared with simulations and measurements acquired
from our previous measurement system, which were published
in [32], [33]. Both simulations and previous measurements
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Fig. 11. Measured real and imaginary MPT eigenvalues for US coinage, compared with simulated and previously published MPT results are shown.
Plots (a-b) one cent, (c-d) dime, (e-f) half dollar and (g-h) nickel. Expt 1 and Sim are values for experimental and simulated results from [33] while
Expt 2 is experimental data from the new system.
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Real and Imaginary MPT eigenvalues of two geometrically identical cones, which are 30 mm in both diameter and height. Plots

(a-b) copper and (c-d) brass cones, respectively. Expt is experimental data from the new system and Sim is the simulated data. Conductivity
of 58 MS/m and 13.9 MS/m were used for copper and brass cones, respectively.

TABLE |
NRMSE oOF DIFFERENCES BETWEEN MAXIMUM AND MINIMUM
TRANSIMPEDANCE EIGENVALUES COMPARED TO THE AVERAGE

Real Eigenvalues Imaginary Eigenvalues

Min Max Min Max

Copper Disk ~ 0.0017 0.0023 0.0033 0.0037

of objects” MPTs were used as a verification method of the
system’s ability to measure MPTs of objects, as MPTs are
object specific and do not change depending on how they are
obtained. Additionally, measured MPT’s were compared with
FEM simulations of copper and brass cones.

Fig. 11 shows objects measured, which are compared with
both simulations and previous measurements, Fig. 12 shows
objects measured, which are compared with simulations and
Fig. 13 compares measured surrogate landmines with previous
measurements. NRMSE values are shown for the experimental
results in TABLE II compared with both previously published
measured and simulated MPTs where available. NRMSE val-
ues comparing recent and past experimental data are shown in
Experimental Eigenvalues column while the NRMSE values
comparing recent experimental data with simulated data are
shown in Simulated Eigenvalues column.

There is good agreement between experimental results
for US coins with our previously published simulated and

TABLE Il
NRMSE oF DIFFERENCES BETWEEN MEASURED MPT EIGENVALUES
COMPARED TO THE PREVIOUSLY PUBLISHED MEASURED AND
SIMULATED MPT EIGENVALUES

Experimental Eigenvalues Simulated Eigenvalues

Eigenvalue 1 Eigenvalue2 Eigenvalue | Eigenvalue 2

Re Im Re Im Re Im Re Im

One Cent  0.270 0.052 0.023 0.025 0.516 0.300 0.073 0.091
Nickel 3.290 0.138 0.044 0.025 0.367 0.535 0.046 0.042
Dime 0.618 0.061 0.059 0.066 0.755 0.304 0.146 0.142

Half Dollar 0.072 0.043 0.009 0.021 0.273 0.305 0.042 0.108

Copper Cone N/A  N/A N/A N/A 0.117 0.127 0.033 0.057

BrassCone N/A N/A  N/A N/A 0.125 0.095 0.033 0.039

Type 72A 0370 0.032 0.597 0.048 N/A NA NA NA
TS-50 4863 0278 0.250 0.105 N/A N/A NA NA

experimental data. For example, for the one-cent coin, recent
experimental data acquired from the multi-coil arrangement,
labelled Expt 2 follow the same curve with previously pub-
lished experimental data, labelled Expt 1. Magnitudes and the
horizontal positions of loss-peaks are within two percent for
both eigenvalues. Loss-peak magnitudes for simulation and
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Fig. 13. Real and imaginary MPT eigenvalues of target anti-personnel landmines. Plot (a-b) Type-72A landmine surrogate and (c-d) TS-50 landmine
surrogate. Expt 1 refers to previous experimental data from [32] and Expt 2 is for the experimental data from the new system.

experimental data are within twelve and three percent of each
other for eigenvalue one and two, respectively.

Additionally, the magnitude of the measured MPT and
frequency of the loss peak of the one cent coin are the same
order of magnitude with the work of Scott and Larson [29].
However, a full comparison cannot be made as only five
frequency points were presented in [29] while thirty are used
in our system. Furthermore, [29] does not present full real
and imaginary eigenvalue components which would allow for
a direct comparison with our work.

The main source of error between experimental data col-
lected with the new system and previous simulated data for
US coins from [33] is due to simulation models assuming
coins only to be simple cylinders with no attempt to describe
additional geometrical features e.g. reeded edges, legend or
design relief. Additionally, material composition of the coins
was also assumed to be homogenous in simulations while this
is not the case in physical reality, as coins are made of complex
alloys. The inability of the FEM process to accurately describe
the true physical and electrical nature of coins is more fully
described in [33].

For cone shaped targets in Fig. 12 the overall agreement
between experiment and simulation data are also generally
good, with the FEM results validating the experimental data
acquired from the coil arrangement. For example, for the
copper cone, loss-peak magnitudes between experimental and
simulated MPTs for eigenvalue 1 are within ten percent of each

other and are within five percent for eigenvalue 2. Position of
the loss-peaks in the frequency spectrum are within ten percent
of each other for eigenvalue 1 and seven percent for eigenvalue
2. Such differences are to be expected due to the FEM model
only being an approximate geometrical representation of the
actual physical coil arrangement in terms of e.g. conductor
thickness, coil positions and diameters. Additionally, for com-
putational simplicity, the FEM model describes both transmit
and receive coils as simplified segmented polygons. Similarly,
to constrain the meshing level within the FEM, targets such
as cones have been simplified using rounded edges, which
are not present in physical reality. Simplifications of this type
are a necessary trade-off between modelling accuracy and the
available computational resources.

There is also a good agreement between measured surrogate
landmine MPTs with previously published measured data.
Magnitudes and the horizontal positions of the loss-peaks are
within two percent of each other for the Type-72A surrogate
landmine and within five percent for the TS-50 surrogate
landmine. There is an upward trend towards the end of the
spectrum of real MPT eigenvalues measured by the previous
system for Type-72A surrogate landmine. This is potentially
caused by the generated magnetic field not being entirely
uniform in the previous system for the volume covered by
the landmine. In addition, the higher NRMSE values for real
MPT eigenvalues for both landmines are caused by the MPT
curves changing signs through the frequency spectrum.
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VIIl. CONCLUSION AND FUTURE WORK

A multi-coil arrangement system has been designed and
constructed for accurately measuring MPTs of anti-personnel
(AP) landmines and similar sized metallic objects. Noise and
drift performance of the system in addition to experimental
repeatability have been presented. Experimental results were
compared with previously published simulated and experimen-
tal data, which proved the ability of the system for measuring
MPTs of objects. This verified the ability of the system
to measure MPTs accurately. The novelty of the presented
coil arrangement is its ability to generate a primary field
of sufficient uniformity to satisfy the rank-2 MPT dipole
approximation described by (2) for three-dimensional target
interrogation of large objects such as AP landmines.

Measuring MPTs of non-symmetrical objects by improving
software and building a target orientation manipulator that can
automatically rotate objects in three-dimensional space are the
main areas of future work. This will then allow the building
of a comprehensive MPT library containing anti-personnel
landmines and common metallic clutter found in post-conflict
areas. The future challenge will be to apply such a library
initially to aid in the development of efficient metal detection
algorithms and subsequently, to provide a real-time compari-
son within the field with metal detection technology capable of
providing direct MPT measurements. However, to utilize the
MPT in practical demining operations several challenges need
to be addressed to discriminate between clutter items and AP
landmines. In particular, multiple lateral sensor spacing needs
to exist to correctly interrogate the target in three-dimensional
space for MPT inversion. Additionally, highly magnetic soils
pose a challenge for accurate MPT measurement due to the
electromagnetic behaviour of soils [44]. The issues of lateral
and multiple coil spacing has been described in [10], [12]
and is the topic of ongoing research in [19]. Once these
issues are further understood, laboratory-based instruments for
accurately measuring MPTs such as the one presented in this
paper, will be vital in aiding the reduction of false alarms in
the field.
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Abstract— The Magnetic Polarizability Tensor (MPT) is g Xx10°
a representative electromagnetic property of a metallic P Eigl-Re
object, which depends on the size, material, shape, and £ 4 Eig2 -Re
excitation frequency of the object. The MPT can be used e 0 o
to describe the response of metal detector systems and =4
improve target classification performance in applications -8
utilizing electromagnetic induction spectroscopy. 01 1 10 100
However, for target characterization, a library of possible 3 X 10°
target objects needs to be created which can be used for = Eigl-Im
training machine learning classifiers. To supplement and E2 Egij:’“
benchmark our existing library of simulated and £ M
measured MPT object characterizations, it is necessary to =3
be able to measure object characterizations accurately g - " - -

and efficiently. This paper describes a novel method
utilizing a truncated icosahedron shaped manipulator and
procedure to measure MPT characterizations of non-symmetrical, irregular objects. This new method allows the
measurement of the MPT of any appropriately sized object. The method also ensures the MPT characterizations are
measured quickly and are well posed, without sacrificing accuracy. Performance of the method is validated by
comparing experiment results acquired using the new method with experiment results acquired using a slower method
for symmetrical objects as well as synthetic results generated using a commercial finite element package and an
optimized dedicated open source MPT-Calculator package, which offers high accuracy and considerable
computational advantages. Good agreement between the new method and the other three methods is seen. For all
objects that have been characterized, MPT loss-peak magnitude and horizontal positions from all described methods
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are within five percent of each other at worst.
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[. INTRODUCTION

The Magnetic Polarizability Tensor (MPT) is a
representative electromagnetic property of a metallic object,
which depends on the size, material, shape, and excitation
frequency of the object. Recent progress in mathematical theory
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has demonstrated that the MPT provides the object
characterization in the leading order term of the asymptotic
expansion of the perturbed magnetic field in the presence of a
conducting permeable object [1]-[4]. The MPT along with
Electromagnetic  Induction  Spectroscopy have been
successfully applied in the area of metal detection e.g. the
detection of unexploded ordnance [5]-[8], walk-through metal
detectors [9], metal classification and recognition [10], [11],
Non Destructive Testing (NDT) [12]-[14], and buried object
detection [15]. MPT and broadband inductive sensing have also
been previously proposed for landmine detection [16]-[24]. All
these application areas have adopted some system-specific
methodology to interrogate effectively the object of interest in
three-dimensional space in order to calculate the MPT.

To measure the MPT of an object, its electromagnetic
signature needs to be examined from several directions and with
different applied field orientations. Several authors have
described their system-specific methodology of experimentally
determining the MPT. One particular approach is to use
multiple coil arrangements. For example, the handheld sensor
described in [5] uses five receive coils at different locations and
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the whole sensor is moved around the target object to subject it
to fields from different directions. A similar approach was taken
in [6] by moving a handheld sensor (Geophex GEM-3) above
the target to retrieve the MPT. However, the reported
methodology only covers objects with symmetrical geometries.
A non-linear inversion methodology was used in [7] by
applying Gauss-Newton algorithm to data acquired from [5]
and [8], where multiple coils are used. The multiple coil
approach has also been used in walk-through metal detectors
for determining the MPT e.g. Makkonen et a/ describes [9] a
system used for object classification via determination of the
spectroscopic tensor. In this case, a Levenberg—Marquardt
algorithm was used to solve the optimization problem to arrive
at the MPT from the Electromagnetic Induction (EMI) data
where position and orientation of the target objects were not
known. Another novel multiple coil arrangement has been
reported in [11] which uses eight coils positioned in a circular
array around the target object. The system was used for
workpiece  recognition by capturing electromagnetic
characteristics of the target object at different angles at the same
time as opposed to rotating the sensor or the object.

An alternative approach to using multiple coils is to either
rotate or move the target object with respect to a known primary
field thereby effectively interrogating the target in the three-
dimensional field space. Scott and Larson [20], [21] describe a
laboratory positioner with three automated translational stages,
two automated rotational stages (yaw and pitch), and one
manually adjusted roll stage. An EMI sensor array fixed to the
positioner enables the measurement of the induction response
of a target as a function of position. The system has been used
to characterize targets such as AP landmines, rifle cartridges
and steel nails and in [20] report MPT data generated using a
dipole expansion and inversion technique [21] developed for
the measurement of the magnetic susceptibility of soils and the
polarizability of metallic objects. Objects were rotated in steps
around the x-axis continuously where the rotation on other two
axes were stepped once one rotation was complete around the
x-axis. Each experiment lasted 19 hours caused by the large
amount of data points. A least squares method was then used to
arrive at the MPT characterizations of the target objects using
responses from each orientation.

MPT calculation has also been applied to planar coil
arrangements. Ambrus et al present simulated data from seven
different planar coil geometries applied to test three different
MPT inversion methods [15]. Optimized coil geometries
ranged from single transmit and receive coil to single transmit
and nine receive coils arranged in such a way as to best
interrogate the target object space. Evaluated algorithms
included non-linear least squares, conjugate gradient,
Levenberg-Marquardt and  Broyden-Fletcher-Goldfarb-
Shannon (BFGS) methods applied to simulated buried
cylindrical objects. Zhao et al [16] has also evaluated the
performance of different inversion methods applied to different
coil geometries and measurement protocols.  Explored
geometries included in-line axial scanning, multi-position
measurements over a coplanar coils and target rotation within a
balanced coaxial coil arrangement utilizing one transmit and
two receive coils. A least squares inversion method was also
applied in [17] to synthetic planar coil data to arrive at MPTs

and estimate object location in the application area of
humanitarian demining. Application of a non-linear inversion
method (not specified) was suggested for synthetic planar coil
data taken at different locations compared to the object in [18]
where the non-linearity of the problem was caused by the
object’s location being unknown.

Given an object’s shape, size and material parameters the
MPT of an object as a function of frequency (known as its
spectral signature) can also be computed numerically using, for
instance, the finite element method. To accelerate computations
of the MPT spectral signature a proper orthogonal
decomposition reduced order model with a-posteriori error
estimates has been developed in the form of the open source
MPT-Calculator software [25], which has been used to produce
MPT spectral signatures of realistic threat objects [26] resulting
in the open MPT-Library dataset. This approach employs a
higher order Finite Element Method (FEM) accelerated by a
reduced order model for rapid computation of the MPT spectral
signatures. A comparison of different machine learning
approaches has been presented in [27], with classification learnt
from invariant MPT spectral signatures.

As outlined by the literature, accurate determination of the
MPT depends upon many contributing factors including the
sensor coil geometry, measurement protocol, acquired signal to
noise level and appropriate selection of an inverse solution
method. The interaction of these factors is not always well
understood. Additionally, knowledge of how the target object
interrogates the applied primary field space is a crucial
requirement. For uniform fields and symmetrical objects this
can be simplified by target rotations about simple orthogonal
planes. For non-symmetrical targets, the interaction between
applied field and target becomes more complex and simple
rotations around orthogonal planes may either be insufficient to
acquire an accurate MPT or become overly time consuming.

One of the motivations of MPT research is to develop a
comprehensive library of objects in order to distinguish
between threat and benign targets. For example, clutter items
in post-conflict areas have a detrimental effect on the False
Alarm Rate (FAR) in humanitarian demining [28]. If an MPT
library of landmines and common metallic clutter found in post-
conflict areas is to be constructed, landmine detectors could
utilize this library to reduce FAR and speed up the demining
process, especially when coupled to secondary detection such
as GPR [28]. However, such a library could only be constructed
with an efficient and fast method of characterizing objects.

In [22], an MPT measurement system utilizing a multi-coil
arrangement with custom electronics and software is described.
The system uses a wide frequency spectrum and is able to
characterize large objects such as AP landmines, and landmine
surrogates. However, the Target Orientation Manipulator
(TOM) in [22] only rotates objects around one axis, therefore,
only objects with symmetrical shape and homogeneous material
distribution can be characterized, without multiple manual
iterations. Consequently, we propose a new target rotational
measurement protocol involving a set of orientations which are
sufficient to acquire accurate MPTs.

This paper describes an efficient method utilizing a truncated
icosahedron shaped TOM for characterizing MPTs of non-
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symmetrical and non-homogeneous objects. Experimental data
acquired using this novel TOM are compared with data
acquired using the TOM in [22] for validation. The data is then
further validated using synthetic data generated by a
commercial FEM package and the open source MPT-Calculator
simulation method described in [26].

In this paper, Section II describes the MPT, the underlying
mathematical theory and how it can be related to real
measurements. We also describe the geometry that we used for
the TOM and why it is a well posed solution for non-
symmetrical object characterization. Section III describes the
experimental setup used for MPT measurement which involves
the coil arrangement, system electronics, control software and
the new target orientation manipulator. Section I'V describes the
experimental procedure followed to characterize MPT of target
objects. Sections V and VI discuss the FEM and the MPT
Calculator, respectively, which are used for generating
synthetic data to validate experimental data. The experimental
and synthetic data are then presented and compared in Section
VII to prove the method’s performance. Finally, Section VIII
concludes the paper with a discussion of the experimental
method’s potential and further work.

[I. BACKGROUND

A. Magnetic Polarizability Tensor

Our interest lies in characterizing hidden conducting
permeable objects when the eddy current approximation of the
Maxwell system, i.e. when the excitation frequency w is small
and conductivity g, of an object high (a more formal definition
also involves the shape of the object [29] and its magnetic
permeability p,,). Given orthonormal coordinate basis vectors
e;,i =123, the complex symmetric rank 2 magnetic
polarizability tensor (MPT)

M = (M)ijei ® €j, (1)

which is a function of the object’s shape, its size a as well as
WU, 0,, w, has been shown to provide object characterization
information in the leading order term of an asymptotic
expansion of the perturbed magnetic field in the form

(H, — Hy)(x); = (D3G(x, Z))ij(M)jk(HO(z))k + R(x); (2)

as a — 0. In the above, G(x,z) = 1/(4 m|x — z|) denotes the
free space Laplace Green’s function, Hy(z) the background
field at the position of the object and R(x) a residual term with
a known form, as shown by Ledger and Lionheart [1]-[4].
Furthermore, in these works, Ledger and Lionheart give several
different equivalent expressions for computing (M), as a
post-processing step once a vector valued transmission problem
has been solved and explain its mathematical properties,
including its behavior with w.

In [2] Ledger and Lionheart explain the connection between
(2) and the perturbed voltage measured by a metal detector for
several practical scenarios. In the case of small coils placed a
long way from the metal detector, the perturbed voltage is in the
form m - (H, — H,)(x) where m is the dipole moment of the
measurement coil, while, for larger coils placed close to the
object, then integrals of the form

f n- (Hy, — Ho)(x) dx 3)
S

over appropriate cross-sectional surfaces of measurement coils
with unit normal n predict the perturbed voltage. In both cases
the perturbed voltage can be shown [2] to reduce to the form

AV = H{"(2) - (MH{" (2)) 4)

where HYS(z) is the background field at the position of the
object that would result if the measurement coil(s) is used an
excitor and H!"(z) = Hy(z) is the background field resulting
from the transmitting coil at the position of the object.

B. Truncated Icosahedron

The MPT has at most 6 independent complex coefficients
and transforms under rotation as

(M)l_] = (R)Lp(R)]q (M)pq (5)
where R is the orthogonal rotation matrix describing the object
transformation. To determine the MPT coefficients (M);;, it is
important that measurements of AV are made at sufficiently
many, appropriately chosen rotations of the object. Just
choosing 6 randomly chosen rotations is not guaranteed to fully
determine (M);; unless the directions are independent.
Furthermore, in order minimize measurement errors, many
more than 6 directions and measurements are preferred. To
ensure consistency and accuracy of measurements, as well as to
accelerate MPT measurements, an approach whereby the
rotations of the object can always be guaranteed to be the same
is desired.

A truncated icosahedron (tI) [30], [31] as shown in Fig. 1 is
an Archimedean polyhedral solid object with 32 faces
comprising of 12 regular pentagons and 20 regular hexagons.
Many will recognise the pattern of faces as being the same as
used in a traditional football (soccer ball in the U.S.). The
pentakis dodecahedron [32] is the dual polyhedron of the tI, the
vertices of the former being projections of the face centres of
the truncated icosahedron. For the unit case, these vertices are
defined in Cartesian coordinates given by 12 cyclic
permutations each of (0, £1, +¢) and (+¢, £1/p, 0) and eight
points defined by (+1, =1, £1) where ¢ is the golden ratio [33].
It is trivial to use these coordinates to define azimuth and polar
angles of a conventional spherical coordinate system to define
32 rotation matrices (with one being the identity matrix) that
reorientate the tI from a conical choice with face [ at its base,
say, to situations where each of its other 31 faces are at its base.
Importantly, these 32 orthogonal rotation matrices should be
distinguished from the orthogonal matrices, which make up the
rotation group and symmetry group of a tI, which have orders
60 and 120, respectively. In the case of rotation group, these
comprises of the 60 rotation matrices for which the
configuration of the tI is preserved. The symmetry group
additionally includes the 60 orthogonal matrices corresponding
to the tI symmetries.

We fix an object in the centre of a hollow tI so if the tI is
rotated then the object will also be rotated by the same amount.
By numbering the faces of the tI, it becomes a simple matter to
manually reorientate the tI and, hence the object, according to
each of the face of the tI. The flat faces of the tI reduces
considerably the uncertainty in the rotations, as explicit rotation
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matrices are known that reorientate the tl according to its
different faces. Additionally, if an object is positioned in the
center of the tI, then we can use the symmetry of M and the
form of (4) to reduce the number of faces that need to be
considered from 32 to 16 as follows. Considering two opposite
faces of the tI, with centers f, = —f;, 4114, their associated
orthogonal reflection matrix is R = —I, where I is the identity
matrix. Then, using (5), M = M and, hence, opposite faces do
not provide additional information. For other non-opposite
faces, the Rodriguez rotation formula can be used to obtain the
orthogonal rotation matrix R between faces, which, using (5),
leads to M'# M for a general object. This information,
together with form of the measurements in (4), can be used to
build an overdetermined system of linear equations for the 6
unknown MPT coefficients at each frequency, which is solved
using least squares. The use of the tI thereby guarantees that the
directions are independent and provide a simple method to
ensure consistency and accuracy of the directions and
orientations used for the measurements.

Fig. 1. The truncated icosahedron shown with red hexagon and
green pentagon faces within its dual polyhedron shape of the pentakis
dodecahedron represented as a wire frame.

Ill. EXPERIMENTAL SETUP

A. System Overview

A description of the main system used was previously
published in [22], which consists in three main parts: a control
software on a PC, system electronics, and a coaxial coil
arrangement. The control software communicates with the
microcontroller of the system electronics bidirectionally by
sending signals to control the output amplitude, frequency, data
acquisition  settings, and receiving the measured
transimpedance between transmit and receive coils. Post-
processing of the data is also done by the control software,
which outputs MPT eigenvalues.

The microcontroller (Red Pitaya — STEMIlab 125-14) sends
excitation signals to 20 transmit amplifiers according to the
experiment settings and acquires signals from two input
amplifiers, one for receive coil voltage and one for transmit coil
current. Half of the transmit amplifiers are configured as
inverting, while the rest are as non-inverting. The transmit
amplifier circuit can provide a 64 V sine wave output at 10 A.

The coaxial coils shown in Fig. 2 consists of an outer transmit
coil (240 mm in diameter), made up of nine individual sections,
and two inner identical receive coils (220 mm in diameter)
connected in series opposition, each made up of four individual
coil sections. The coils were designed using Helmholtz coils
principle and the application of the Biot-Savart Law to achieve
a uniform magnetic field inside the coils. There is a two-turn
current pick-up coil placed at the bottom of the coil
arrangement, which acts as the current sensor of the system.
Overall height of the coil arrangement is 500 mm.

Tx1 Rx 1
T 2 ez Rx 2
Tx 3 eSO
TX 4 comm— R 3
5 N  Rx 4
SR
*° " S Rx 5
TX 6 eesss—— RX 6
Tx 7 SOOI
T 8 e .
™9

(a)

Fig. 2. The coil arrangement. (a) showing alignment of the coils and
(b) showing the constructed coil arrangement, encapsulated in epoxy
resin [22].

B. Target Orientation Manipulator

A custom-built, tI shaped target orientation manipulator
(TOM) shown in Fig. 3 is used to rotate objects in three-
dimensional space. The TOM is 3D printed using polylactic
acid (PLA) filament and has a diameter of 150 mm and a 10
mm wall thickness. As target objects can be rotated around all
three axes using this method, objects without symmetrical
geometries and homogeneous materials can be characterized.
Each face of the TOM has a keyed hole in the middle. These -

(a) : (b)

Fig. 3. Computer Aided Design (CAD) models and built version of
the Target Orientation Manipulator. (a) and (c) showing closed CAD
and built versions. (b) and (d) showing CAD and built versions where

the two halves are separated.
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are used to place the faces on a custom-made table with a keyed
seat, which helps control the horizontal position and keeps
rotation around the vertical axis fixed for consistency. The
manipulator is built in two halves to allow access to the internal
object mounting plate. Vertical position of the mounting plate
can be adjusted to ensure the target object is centralised on the
vertical axis of the manipulator. Target objects are securely
fixed in the TOM using a combination of adhesive tape and
adhesive putty.

V. METHOD

The system was set up and left running for at least half an
hour before an experiment to ensure a steady-state system
temperature was reached. Additionally, all experiments were
done in a temperature-controlled area to minimize any potential
measurement drift caused by system temperature variation. At
the start of each experiment, measurements were taken with no
object present in the coils to serve as a background reference.
This was stored and subtracted from the measurements acquired
with the target object in the coils. Phase correction was then
done by using a NiZn ferrite rod as a pure real (reactive)
response is expected across the operating frequency spectrum.
The required correction values were then stored and applied to
all subsequent measurements with target objects in the coils.
MPT characterization of a target object was acquired by placing
the target object inside the TOM and rotating it by placing the
TOM in turn on each of its 16 faces thereby giving 16 unique
and independent object orientations. Additionally, the
background was measured after every two target orientations to
further minimize any experimental error due to measurement
drift. MPT characterization of each object was then calculated
by the control software and presented in the form of MPT
eigenvalues. The target objects are shown in Fig. 4. All objects
were CNC machined from copper stock material to a tolerance
better than 50 microns.

80 mm
40 mm
80 mm

80 mm

40 mm 20 mm 38 mm

LI 20 mm L o '
(a) (b) (c) (d) (e)
Fig. 4. Example target objects showing copper cuboid with a hole,
‘L’ shape and three legged ‘L’ shape. Object (a) and (b) copper
cuboids with a hole, (c) and (d) copper ‘L’ shapes, (e) three legged ‘L’
shape. All five objects have a thickness of 10 mm where the three
legged ‘L’ shape’s third leg is 19 mm.

40 mm

V. FINITE ELEMENT METHOD

Simulations were performed using the commercial FEM
(Finite Element Method) solver, Maxwell, (Ansys
Electromagnetics Suite, Release 19.2). The simulation
geometry comprised of an outer free-space region and a three-
dimensional simplified model of the segmented coil
arrangement as described in [22]. Test objects were modelled
using a commercial CAD package prior to importing into the
Ansys Electromagnetics suite and the modelled coil geometry.

Simulations for comparison with experimental measurements
involved positioning each target within the uniform field region
of the modelled coils at defined angular orientations in relation
to the normals of the central faces of the truncated icosahedron
described in Section IIB. Polar and azimuth angles of a
spherical coordinate system as shown in Fig. 5(a) were used to
describe the target under test. Simulations were carried out for
the 16 independent face-defined truncated icosahedron
orientations of each test object. Fig. 5(b) shows an example
orientation of a test object within a detailed part of the modelled
coil arrangement. Each target orientation involved simulations
over the frequency sweep range of 100 Hz to 100 kHz in ten
logarithmic increments per decade. All test objects were
modelled using a conductivity of pure copper defined as 5.8 X
107 S/m by the International Annealed Copper Standard
(IACS). Typical meshing involved a FEM model of
approximately 150k tetrahedral elements in total per orientation
geometry with between 15k to 25k elements per test object.

(b)

Fig. 5. FEM modelling of test objects showing (a) adopted
orientation coordinate system and (b) example test object within the
coil geometry at one of the independent face-defined truncated
icosahedron orientations.

VI. MPT-CALCULATOR

The MPT calculator software employs the NGSolve FEM
library [34]-[36] to provide accurate high-order finite element
solutions to vectorial transmission problems from which the
MPT coefficients (M);; follow in a post-processing step [3].
To accelerate the computation of the MPT spectral signature,
which would otherwise require full FEM solves for each
frequency of interest, a reduced order model (ROM) is
employed to predict the full signature from a small number of
solution snapshots at different frequencies at reduced
computational cost. The reduced order model benefits from a-
posteriori error estimates, which the MPT spectral signature
predicted by the ROM with respect to signature that would be
obtained from full FEM solves at each frequency. For full
details see [25].

VII. RESULTS

MPTs of various objects were measured using the new target
orientation manipulator. The results were compared with MPTs
acquired from FEM simulations, MPT calculator software, and
measurements that used the previous TOM. Because MPTs are
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object specific, the other methods were used as a verification of
the new method’s ability to characterize MPTs of objects
correctly.

Fig. 6 shows the MPT of a copper disk, which is compared
with FEM simulations and measurements from the previous
TOM. Fig. 7 shows measured target objects compared with
FEM simulations, measurements done with the previous TOM
and values from the MPT Calculator algorithm. Fig. 8 shows

MPT of a copper ‘L’ shape with a third leg where all three legs
are at different lengths. This makes it the most non-symmetrical
object between the ones interrogated in this paper with six
independent MPT coefficients.

There is a good agreement between experimental results
acquired using the new and previous TOMs. For all target
objects in both Fig. 6 and Fig. 7, data acquired using the new
TOM, labelled as Expt 2, follow a similar curve with data -

TABLE |

NRMSE of differences between measured MPT eigenvalues compared to MPT eigenvalues generated using the MPT-
Calculator algorithm.

MPT-Calculator vs. New TOM

MPT-Calculator vs. Previous TOM

Eigenvalue 1 Eigenvalue 2

Eigenvalue 3

Eigenvalue 1 Eigenvalue 2 Eigenvalue 3

Re Im Re Im Re Im Re Im Re Im Re Im
Small ‘L’ Shape 0.033 0.024 0.022 0.015 0.029 0.018 0.035 0.040 0.025 0.029 0.027 0.030
Large ‘L’ Shape 0.027 0.029 0.032 0.029 0.026 0.024 0.023 0.035 0.030 0.038 0.023 0.034
Small Cuboid with Hole  0.027 0.015 0.022 0.014 0.018 0.024 0.024 0.027 0.020 0.027 0.021 0.033
Large Cuboid with Hole  0.025 0.049 0.022 0.027 0.024 0.024 0.025 0.054 0.019 0.031 0.020 0.026
Three Legged ‘L’ Shape  0.024 0.036 0.030 0.032 0.025 0.040 N/A N/A N/A N/A N/A N/A
TABLE Il
NRMSE of differences between measured MPT eigenvalues compared to MPT eigenvalues generated using the FEM
simulations.

FEM vs. New TOM

FEM vs. Previous TOM

Eigenvalue 1 Eigenvalue 2 Eigenvalue 3 Eigenvalue 1 Eigenvalue 2 Eigenvalue 3

Re Im Re Im Re Im Re Im Re Im Re Im
Small ‘L’ Shape 0.046 0.062 0.028 0.054 0.031 0.053 0.048 0.078 0.031 0.064 0.031 0.062
Large ‘L’ Shape 0.030 0.071 0.056 0.088 0.039 0.083 0.028 0.080 0.054 0.096 0.037 0.093
Small Cuboid with Hole  0.024 0.071 0.032 0.067 0.030 0.057 0.024 0.077 0.032 0.078 0.035 0.067
Large Cuboid with Hole  0.027 0.105 0.049 0.120 0.055 0.123 0.028 0.110 0.045 0.126 0.050 0.124
Three Legged ‘L’ Shape  0.035 0.078 0.060 0.087 0.030 0.105 N/A N/A N/A N/A N/A N/A

-—-- Expt1-Eigl-Re
Expt2 - Eig1-Re

Expt1-Eig2-Re
Expt2 -Eig2-Re

—-—-- Expt1l-Eigl-Im
Expt2-Eigl-Im

Expt1-Eig2-Im
Expt2-Eig2-Im

Expt2 - Eig3-Re — — — FEM-Eig1-Re Expt2 - Eig3-Im — — —FEM-Eig1-Im

05 x 1075 5 x10°
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=
_l l
(a)
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0.1 1 10 100 0.1 1 10 100

Frequency (kHz)
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Fig. 6. Real and imaginary MPT eigenvalues for a copper disk with 30 mm in diameter and 2.15 mm thickness measured using the new object
orientation manipulator, compared with measurements using previous object orientation manipulator and FEM simulations. “Expt 1” represents
values from experiments done using the previous TOM while “Expt 2” represents values taken using the new one. “FEM” represents values from
FEM simulations. Plots show (a) real and (b) imaginary MPT eigenvalues.
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Fig. 7. Measured real and imaginary MPT eigenvalues of target objects, compared with results from FEM simulations, MPT Calculator and
measurements using the previous TOM. Plots (a-b) small ‘L’ shape, (c-d) large ‘L’ shape, (e-f) small cuboid with hole, (g-h) large cuboid with hole.
“Expt 1” represents values from experiments done using the previous TOM while “Expt 2” represents values taken using the new one. “FEM”
represents values from FEM simulations while “MPT Calculator” represents values acquired using the MPT Calculator.
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Fig. 8. Real and imaginary MPT eigenvalues for a three legged ‘L’ shape measured using the new object orientation manipulator, compared
with results from FEM simulations and MPT Calculator. “Expt 2” represents values taken using the new TOM. “FEM” represents values from FEM
simulations while “MPT Calculator” represents values acquired using the MPT Calculator. Plots show (a) real and (b) imaginary MPT
eigenvalues.

acquired using the previous TOM, labelled as Expt 1. Loss-peak
magnitude and horizontal positions are within less than one
percent of each other. In addition, for all target objects shown
in Fig. 7 and Fig. 8, MPT loss-peak magnitude and horizontal
positions for new and previous TOMs, FEM simulations and
MPT Calculator are within five percent of each other at worst.

The main source of error between the data from new and
previous TOMs is the orientation accuracy of the previous
TOM, which is around 1 degree, whereas we estimate the new
TOM’s orientation accuracy to be better than 1 degree. The
error in orientation of an object when placed on the previous
TOM also contributes to errors, as objects are not 100%
symmetrical and perfectly homogeneous materials. However,
these errors do not matter for the new TOM methodology, as
the objects are characterized in all three dimensions. In addition
to the previous approach being unable to characterize non-
symmetrical objects where principal axes of the object are not
obvious, it is also less accurate compared to the new TOM
method when the principal axes are obvious. This is quantified
in TABLE I and TABLE 1II, where Normalised Root Mean
Square Error (NRMSE) between data generated by MPT-
Calculator algorithm and FEM simulations are compared with
experimental data acquired by using both TOMs. For all target
objects considered in TABLE I and TABLE II, NRMSE values
for data acquired using the new TOM are generally lower than
the previous TOM, meaning that the new method is more
accurate. NRMSE has previously been used as an analysis
method for results comparison and has been described in more
detail in [22], [37].

VIII.

A truncated icosahedron shaped target orientation
manipulator was designed and constructed for fast and accurate
measurement of MPT characterizations. The manipulator was
tested in a previously built and reported system which the
performance is known. Modifications were made on the post-
processing algorithm to take the rotation matrices between
truncated icosahedron’s faces into account. Experimental

CONCLUSION AND FUTURE WORK

results acquired using the new target orientation manipulator
methodology was compared with previously reported
experimental results as well as synthetic data acquired using
FEM and custom MPT-Calculator algorithms. This verified the
method’s ability to measure MPT characterizations of non-
symmetrical, irregular metal objects accurately. The novelty of
the new method is the truncated icosahedron shaped target
orientation manipulator combined with the required
measurement system and processing algorithms, making it a
complete, measurement ready system capable of measuring
rank-2 MPT characterizations. We hope to report results from
this system on targets of interest for applications including
humanitarian demining and security screening in the near
future.
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Abstract— The Magnetic Polarizability Tensor (MPT) is a
characterization of a metal object with coefficients that depend
on the object’s shape, size, material, and excitation frequency.
This property can be utilized to minimize false alarm rates and
improve target classification on landmine detectors capable of
measuring MPT spectral signatures of target objects. This paper
studies such characterizations of four landmines and their
components for the first time. The MPT signatures of their
components were then compared with each other. It was found
that firing pins and springs in most landmines were responsible
for the magnetic aspect of the landmine’s MPT.

Keywords—  Electromagnetic  Induction  Spectroscopy,
Magnetic Polarizability Tensor, Metal Detection, Metal
Classification, Humanitarian Demining

1. INTRODUCTION

Humanitarian Demining is a demanding process. One of
the main causes of this is the metallic clutter within the soil
in most post-conflict areas, which causes a high false alarm
rate (FAR) in Metal Detection (MD). MD being the most
common way of detecting landmines in humanitarian
demining, a high FAR slows down the process. In some areas,
only one percent of the detected objects are landmines, while
the remaining is metallic clutter [1]-[3]. MD has recently
been augmented with Ground Penetrating Radar (GPR) to
reduce FAR caused by the metallic clutter [4]. However, GPR
is also prone to false alarms caused by inhomogeneities in the
soil, such as moisture, vegetation, burrows, and stones. In
addition, it is difficult to detect flush buried landmines using
GPR as they can be lost in the large response caused by the
ground bounce from the emitted radar signals.

The Magnetic Polarizability Tensor (MPT) is a
characterization of a metal object that depends on the object’s
shape, size, materials, and exciting frequency. It applies in the
eddy current regime where object conductivities are high, and
frequencies are low. See [5] for details of how the
applicability of the eddy current model can be estimated. A
rigorous mathematical theory has been established that shows
that the rank 2 MPT is complex symmetric, with coefficients
M, and provides the object description in equation (1). This
formula describes the leading order term in an asymptotic
expansion of the perturbed magnetic field (H, — Hy)(x) at
position x in the presence of a small object at position z
placed in a time varying background field H, [6], [7].
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(Ha - HO)(x)j = (D;%G(x, Z))ijmi(HO(z))i (1)
+ (R(x))j

In the above, G(x,z) is the free space Laplace Green’s
function and R(x) denotes the residual. Furthermore, there is
an explicit formula for M;; and hence, the MPT can be
computed numerically [8]-[10]. Recent research has
suggested using the MPT to distinguish between and classify
metal objects [11], which can be extended to landmines.
Electromagnetic Induction Spectroscopy and the MPT have
also been suggested and applied previously for metal
recycling [12], walk-through metal detectors [13], and
detection of unexploded ordnance [14]-[16]. If a library of
MPT characterizations of common landmines could be
generated, a metal detector capable of measuring MPTs could
utilize the library to classify objects and reduce FAR.
Previously, an instrument capable of characterizing MPTs of
metal objects up to 130 mm in diameter was built and
reported by our team in [17]. In this paper, we utilize this
system to characterize four landmines and their metal
components. We then study their MPT eigenvalues as they
are invariant of object orientation and provide possible
features for object classification.

II. EXPERIMENTAL SETUP

The experimental setup consists of three main parts, a
coaxial coil arrangement, system electronics and control
software. Choosing a uniform H, means R(x) vanishes in
(1), which makes it easier to determine the MPT coefficients
from measurements of (H, — H,)(x) taken in the form of
voltages in measurement coils.

The coaxial coils in Fig. 1 are designed using an
optimization algorithm utilizing Helmholtz Coil principles to
have a uniform electromagnetic field inside the coils. The
transmit coil of the arrangement has a 240 mm diameter and
is made up of nine individual coil sections (turns:
11:3:5:5:5:5:5:3:11) connected in series addition, which are
used to generate H,. There are two receive coils, each made
up of four coil sections (turns: 27:18:18:49:49:18:18:27) and
are 220 mm in diameter. The two, four coil sections are
connected in series opposition to have no output when there
is no target object placed in the arrangement. There is an
additional two-turn pick-up coil at the bottom of the coil
arrangement for measuring the current. The placement of the
coil is chosen to have minimal interaction with the target
objects placed in the coils. The total height of the coil
arrangement is 500 mm. The coils are wound around hollow
fiberglass tubes and are encapsulated in epoxy resin for
thermal and mechanical stability. The coils are optimized to
operate between 100 Hz and 100 kHz. Therefore, resonant



frequencies of the coils’ impedances are designed to be
outside of the operating spectrum. The lower and higher
frequency limits are chosen to capture the necessary spectral
characteristics of anti-personnel landmines. Outside the
operating spectrum, spectral response of most anti-personnel
landmines moves towards their asymptote, where the
response is mostly flat.

System electronics are controlled by the control software
and are used to drive the coils and take measurement inputs.
It consists of a transmit electronics, receive electronics, a
microcontroller (Red Pitaya — STEMIab 125-14) and power
supplies. The system is powered by two 18 V, 350 W power
supply units (PSU) for the amplifiers and a 12 V, 80 W PSU
for the microcontroller and electronics box cooling fans.

The transmit electronics are mainly made up of twenty
power amplifiers and their complementary components
implemented on a four-layer PCB. Half of the amplifiers are
configured as non-inverting and the other half as inverting.
Together, the transmit power amplifiers output a sine wave
with 10 Amps maximum at 64 Volts. An intermediate
instrumentation amplifier with a gain of 32 is used between
the output of the microcontroller and the power amplifiers,
amplifying the £1 V output of the microcontroller to £32 V.

There are two receive amplifier circuits for current and
voltage measurement made up of instrumentation amplifiers
and band pass filters. The band pass filters have a lower cut
off frequency of 70 Hz to eliminate AC power noise and a
higher cut of frequency of 120 kHz to remove any noise
introduction from signals outside of the operating spectrum,
including from digital-to-analogue converter (DAC)
switching noise. The microcontroller is used as signal
excitation source for the transmit electronics which also
acquires generated signal from the receive electronics. The
microcontroller has a maximum input voltage of £1 V. The
maximum voltage output from the receive coils were found
to be less than 200 mV with the test objects used in [17], so
gain of the instrumentation amplifier for receive voltage
measurement was set to 5. The output voltage can also be
reduced if there is any saturation at the receive electronics.
The maximum voltage from the current measurement coil
was measured to be +400 mV, so gain of the instrumentation
amplifier for current measurement was set to 2.

3

Rx1

Rx2

Rx3
Rx4

Rx5
Rx6

Rx7

Rx8

Fig. 1 - Coaxial coil arrangement of the system. (a) is the completed coil
arrangement encapsulated in epoxy and fiberglass tubes. (b) is the geometry
showing relative positions of individual coil sections to each other.

Data acquisition and processing is done by a Xilinx
Zynq7000 system-on-chip (SoC), which is mounted on the
microcontroller. It has two 14-bit, 125 MSPS analogue-to-
digital converters (ADC) that are used for the voltage and
current measurements. The 14-bit resolution approximately
translates to a voltage resolution of 122 pV. The SoC also has
two 14-bit, 125 MSPS DACs, which one of them is used for
the transmit amplifier excitation source.

Experiment settings, calibration, data logging and
processing are handled by the control software of the system.
It communicates with the microcontroller in real time and
controls frequency and amplitude of the generated signal.
Post-processing of the data is also done by the control
software. MPT eigenvalues are the final output from the
software, at the end of an experiment.

Performance of the system was tested and evaluated in
detail in [17]. Experiment repeatability was tested by
characterizing a copper disk 30 mm in diameter and 2 mm in
thickness 10 times. For this experiment, we can estimate, at
the 95% confidence level, that our sample size of 10
measurements is sufficient to predict the (population) mean
value of the real and imaginary parts of M;; lies within 1%
of its sample mean value at each frequency.

III. METHOD

Experiment settings were set in the control software
before each experiment. The system was then left running for
more than an hour to warm up. This ensured the system
reached its steady-state temperature to minimize
measurement drift caused by system temperature change.
First, a NiZn ferrite rod was measured which has a pure real
response across the operating spectrum. This was then used
as reference for phase calibration of the experiment results.

For each experiment, the target object was placed in the
coils at sixteen unique, pre-determined orientations, which
were same for all experiments. For each orientation, a number
of frequency sweeps (set in the experiment settings) were
done and averaged for improved signal-to-noise ratio (SNR).
Although, six unique orientations are enough for measuring
rank 2 MPT of an object, using sixteen independent
orientations results in an overdetermined system with sixteen
linear equations which reduces measurement errors. The
MPT coefficients of an object then follow from solving a least
square method using the perturbed voltage measurements.
The eigenvalues of the real and imaginary part of the MPTs
were than calculated and plotted versus frequency.

The perturbed voltage measurements were obtained by
taking a background field measurement without an object and
subtracting this from the measurement with the object
present. To reduce uncertainty, after each measurement at an
orientation, the background measurement was taken again
and updated. The system has a high thermal and mechanical
stability (caused by being encapsulated in epoxy resin),which
further ensured that any small drift caused by a temperature
change was also eliminated. Another source of uncertainty in
the experiments is the error in the orientation. This is caused
by small shape imperfections of the target orientation
manipulator used, which is manufactured using a
combination of laser-cut and 3D printed parts. The
orientation error has been found to be less than 1 degree and
the error introduced to the MPT measurements by this is
within the noise floor of the experiments. This means, no
significant error is introduced to the experiments by the
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object orientation errors. The main source of error in the
experiments is measurement noise. SNR can differ depending
on the target object’s response size at different frequencies.
A test was run using a copper disk 30 mm in diameter and 2
mm in thickness where the SNR was found to be 100 at worst.
However, SNR can be improved where necessary by simply
increasing the amount of signal averaging with a trade-off of
increasing the amount of time it takes to run the experiment.
Overall, error from measurement drift, measurement noise
and orientation errors combined only start to be apparent
below 20 mm?, which has found to perform well for landmine
characterization.

IV. RESULTS

The study covers MPT characterizations of four anti-
personnel landmines and their components, which were
supplied by Fenix Insight Ltd. The landmines and their
components are shown in TABLE 1.

Real and imaginary MPT eigenvalues of four landmines
and their individual components are shown in Fig. 2-5. For
all four landmines, the spring was ferrous, as well as the firing
pin except for the PMN. This can be concluded from the
lower frequency asymptote of real MPT eigenvalues being
above 0 m? for these components. MPT eigenvalues of VS50
were dominated by its top plate, which is larger than the other
components. PMN and VS50 had around 10 and 100 times
larger response compared to M14 and Type-72, respectively.
This is due to PMN and VS50 having larger components
compared to the others. This means that PMN and VS50 are
potentially more detectable and can be distinguished from the
background response much easier compared to M14 and
Type-72. For MIl4, the difference between the MPT
eigenvalue response for new and rusted ignition pins was also
compared in Fig. 6. This is motivated by the fact that
landmine components may rust if left buried for a long time.
While the real MPT eigenvalues had negligible difference on
this scale, imaginary MPT eigenvalue 2 for rusted pin was
smaller towards higher end of the spectrum compared to the
normal pin. The difference was around ten times smaller than
imaginary MPT eigenvalue 2 of the landmine. Therefore, it is
likely to be difficult to discriminate in real world data in the
field with more noise. However, this means that rusting of the
components may not have a large impact of the landmine’s
MPTs, which reduces any possibility of false classification of
targets due to rusting.

TABLE I
Characterized anti-personnel landmines.

Name Image Metal Components
Ml14 Detonator, Pin
Detonator, Spring,
Type-72 Igniter, Pin
VS50 Detonator, Spring,
Pin, Top Plate
Detonator, 2
PMN Springs, Firing Pin,
Lid Strap

V. CONCLUSION AND FUTURE WORK

Four landmines and their components were characterized
using the MPT measurement system described in [17].
Eigenvalues of the rank 2 MPT characterizations of these
between 100 Hz and 100 kHz were reported. In addition,
rusting of the firing pin was found to have minimal impact on
the overall landmine MPT characterization. This shows that
rank 2 MPT characterizations of new landmines remain valid
for characterizing landmines buried underground, which may
have rusted components. Characterizing higher rank MPTs of
metal objects, including landmines, is ongoing research. This
can further improve classification and reduce FAR for
landmine detectors without uniform electromagnetic field.
Another ongoing research is to use the acquired landmine and
metal clutter (ongoing) MPT object characterizations in
realistic soil models. A large dictionary of simulated MPT
characterizations of security threat objects has already been



created and used to train machine learning algorithms for
classification purposes [5], [11]. In future work, we will
extend this library to include simulated and measured MPT
characterizations of landmine components. Trained Machine
learning algorithms’ performance of identifying landmines
and reducing FAR can then be tested in the field using metal
detectors utilizing electromagnetic induction spectroscopy.
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Abstract—Magnetic polarizability tensors (MPTs) have
become popular for characterising conducting permeable
objects and assisting with the identification of hidden objects
in metal detection for applications in security screening,
humanitarian demining and scrap sorting. A rigorous math-
ematical justification of the complex symmetric rank 2 MPT
object characterisation has been established based on the
leading order term in an asymptotic expansion of the per-
turbed field for small objects. However, the accuracy of an
MPT object characterisation is limited by the tensor’s small
number of independent coefficients. By considering higher
order terms in the asymptotic expansion, generalised mag-
netic polarizabilty tensors (GMPTs) have been introduced and

10° 10
omega [rad/s]

the purpose of this work is to show that GMPT coefficients can, for the first time, be measured in practice. GMPTs offer
the possibility to better discriminate between objects and, hence, the potential for better classification and identification,
overcoming the limitations of a rank 2 MPT object characterisation. In a metal detector, the low-frequency background
fields generated by a set of coils is almost always non-uniform and using GMPTs allow us to make a virtue of this. In this
work we include both measurements and simulations to demonstrate the advantages that using GMPTs offer over using

an MPT characterisation alone.

Index Terms— Electromagnetic induction spectroscopy, magnetic polarizability tensor, metal detection, metal classifi-

cation.

I. INTRODUCTION

AGNETIC polarizability tensors (MPTs) have become

popular for characterising conducting permeable
objects and assisting with the identification of hidden
objects in metal detection for applications in security
screening, humanitarian demining and scrap sorting e.g. [1],
[2], [9]-[11], [19]-[21], [23], [30]-[32], [35]. A rigorous
mathematical theory has been established for the complex
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symmetric rank 2 MPT characterisation of a small highly
conducting permeable isolated object in a non-conducting
background. It has been shown that the MPT forms the
object description in the leading order term of an asymptotic
expansion of the perturbed magnetic field (H, — Ho)(x) as
the object size o« — 0 [4], [12]. The expansion holds at
positions x away from the object. Furthermore, for objects
with rotational and reflectional symmetries, it has been estab-
lished that the number of independent complex coefficients
in the MPT can be much smaller than 6 [12]. The leading
order term in the asymptotic expansion of (H, — Hy)(x)
as a — 0 and an MPT object characterisation has been
generalised for multiple and inhomogeneous objects in [16].
Considerable benefits have been seen to be offered by exploit-
ing the spectral behaviour of the MPT coefficients, known as
its spectral signature, which provides much richer information
than the MPT at a single frequency. This has been understood
theoretically [15], efficient algorithms have been developed
to compute the MPT spectral signature [33] and these have
been applied to compute libraries of MPT spectral signature
object characterisations [17]. Machine learning approaches for
object classification based on measured and simulated libraries
of MPT spectral signatures have also been developed in [19],
[20] and [34], respectively.

A complete asymptotic expansion of the perturbed magnetic
field (H, — Hp)(x) as @ — 0 has been derived in [14],

For more information, see https://creativecommons.org/licenses/by/4.0/
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which generalises the earlier results in [4], [12]. In this
expansion, new object characterisations called generalised
magnetic polarizabilty tensors (GMPTs) have been introduced,
building on the MPT object characterisation in the leading
order term. The purpose of this work is to show that GMPT
coefficients can be measured in practice for the first time.
GMPTs offer significant advantages over small object char-
acterisations using the leading order rank 2 MPT descriptions
currently used in metal detection. Specifically:

1) Offering the possibility to better discriminate between
objects and, hence, offer the potential for better classifi-
cation and identification, overcoming the limitations of
characterising objects using just 6 complex coefficients
in a rank 2 MPT description (a simple example of which
is to tell which way a cone is pointing).

2) In a metal detector, the low-frequency background fields
H, generated by a set of coils is almost always
non-uniform and using GMPTs allow us to make a
virtue of this overcoming the assumption that Hy is
uniform over the object in a rank 2 description (hence
also achieving better 1.).

GMPTs are more complicated than the generalised polariz-
ability tensors (GPT) derived by Ammari and Kang [6] for
characterising low conducting inclusions in a scalar electrical
impedance tomography (EIT) problem. They have interesting
mathematical properties, which we plan to catalogue in a
forthcoming work.

The novelties of this work can be summarised as follows:
We show, for the first time, that GMPT coefficients and their
spectral signature can be obtained in practice from measure-
ments of (H, — Hg)(x) for a multiple coil arrangement using
a novel object manipulation device. The resulting measured
GMPT spectral signatures we obtain are in good agreement
with the simulated GMPT spectral signatures that we calculate
from numerical simulations using finite elements. We illustrate
that including the GMPT object characterisation information
is important to accurately predict (H, — Ho)(x) whenever the
background field is non-uniform.

The work is organised as follows: We begin with some
notation in Section II. Next, in Section III, we review the com-
plete asymptotic expansion of (H, — Hg)(x) as a — 0 and
restrict consideration to terms associated with rank 2 MPT and
rank 3 GMPT object characterisations. Then, in Section IV,
we apply the asymptotic expansion to a mathematical model
of the physical multiple coil arrangement that will be used
to generate H( and to measure (H, — Hg)(x) in the form
of a transimpedance measurement. In Section V, we describe
how the transimpedance measurements can be used to deter-
mine the MPT and GMPT coefficients by rotating the object
in a uniform and then non-uniform Hy using an object
manipulation device and, in Section VI, we explain how the
MPT and GMPT coefficients and their spectral signatures
can be predicted numerically. Section VII presents a series
of results that compare our measurements and simulations,
which demonstrate that GMPT coefficients and their spectral
signature can be obtained in practice and that they have an
important role to play in predicting (H, — Ho)(x) if Hy is

non-uniform. We finish, in Section VIII with some concluding
remarks.

II. NOTATION

We denote by e the unit basis vector associated with the
kth coordinate direction in a standard orthonormal coordinate
system x = (xp,x2,x3) and, hence, the kth component of
a vector field v is given by ex - v = (v)x = vg. We will
often use Einstein index summation notation so that a vector
can be described as v = vxer and a rank 2 tensor using a
calligraphic font as M = M;;e; ® e; where summation is
implied over the repeated indices in each case. We will use
a Gothic font for higher order tensors so that a rank 3 can
be described as © = D;jre; ® e; @ e. The imaginary unit
is defined as i := +/—1 and we will also use the notation

oz 5 )12 5
lullz20) = (fo |u(6)|-do to denote the L= norm of u
over the angles 0 < 6§ < 2=x.

I1l. COMPLETE ASYMPTOTIC EXPANSION

In [14] Ledger and Lionheart proved the result stated in
Theorem 1 below, for describing the magnetic field pertur-
bation (H, — H)(x) at a position x due to the presence
of a highly conducting object B, with conductivity ¢, and
permeability x4, in a non-conducting background with con-
ductivity ¢ = 0 and the permeability of free space . The
result is applicable away from the object when the eddy
current approximation of Maxwell’s equations applies [3],
which means the excited angular frequency w = 2z f (with
f measured in Hz) of the background field Hy is low and
oy is high. Additionally, the topology of the object B, and
its size a limits the applicability of the eddy current model,
with the eddy current model breaking down for a horse shoe
shaped conductor at lower frequencies compared to a solid
object of the same size due to capacitive coupling effects [26].
The description B, := aB + z means that the object can be
described by a non-dimensional object B placed at the origin,
scaled by a size parameter o and translated by z.

Theorem 1: The magnetic field perturbation in the presence
of a small conducting object B, = a B+ z for the eddy current
model when v := wo, uoa? is order one and x is away from
the location z of the inclusion is completely described by the
asymptotic formula

M—-1M—-1—-m
(Hy—Ho)(x)i = > D (DTG, D))k min)
m=0 p=0
M (mt1)7 (p+1) (DY (Ho(2))) s (p+1)
+(R(x))i, (1)

J(p—‘rl) = [.]’J(p)]: [j’jl’j29"' ,jp]»
K(m+1) = [ka K(m)]:[k’kl’kza"' 9km]a

with [R(x)| < Ca*™|[Hollymsig,), G.2) = 1/
(4r|x — z|). In the above, J(p) and K(m) are p— and
m—tuples of integers, respectively, with each index taking
values 1,2, 3, and Einstein index summation is implied over
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K(@m+41) and J(p + 1). Also

(DG, )ik 1y = (H 5)%) (0 (0, (G (x, 2D)),
(=1

(DY(Ho(2))) s (p+1)

p
(H az_,f) (Ho(z) - ¢)),
(=1

and the coefficients of a rank 2 + p + m generalised magnetic
polarizability tensor (GMPT) are defined by

MK m+1)7(p+1) = —Cxmr1)J (p+1) + Nxkmr1ys(p+1), (2
where

Ck m+1)J (p+1)
ivg3tmtp (_1)m

T T 2m+ ) pp+ 2~

. /B £ 5 (1) k@ (ps) + (TTEN) s x £)) dE,

(3a)
Nk m+1)J(p+1)
. (1 ,UO) a3+m+p(_1)m
=l-—)—F ¢
o plm!

1
-/B(H(E))K(m) (p+2vé X 9J(p+1)+(H(§))J(p)ej) dé.

(3b)
In the above, 6 j(,41) satisfy the transmission problem
Ve x ﬂ;‘vg X 01(pt+1) — iwa*a201(p+1)
—iwa*az(H(‘;'))J(p)ej x&=0 in B, (4a)
Ve 0741 =0 in R\ B (4b)
Ve x py' Ve x 05541 =0 inR*\ B, (4¢)
[nx0;p11)lr =00n 1 :=0B8, 4d)

[nx 1 'Ve x 0 5p)lr = —(p+2)[p r
(n x e;j(I1(§))s(p)) onT,

(d0)

[ 8008 =0, n)
0,p+1) = O(IEI™Y

as 1§ > o0 , (49)

P
(IL&)) s (p) := Hfj{ = ¢ &), -+ ¢, and in the case J(p) =

=1
@ then (I1(§))yp) = 1.

Note that, compared to [14], we have chosen to_simplify
the notation so that € is now written as € and 9 as M.
Furthermore, in this work, we will restrict consideration to
objects with u, = o so that Nk (uy1)s(p+1) = 0 and consider

the case of M = 2. This means the asymptotic expansion we
will consider includes the terms

(H, — Ho)(x); = (D2G(x, 2)ix My (Ho(2)))

+%(D§G(x, 2))ikk, Dicky j (Ho(2))

—é(DiG(x, )i (D= (Ho(2))
R, )

with |R(x)| < Ca5||H0||W3,oo(Ba) describing the behaviour of
the residual. In the above, the coefficients My; = My; are
associated with a complex symmetric rank 2 MPT character-
isation M = M;;e; @ e, which follows since 9, reduces
to the rank 2 MPT coefficients My, previously considered
in [12], [13], [15], [16] where it has been shown that My; =
M. The coefficients Dy, j and Dy;j, are associated with
scaled rank 3 GMPT characterisations

(6)

D =D, jer e, Qej, D=D;e,Qe;Qej,

where

Dk m+1)J (p+1):=(=D"2(m + D!p!(p + 2)Ck (m+1)J (p+1)-
@)

Furthermore, for u, = uo, the GMPT has the following
symmetry

DK 1) (p+1) = D J(p+1)K (m+1)s (8)
which does not follow from reciprocity and is somewhat
involved to prove. The proof will form part of a forthcoming
work on the mathematical properties of GMPTs.

The coefficients Mj; are independent of the choice of origin
for & [4], [5], [16] and, hence, the MPT object characterisation
is independent of the object’s position. However, in com-
mon with GPTs for the EIT problem [6], the coefficients
Dk, j of the scaled rank 3 GMPT depend on the choice
of origin for &. For this work, we choose the origin to
be the object’s centroid (centre of mass assuming uniform
density).

Using M alone to characterise objects has limitations since,
at most, an object is characterised by 6 complex coefficients
as a function of w. However, for objects with rotational
and/or reflectional symmetries the number of independent
coefficients is much fewer and this makes it difficult to
discriminate between objects in object classification and to
determine which way an object (such as a cone) is pointing.
By additionally using ® provides up to an additional 11
complex coefficients as a function of w, which can aid with
discriminating between objects when undertaking classifica-
tion. Although, for objects with mirror and/or reflectional
symmetries, the number of independent coefficients of
also reduces. In the following we explain how the MPT
and GMPT coefficients can be measured and simulated in
practice.
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Transmit Coil | Receive Coil

(0)

Fig. 1. Configuration of the multiple transmit and receive coil arrange-
ment showing (a) turns in each coil and (b) the actual coil array.

IV. MATHEMATICAL MODEL OF THE COIL ARRANGEMENT
The induced voltage in a coil C with a single clockwise
winding, for an object positioned at z, can be expressed as

yind — / (Eq — Eo)(x) - tdx
C
= / V x (E, — Ep)(x) - ndx
s

— iwpo / (H, — Ho)(x) - ndx, ©)
S

where C = 05, t is the unit tangent to C and n is the
unit normal to S. Upon substitution of (1), the evaluation
of Vind reduces to performing integrals of components of
(D%“L’"G(x, z)) with respect to x over the surface S.

The particular coil configuration considered is shown in
Fig. 1 and consists of 8 receive (Rx) coils and 9 transmit
(Tx) coils coaxially arranged in a vertical stack so that
n = e3 in (9). Coils Rx1-Rx4 are wound in a clockwise
orientation while coils Rx5-Rx9 are wound in an anticlockwise
orientation. Defining

~

n=1 R

wor={L 25 10

\.00

then the induced voltage is given by the sum

Vlnd o Z w(n) Nrx(n)

Lrx(n) (Hq — Ho)(x) - e3dx,

SRrx (l’l)

(1)

where Srx(n), Nrx(n) and Lgrx(n) are the enclosed surface,
number of turns and length of the nth Rx coil, respectively.
The background field Hy at the position z that is created by
the Tx coils can be expressed as the sum

Ho(z) = H(*(2)
9
= Z H it (N1x (1), ITx(n), L1x(1), RTx (1),
n=1
z1e1 + z2e2 + (23 — L1x(n)/2 — p1x(n))e3),

12)

where Ntx(n), ITx(n), Rtx, LTx are the number of turns, cur-
rent flowing, radius and length of the nth Tx coil, respectively
and prx(n) describes the vertical position (base) of the nth Tx
coil. In addition, if z || e3, we have the well known form

HCOil(Na 19 L9 Ra Z)
L

u \/1+ . \/1

for the background field on axis resultlng from a solenoid. Off-
axis, the representation of H . is also known analytically [7].
For the coil arrangement considered, the details are provided
in Table I so that the overall height of the arrangement is
500 mm. The non-uniformity of the background field ng
exterior to the coil array is illustrated in the finite element
simulation shown in Fig. 2 (a), which is in close agreement
with the analytical model, as Fig. 2 (b) shows.
Furthermore, introducing

=
N|t‘

4+
R

€3,

8
S LN [ 2 G gy, (13)
- LRX(”) §(n)

for the background field that would be produced by the Rx
coils if excited by a unit current source at position z then it
is easy to show that

(HY ()i =

(DZ(HRX)(Z))kk1
= Z w(leE);)(n) » )(DZ(DiG(x,Z)))B,kkl d
_ Z w(ZLNE:)(n) /S( )(DiG(x,Z))3kk1 dx. (14)

By substituting (5) into (11), replacing H(z) by the expres-
sion given in (12) and using (13) and (14), it can be shown
that V"4 takes the simple form

vind( M) + vird(®) 4 vind, (15)

where V“‘d(./\/t) denotes the rank 2 contribution, V3‘“d(’D)
denotes the rank 3 contribution and V, < Ca? |H ()||W'§oo(B )
denotes the residual, which, as we will see, will be small

Vlnd
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TABLE |
PARAMETERS DESCRIBING THE MULTIPLE COIL ARRANGEMENT

Ny (n) 27 18 18

18 18 27

Trx(n) (mm) | 10 | 4 7

7 i 10

Prx(2) (mm) | 234 | 155 | 61

-65 | -159 | -244

Rrx(n) (mm) | 220 | 220 | 220

220 | 220 220

Trx(n)Nrx(n) (A) | 3.67 I 167

1.67 1.67 1.67 1 3.67

L1y (n) (mm) 23.1 6.3 10.5

10.5 10.5 10.5 6.3 23.1

2269 | 172.6 | 119.1

prx(n) (mm)

57.25

-67.75 | -129.6 | -178.9 | -250

Ry (n) (mm) 240 | 240 | 240

240 240 240 240 240

B [teslal

4, @BAE-B5
H 5. BAE-A5
5. ZAE-B5

Z. GBE-85
2. 4YaE-B5
2. EAE -85
1. BBE-BS

1. 28E-85

8. BRE-B6
l . BEE-BE
@, BaE+Be

26

T T
= Exact [H|
—— FEM H,| |

H, | [Am]

22
-0.25

—0..2 —0..15
(b)

Fig. 2. lllustration of the background field showing (a) the simulated field

lines of BYX = oM} around the coil array using a finite element model

and (b) |H0X(z)| evaluated for positions z along the axis of the coil array
where z || e3 comparing (12) with a finite element model of the coil array.

for the problems we will consider. Explicitly, for the case
considered in this work,

V"M
vi"(@) :

ioopo (HEX(2)i M (HE(2)); (16)
iouo (—(D: (HE @) Mk, (HE* (2));

+(HE @)y, (D-(HF*@)));)

iooso (—%(DZ(HORX(@)M D (HI @),

1
_E(H 0 (@)D, (D (H 3"(2,)))]']‘1)

1
0Dk, j (g(DZ(HE"(z»)kkl (H (),

1
+8(H0RX(Z))]'(Dz(HgX(Z)))kkl), (16b)

where u, = uo has been assumed and the symmetry condi-
tion (8) has been used in the latter result.

We observe that de(D) provides a natural extension
of the familiar Vznd(/\/l) term for a rank 3 GMPT object
characterisation. For an object placed on axis and in the
centre of the coil arrangement, HTX(z) is near uniform and
the contribution V" dominates, while Vlnd is negligible.
However, for an ob]ect placed outside of the coil arrangement
HTX(z) is non-uniform and ||D,(H TX(z))ll can become large.
Indeed, if H IX(z) is strongly non-uniform, Vg‘“d(@) becomes
increasingly 1mportant and can dominate over V. “d(/\/l).

If an object B is rotated by an angle 6 about a coordinate
axis, its transformation can be described by B’ = R(6)(B)
where R(#) is an orthogonal rotation matrix. Accordingly, the
coefficients of M and © transform as

Mi; = R)ip(R) jgM g, (17a)
@;]k = (R)ip(R)jq(R)kerq% (17b)

Then, by replacing M;; by /\/l and Dy, j by ’Dkk” in (16),
we obtain V‘“d(/\/l 6) and V"‘d(’D @) for the rank 2 and
rank 3 contributions to V"4(#) as a function of object rotation
angle.

Throughout, we will normalise the presented results of Vi
by wi and we will refer to Re(V™/(wi)) as the reactive
and Im(V"/(wi)) as the resistive components of the tran-
simpedance, respectively.

V. MEASUREMENT OF TENSOR COEFFICIENTS
The procedure for measuring the coefficients of M and ®
for a given object a B breaks down in to first determining
those of M and then those of ® for each excitation frequency
of interest. We describe each of these steps separately in the
following.

A. Measuring the Coefficients of the Rank 2 MPT

If the object’s position z is chosen to be along the axis of
the coil array, such that z || e3, and if z3 is chosen within the
volume of the coil array, away from its ends, ng(z) is near
uniform. For the coil array described in Table I, this occurs
when —0.155 m < z3 < 0.155 m, as shown in Fig. 2 (b).
Hence, for objects placed in such locations, V3i“d does not
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Fig. 3. Target orientation manipulator capable of rotating objects around
one axis.

contribute to V™ and the measurements V"4™e35(9) can be
used to determine M;;. Noting that Vzi“d(/\/l,ﬁ) is linear in
the coefficients of M, and that these are independent of the
object’s position, we can determine M;; as the solution to the
least squares problem

No . 2
min g0, M)P* = min D |vindmesg,) — v, 6,)|
Mij Mij n=1

where Ny is the total number of angles 6, considered. This
process is repeated for each excitation frequency of interest
leading to the object’s measured MPT spectral signature
Consideration must be given to the number of angles as well as
to the number of rotation axes considered [13], [25] to ensure
that all the independent coefficients of M are properly found.

In practice, the above process is achieved by placing the
objects at the aforementioned location and by performing
rotations using the bespoke target orientation manipulator
shown in Fig. 3. Using this apparatus, objects are rotated
about different coordinate axes with a fixed degree increment.
For each orientation, a frequency sweep between fui, and
finax is performed and V" for each frequency recorded. The
control of system electronics and the data acquisition during
the experiments is done automatically.

B. Measuring the Coefficients of ©

Once the coefficients of M are found, we can then deter-
mine the coefficients of © by placing the object at a position
z where the background field H gx(z) is non-uniform. This is
achieved by placing the object on the axis of the coil array with
z3 > 0.155 m, performing rotations about different coordinate
axes and solving the least squares problem

No
min > [h(0n, M, D)
1

Dy j -

No ) . i 2
Z de,meaS(en) _ Vzmd(/\/l, 6,) — Vgnd(@, 0| .

(18)

for Dy, j for each frequency of interest leading to the object’s
measured GMPT spectral signature. Note that V3ind(©,9n)
is linear in the unknown i, ; and that Vzind(/\/l,ﬁ,,) can
be evaluated since the coefficients of M have been found
previously and the object position z has been chosen. As in
Section V-A, important consideration must be given to Ny and
the choice of 6, [13].

Given that the object is positioned manually, its position
z is only known approximately. If we know that the object
is placed on the e3 axis, an improved estimate of its vertical
elevation z3 can be found by solving the minimisation problem

No
min E
73
n=1

for the global minimum z3, where we have emphasised that
V2ind also depends on z3. Once this improved estimate is found,
it can be used in (18) to aid with determining Dy, ;.

In practice, the above process is achieved by placing objects
in the non-uniform part of the field by using the mechanical
arrangement in Fig. 4. The same approach of incrementing the
rotation by fixed angle increment and sweeping through the
frequencies fmin and fmax, as described in Section V-A, is per-
formed. However, the apparatus shown in this figure allows
the object to be placed in different positions in both vertical
and horizontal direction for each experiment. In particular,
the apparatus allows the vertical position of an object to be
adjusted in 10 mm steps using the slots on the arrangement.
The object’s horizontal position can be also adjusted in 10 mm
steps on both the x; and x> axes by placing the arrangement
into pre-marked positions on the lid of the coil arrangement

4 . 2
Vlnd,me'cIS(@n) _ Vzmd(./\/l, 6, Z3) , (19)

VI. PREDICTING THE TENSOR COEFFICIENTS USING
NUMERICAL SIMULATIONS

The numerical prediction of the coefficients of M and ®
for a chosen object aB follows a similar procedure to that
described previously for the computation of the coefficients
of the rank 2 MPT [12], [13]. This involves approximating
the solution 6;(,41) to the transmission problem (4) by
constructing weak discrete finite element approximations using
an H (curl) conforming discretisation, which is appropriate for
this problem, where the both mesh spacing i and element
order ¢! can be refined in order to improve the accuracy of
the numerical solution. The Coulomb gauge V - 0,11y =0
has been circumvented by numerical regularisation [18].
We use the NGSolve finite element library [27]-[29] for the
numerical computations presented in this work.

Following the computation of 6 ;(,41) for frequencies of
interest between fiin and fiax, the coefficients of M and ©
are obtained by a simple post-processing involving integrals
over B using (3) leading to the object’s simulated MPT and
GMPT spectral signatures. We remark that this computation
could be accelerated by using a proper orthogonal decompo-
sition (POD) based reduced order model in a similar manner
to [33].

Iwe use g rather than the usual p to denote the element order avoid
confusion with tensor indices
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Fig. 4. Target orientation manipulator capable of rotating objects around
one axis at different vertical and horizontal positions.

VII. RESULTS

We will focus on the situation where aB is chosen to
be slightly truncated copper, brass and stainless steel cones,
in turn. Cones have been chosen, since, while they have a
rotational and mirror symmetries, they still have non-zero
rank 3 GMPT coefficients and can be used to illustrate
the improvements offered over using MPTs alone for object
characterisation. The sizes of each of the truncated cones are
identical and have the dimensions of bottom radius 7.5 mm,
top radius 0.5 mm and a height of 15 mm, hence we set
o = 0.001 m and B to be the non-dimensional truncated
cone with bottom radius 7.5, top radius 0.5 and height 15.
The materials of the cones are provided in Table II. While
approximate measurements of the conductivity of the cones
specimens have been made using a 4 terminal resistivity
measurement, the reference values are still believed to be more
accurate than these and, hence, have been employed in the
simulations.

We have chosen the cone’s canonical orientation such that
the vertex of the cone is aligned with the e3 direction and

the base of the cone lies in the (xj, x2) plane. This means
that the cone has a rotational symmetry about the x3 axis and
has reflectional symmetries about the x; and x; axes. Using
this information, we deduce that the 2 non-zero independent
coefficients of the complex symmetric M are M| = M
and M33 [12]. In similar way, we deduce that the 4 non-zero
independent coefficients of ® are D73 = D113, D232 = D131,
D320 = D311 and ©333. By further noting the symmetry
property (8), we find that this reduces to just 2 non-zero
independent coefficients D223 = D3 = D311
and ©333.

Given the reduced number of independent coefficients of
M and ® for our chosen cones, placing the object on the
x3 axis and performing rotations about either the xi, or,
equivalently the x», axis are sufficient to determine the 2 non-
zero independent coefficients of each of these tensors.

D3 =

A. Copper Cone

By following the procedure described in Section V-A,
we position the copper cone at z = (0, 0, 0.15) m so that it lies
in a uniform H '(l)“x (z) and measure V"4Me8 (4 a5 we rotate the
cone by an angle @ about the x; axis. We choose this position
as the psuedo field generated by the receive coils (if they were
used as transmit coils) is most uniform at z = (0,0, 0.15) m
and z = (0,0, —0.15) m. While midpoint of the transmit
coil is at z = (0,0,0) m, the receive coils do not have
sensitivity at this location, and we choose z = (0,0, 0.15) m
as this easier to access than z = (0,0, —0.15) m. For further
details, see Figure 6 in [25]. We set Ny = 72 and choose
0, = nAf@ = 2nm/Np radians so that measurements are
made at 5 degree increments. We use this measurement to
determine M1 = My, and M3z for 28 frequencies between
119.25 Hz and 95400 Hz leading to the object’s measured
MPT spectral signature. Then, following the measurement of
the coefficients of M, we follow the procedure in Section V-B
and move the cone to z = (0, 0,0.343) m where ng(z) is
non-uniform. Again we measure V"$™e85(4) a5 we rotate the
cone by an angle 6 about the x| axis. We make Ny = 72 mea-
surements and follow the procedure described in Section V-B
to determine 273 = D113 = D302 = D311 and D333 for the
same 28 frequencies between fmin = 119.25 Hz and fax =
95400 Hz leading to the object’s GMPT spectral signature.

To obtain the object’s MPT and GMPT spectral signatures
numerically, we follow the procedure in Section VI and
generate a mesh of 98419 unstructured tetrahedra to discretise
the cone object B and fill the space to a truncated bound-
ary in the form of the box [—1000, 1000]3. By performing
p-refinement, we find that order ¢ = 3 elements lead to
convergence of the tensor coefficients M| = Moy, Mags,
Doz = D13 = D3 = D311 and D333 for frequencies
between fmin = 119.25 Hz and fiax = 95400 Hz.

In Fig. 5, we show a comparison of the computed and
measured MPT and GMPT spectral signatures where excellent
agreement is observed for the computed and measured MPT
spectral signatures and good agreement is observed for the
computed and measured GMPT spectral signatures. The closer
agreement between the spectral signatures for the simulations
and measured MPT M, compared to the GMPT ® is to be
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TABLE Il
MATERIAL PROPERTIES FOR THE COPPER, BRASS AND STAINLESS STEEL CONES

Material s Reference 04« (S/m) | Measured 04« (S/m) | Simulations o4 (S/m)
Copper 1o 5.95 x 107 [22] 7.63 x 107 5.95 x 107
Brass 1o 1.44 x 107 [24] 1.38 x 107 1.44 x 107
Stainless steel | o 1.45 x 109 [8] 1.36 x 106 1.45 x 108
%108 5 10
’ = Re(M11=M22) —— Re(M11=M22)
—— Im(M11=M22) —— Im(M11=M22)
Re(M33) Re(M33)
—— Im(M33) —— Im(M33)
—— —
of E of E
E E
& 5
s 5 s s E
A0 ok J
-15 laad -15 laad
10° 10 10° 108 10° 10 10° 108
omega [rad/s] omega [rad/s]
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15
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2 2 N
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omega [rad/s]

(¢) ® Computed
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—— Re(D333)
—— Im(D333)
Re(D322=D311){4

0.5-/-\
T e

Rank 3 GMPT [m’]

25w 2 2
103 10* 10° 108
omega [rad/s]

(d) © Measured

Fig.5. Copper cone showing: spectral signature corresponding to (a) computed coefficients of M and (b) measured coefficients of M, (¢) computed

coefficients of © and (d) measured coefficients of D.

expected given that the coefficients of M are two orders of
magnitude larger than those of ©, which makes them easier
to measure. The maximum difference between the measured
and simulated M coefficients over the frequencies of interest
is around 0.8%, which can largely be attributed to noise and
measurement errors in the system with any discretisation errors
being much smaller. While the shape of the GMPT spectral
signatures is well captured by the measurements, the accuracy
of the smaller, and harder to measure, ® coefficients over
the frequencies of interest is lower, with differences ranging
from 1% to 25% for ©333. We explain the reasons for the
larger differences in Section VII-D. One noticeable difference
between the simulations and measurements is the frequency
at which the curves for Re(®322) = Re(D311) and Im(D333)
cross. Even from the limited range of frequencies considered,
we can see that both the real parts of the coefficients of

M and ® illustrate a sigmoid behaviour with logw while
the imaginary parts of the coefficients of M and © have
single local maxima/minima with log w, which is reminiscent
of the spectral behaviour of the MPT that has already been
understood theoretically [15].

To illustrate the importance of including both the Vi"(M)
and V;nd(@) to predict V" when the object is located
outside of the coil arrangement, we compare, in Fig. 6, the
measured transimpedance Vid-mea(9) with Vzi“d(/\/l,ﬁ) and
Vzi“d(./\/l, )+ V3i“d(®, ), each as a function of rotation angle
6 about the x; axis, for different frequencies of excitation
for an object at the position z = (0,0, 0.343) m using the
simulated MPT and GMPT spectral signatures. In each case,
we see the superior performance of Vzi“d(/\/l, o)+ Vg“d(D, 0)
to predict Vindmeas(9) compared to using Vzi“d(/\/l,ﬁ) alone
for an object at this position, for all frequencies considered.
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Fig. 6. Copper cone positioned in a non-uniform field at position z = (0,0,0.343) m comparing the reactive and resistive parts of Vindmeas g).

VINd(AM, 6) and VA9, 6) +
Reactlve (d) f=

Next, we compare the performance of using the simulated
and measured MPT and GMPT coefficients to predict
vind@9) at different frequencies for a cone located at z =
(0, 0, 0.343) m. To do this, we compare, in Fig. 7, the reactive
and resistive parts of the following residuals Vindmeas(g)

ind(M 9) yind, meaS(e) de(Mmeas 6) Vlnd(gmeas 9)
and Vgnd(@ 6), where M and ® indicate the simulated MPT
and GMPT tensors and M™ and ™ the corresponding

\/‘”d(© ), each normalised by wi, showing (a) f = 1193 Hz Reactive, (b) f = 1193 Hz Resistive, (c) f= 3816 Hz
816 Hz Re5|st|ve (e) f=12402 Hz Reactive and (f) f= 12402 Hz Resistive.

measured tensors. We observe good agreement between the
different residuals indicating that using either both the simu-
lated MPT and GMPT coefficients or both the measured MPT
and GMPT coefficients provide a good prediction of V"(0)
at this location.

To confirm that V‘“d(/\/l 6) and V“‘d(Q 6) do provide
the dominant contributions to V"M€as(9) and that other
higher order terms do not play a significant role, we express
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osition z = (0,0,0.343) m comparing the reactive and resistive parts of

Vind, meas ) _ \ind(Aq, g), ViNd: meas(g) _ yind(aqmeas g) \ind(pmeas g) and VA19(D, ), each normalised by wi, showing (a) f = 1193 Hz

Reactive, (b) f = 1193 Hz Resistive, (c) f = 3816 Hz Reactive, (d) f = 3816 Hz

Resistive.

yindmeas 9y in the form

K
Vind,meaS(G): Z cneine’
n=—K

and use a fast Fourier transform to determine the amplitudes
|cn|. Considering the products of rotation matrices in (17)

esistive, (e) f = 12402 Hz Reactive and (f) f = 12402 Hz

that describe how the coefficients of M and © transform
under object rotation and writing powers of cosine and sine
functions in terms of multiple angles, e.g. cos?6 = (1 +
c0s(20))/2, cos’0 = (3cosf + cos(30)/4 and cos*l =
(3 +4cos(20) + cos(46))/8, we conclude that, if Vindmeas(g)
can be described by a rank 2 tensor description, it will have ¢,
being non-zero for n = 0, =2 while, if it additionally contains
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Fig. 8. Copper cone positioned in a non-uniform field at position z =
(0,0,34.3) cm showing the Fourier coefficients in the expansion of the
(a) reactive and (b) resistive parts of V"dMeas(gy for the case of f =
1193 Hz.

terms associated with a rank 3 description, then, ¢, for n =
+1, 43 will also be non-zero. Furthermore, if Vind meas(g)
additionally contains terms associated with a rank 4 descrip-
tion, then, ¢, for n = 44 will also be non-zero (since in this
case there would be a product of 4 rotation matrices). In Fig. 8,
we show the results of applying this to the case of the cone
located at z = (0,0, 0.344) m and f = 1193 Hz and remark
that the results for other locations exterior to the coil array and
other frequencies are similar. We observe that V"4 ™m¢25(9) hag
dominant contributions associated with n = 0, &1, 2, £3,
which is consistent with a rank 3 tensor description being
able to fully describe its behaviour. Also shown is the corre-
sponding result for Vzi“d(/\/l, 0) + Vg“d(i), 6), which also has
dominant contributions associated with n = 0, &1, 2, £3,
as expected.

To illustrate the importance of including both the Vi"d(M)
and Vg“d(@) to predict Vid at different object locations,
we  compare, in Fig. 9, the measured transimpedance
yindmeas(gy with Vid(M, 0) and VIM(M, 0) + Vi@, 0),
each as a function of rotation angle 8 about the x; axis, for
different object locations and a fixed frequency of f = 3816
Hz using the simulated MPT and GMPT spectral signatures.

As previously observed for the fixed position of in z =
(0,0,0.343) m in Fig. 6, we see that including the term
Vgnd(@, 0) is important to accurately predict V™ at different
object locations. Note the results presented in Fig. 9 use a
larger angle increment of A9 = 2z /24 radians, corresponding
to 15 degrees, compared to those presented in Fig. 6 in
order to reduce the cost of the measurements and, hence,
the curves appear less smooth than before, but the conclusion
remains unchanged. In a similar manner to Fig. 7, we show
in Fig. 10 the corresponding transimpedence residuals for
different object locations where we once again observe good
agreement between the residual predicted by the simulated and
measured MPT and GMPT coefficients.

Further to the results shown in Fig. 9 and 10, the accuracies
according to the error measures

eaeactive ( M)
_IRe(VIMmes @) — VMM, 0))] 2
IRe(Vindmess(@) | 2, ’

(20a)

e;esistive ( M )
ITm(Vindmeas (@) — vird(M, 0)) ] 29)
- IIm(Vindmeas @) 2 ) ’
egeactlve (M’ @)
IRe(Vindmeas(9) — vind(M, 0) — VIM(D, )]l 29,
IRe(VIREmeas @) 1) ’

(20b)

(20c¢)
egesistive ( M , @)
[Tm(Vindmeas(gy — yvind(M, 0) — VI(D, )| 125
”Im(vind,meas(g) ||L2(€) >

(20d)

for a fixed frequency of f = 3816 Hz and the copper cone at
different positions according to the simulated and measured
coefficients of M and © are shown in Tables III and IV,
respectively. These indicate that the accuracy of the transim-
pedance is improved from around 10% when only the MPT
is used to around 2% when either the simulated or measured
GMPTs are included for all object locations considered. We
have seen that © can be obtained from the measurements
yind:meas 9y if the object is placed in the non-uniform field and
including V;“d(D) is important whenever H is non-uniform.
Importantly, as remarked in Section III, ® provides additional
complex coefficients as a function of frequency in addition
to those in M that can aid with object discrimination when
performing object classification. Next we consider a brass and
then a steel cone.

B. Brass Cone

We repeat the procedures described in Section V-A to
measure M1, = Moy and M33z at 28 frequencies between
Jmin = 119.25 Hz and fihax = 95400 Hz leading to the brass
cone’s measured MPT spectral signature. Then, we repeat
the procedure in Section V-B to measure D23 = D113 =
D320 = D311 and D333 for the same 28 frequencies between
Jmin = 119.25 Hz and fpmax = 95400 Hz leading to the
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Fig. 9. Copper cone positioned in a non-uniform field comparing the reactive and resistive parts of Vinmeas(g) 1And(A4, 6) and VII4(M, 6) +

\/”d(@, ), each normalised by wi, for a fixed frequency of f = 3816 Hz showing (a) z = (0,0,0.365) m Reactive, (b) z = (0,0,0.365) m Resistive,
(c) z =(0.02,0,0.343) m Reactive, (d) z = (0.02,0,0.343) m Resistive, (e) z = (0.04,0,0.343) m Reactive and (f) z = (0.04,0,0.343) m Resistive.

brass cone’s measured GMPT spectral signature. To obtain
the object’s MPT and GMPT spectral signatures numerically,
we follow the procedure in Section VI and employ the same
discretisation used previously for the copper cone to simulate
the coefficients M1 = My, M33, D23 = D13 = D3 =
D311 and D333 for frequencies between fnin = 119.25 Hz
and fmax = 95400 Hz for the brass cone.

In Fig. 11, we show a comparison of the computed and
measured MPT and GMPT spectral signatures for the brass
cone where excellent agreement is observed for the computed
and measured MPT spectral signatures and good agreement
is observed for the computed and measured GMPT spectral
signatures. Again note that the non-zero independent coeffi-
cients of ® are 2 orders of magnitude smaller than those of
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Fig. 10. Copper cone positioned in a non-uniform field comparing the reactive and resistive parts of Vinmeas _ yind(Aq) (indmeas _ yind(aqmeas)

V‘g‘d(@meas) and V‘g‘d(@), each normalised by wi, for a fixed frequency of f = 3816 Hz showing (a) z = (0,0,0.365) m Reactive, (b) z = (0,0,0.365)
m Resistive, (¢) z = (0.02,0,0.343) m Reactive, (d) z = (0.02,0,0.343) m Resistive, (e) z = (0.04,0,0.343) m Reactive and (f) z = (0.04,0,0.343) m

Resistive.

M and, hence, we should not expect them to be measured
as accurately as those of M, with the difference between
the measured and computed MPT and GMPTs being similar
to those for the copper cone. A similar noticeable difference
between the simulations and measurements to the copper cone
is the frequency at which the curves for Re(®3272) = Re(®D311)
and Im(®311) cross. Also, in a similar manner to Fig. 5,

we observe that the coefficients of both the real parts of the
coefficients of M and ® show a sigmoid behaviour with log w
while the coefficients of the imaginary parts of the coefficients
of M and © have single local maxima/minima with log w.
Comparable curves to those produced in Fig. 6-10 have also
been found for the brass cone and similar agreements can
be drawn for this object. Hence, we only provide the tabular
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TABLE |

CoPPER CONE POSITIONED IN A NON-UNIFORM FIELD COMPARING THE ERROR MEASURES DEFINED IN (20) FOR COMPUTED M AND ©

TENSORS, A FIXED FREQUENCY OF f= 3816 Hz AND DIFFERENT OBJECT LOCATIONS

=z (m) er2€acuve (M) er;slstlve(M) 6éeacnve (M :D) e{)’eslstlve (M 33)
(0,0,0.343) 0.096309 0.097819 0.017664 0.021213
(0,0,0.365) 0.096627 0.103190 0.023734 0.026163
(0,0,0.382) 0.092338 0.090466 0.025041 0.021797

(0.02,0,0.343) 0.097654 0.101031 0.023663 0.022160
(0.04,0,0.343) 0.092492 0.098122 0.017634 0.016462
TABLE IV

CoOPPER CONE POSITIONED IN A NON-UNIFORM FIELD COMPARING THE ERROR MEASURES DEFINED IN (20) FOR MEASURED M AND ©

TENSORS, A FIXED FREQUENCY OF f= 3816 Hz AND DIFFERENT OBJECT LOCATIONS

z erzeactlve(Mmeas) el'zeSISllVe (Mmeas) eéeactlve(Mmeas7 @meas) eéeSlSllVe (Mmeas7 @meas)
0,0,0.343) 0.097677 0.12152 0.017625 0.020402
(0,0,0.365) 0.097935 0.14225 0.018959 0.023640
(0,0,0.382) 0.093599 0.16891 0.020277 0.021123

(0.02,0,0.343) 0.098964 0.14300 0.023077 0.022878
(0.04,0,0.343) 0.093994 0.22635 0.018504 0.013540
TABLE V

BRASS CONE POSITIONED IN A NON-UNIFORM FIELD COMPARING THE ERROR MEASURES DEFINED IN (20) FOR COMPUTED M AND ©
TENSORS, A FIXED FREQUENCY OF f= 3816 Hz AND DIFFERENT OBJECT LOCATIONS

=z er2€acuve (M) er;slstlve(M) 6éeacnve (M, :D) e{)’eslstlve (M, 33)
(0,0,0.343) 0.113650 0.104790 0.047887 0.023568
(0,0,0.361) 0.108850 0.102740 0.042399 0.026610
(0,0,0.381) 0.094877 0.090336 0.031265 0.023487

(0.02,0,0.341) 0.094400 0.101360 0.025379 0.019437
(0.04,0,0.336) 0.103850 0.102580 0.027634 0.020289
TABLE VI

BRASS CONE POSITIONED IN A NON-UNIFORM FIELD COMPARING THE ERROR MEASURES DEFINED IN (20) FOR MEASURED M AND ©
TENSORS, A FIXED FREQUENCY OF f= 3816 Hz AND DIFFERENT OBJECT LOCATIONS

z erzeactlve (Mmeas) el'2€SISllVe (Mmeas) egeacnve (Mmeas7 @meas) eéesnsuve (Mmeas7 @meas)
(0,0,0.343) 0.113610 0.117590 0.040301 0.021583
(0,0,0.361) 0.111670 0.120900 0.036134 0.024457
(0,0,0.381) 0.096422 0.120910 0.022136 0.016521

(0.02,0,0.341) 0.096394 0.113750 0.035334 0.020949
(0.04,0,0.336) 0.104000 0.115820 0.033121 0.023151

summaries in Tables V and VI, which illustrate comparable
accuracies for the simulated and measured coefficients of M
and ® for the brass cone positioned at different locations
compared to those shown in Tables III and IV.

C. Steel Cone

We repeat the procedures described in Section V-A to
measure M1, = Moy and Ma3z at 28 frequencies between
Smin = 119.25 Hz and fpax = 95400 Hz leading to
the steel cone’s measured MPT spectral signature. Then,
we repeat the procedure in Section V-B to measure 973 =
D113 = D320 = D311 and D333 for the same 28 frequencies
between fmin = 119.25 Hz and fihax = 95400 Hz lead-
ing to the steel cone’s measured GMPT spectral signature.
To obtain the object’s MPT and GMPT spectral signatures
numerically we the employ the same discretisation as before
and repeat the process described for the copper and brass
cones.

In Fig. 12 we show a comparison of the computed and
measured MPT and GMPT spectral signatures for the steel

cone where excellent agreement is observed for the computed
and measured MPT spectral signatures and good agreement is
observed for the computed and measured GMPT spectral sig-
natures Again note that the non-zero independent coefficients
of ® are 2 orders of magnitude smaller than those of M and,
hence, we should not expect them to be measured as accurately
as those of M, in this case the minimum difference between
the measured and computed MPT coefficients is much less
than 1% and the minimum differences between measurement
and simulations for ®333 is 5% while for D3y, it is 9.7%.
In a similar manner to Fig. 5 and 11, we can see that the
coefficients of both the real parts of M and © illustrate a
sigmoid behaviour with logw while the coefficients of the
imaginary parts of M and © have single local maxima/minima
with log w.

In a similar manner to the brass cone, we only provide
the tabular summaries in Tables VII and VIII, which illustrate
comparable accuracies for the simulated and measured coeffi-
cients of M and ® for the steel cone positioned at different
locations.



2444

IEEE SENSORS JOURNAL, VOL. 22, NO. 3, FEBRUARY 1, 2022

Fig. 11.
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Brass cone showing: spectral signatures corresponding to (a) computed coefficients of M and (b) measured coefficients of M, (c)

TABLE VII
STEEL CONE POSITIONED IN A NON-UNIFORM FIELD COMPARING THE ERROR MEASURES DEFINED IN (20) FOR COMPUTED A AND ©
TENSORS, A FIXED FREQUENCY OF f= 3816 Hz AND DIFFERENT OBJECT LOCATIONS

z er2eacuve (M) 61;51511% (M) egeacnve(M, D) eléeSlSllVe (./\/[7 D)
(0,0,34.3) 0.096921 0.092994 0.024522 0.021665
(0,0,36.1) 0.095550 0.089722 0.030501 0.027052
(0,0,38.1) 0.099927 0.085682 0.052521 0.033339
(2,0,34.1) 0.103670 0.090383 0.056694 0.022046
(4,0,33.7) 0.097569 0.093506 0.024934 0.023298

TABLE VIII

TENSORS, A FIXED FREQUENCY OF f= 3816 Hz AND DIFFERENT OBJECT LOCATIONS

z 6r25act1ve (MmEZIS) eléCSlS[IVE (Mmeas) 6éeact1ve (Mmeas7 @meas) 61{35SIS[1VE (./\/ll'ﬂCﬂS7 @meas)
(0,0,34.3) 0.097585 0.100140 0.019174 0.031757
(0,0,36.1) 0.095101 0.102820 0.012218 0.029557
(0,0,38.1) 0.100400 0.100500 0.046089 0.032477
(2,0,34.1) 0.103190 0.096255 0.056485 0.030406
(4,0,33.7) 0.097142 0.097605 0.024977 0.022437

D. Accuracy of MPT and GMPT Measurements

The high level of accuracy in the measured MPT coeffi-
cients has been achieved as the multi-coil arrangement was
originally designed and built to characterise objects by their

rank 2 MPTs. The design, experimental repeatability and
accuracy of the system has been reported in [25]. In this
work, we have extended our original measurement system to
allow, for the first time, the measurement of the rank 3 GMPT
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Fig. 12. Steel cone showing: (a) computed coefficients of M and (b) measured coefficients of M, (c) computed coefficients of © and (d) measured

coefficients of ®.

coefficients by placing the object in the non-uniform Hy field
outside of the bore of the coil arrangement. There are several
potential sources of error in the GMPT measurements. Firstly,
the bore of the measurement apparatus is electrostatically
shielded to remove any capacitive coupling of a target object
to the coils. However, this is not the case when the target
object is placed outside of the bore where H is non-uniform.
This is further complicated when the object is rotated as the
capacitive coupling may be different for different orientations.
This results in experimental error that is observed in the
higher frequencies in the measured spectrum. Secondly, the
measurement system was designed to be sensitive across the
bore where Hy is uniform, which means high signal-to-noise
ratio (SNR) in this area. However, the SNR starts to get
smaller as the target object moves away from where Ho(z) is
uniform. This means there may be errors in the experimental
results introduced by measurement noise. Thirdly, the appa-
ratus was built to ensure a precise position and orientation
manipulation, these manipulations will contain inaccuracies,
which result in differences in Hy(z) as well as the rotational
configuration of the object compared to the analytical model.
Moreover, any small imperfections of the coils, which do
not affect rank 2 MPT characterisation results in the uniform

field, may become more apparent in measurements outside of
this region. Fourthly, a four-wire resistivity measurement was
used to characterise resistivity of the cones. However, these
may have small errors in the results meaning the materials
modelled may be slightly different in simulations. While these
sources of errors are not significant individually, the smaller
rank 3 GMPT coefficients and the cumulative sum of these
errors, leads to greater inaccuracies in their measurement when
compared to those of the MPT. To improve the accuracy
of GMPTs significantly would require the design of a new
coil arrangement that is optimised to produce non-uniform
H( fields, which can be predicted with a high level of
accuracy, and address the points raised above.

VIII. CONCLUSION

In this work we have explained the limitations of using an
MPT spectral signature alone to characterise objects since the
object is then characterised by just 6 complex coefficients as
a function of w. For objects with rotational and/or reflectional
symmetries the number of independent coefficients is much
fewer and this makes it difficult to discriminate between
objects in object classification and to determine which way an
object is pointing. Using GMPTs provides additional complex
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coefficients as a function of w, which can aid with discrim-
inating between objects and, hence, they have the potential
to improve classification. We have shown, for the first time,
that GMPT coefficients and their spectral signature can be
obtained in practice from measurements of (H,— H()(x) from
a coil arrangement. The resulting measured GMPT spectral
signature we have obtained are in good agreement with the
simulated GMPT spectral signatures we found from numerical
simulations using finite elements, while the larger measured
MPTs that exhibit a very high level of accuracy. We have
illustrated that including the GMPT object characterisation
information is important to accurately predict (H, — Ho)(x)
whenever the background field is non-uniform for a sequence
of copper, brass and steel cones placed at different locations.
Our future work includes designing and building a new mea-
surement system that can achieve greater accuracy of GMPT
coefficients.

In this work, we have limited consideration to objects with
U+« = to and to the cone geometry. For magnetic objects, I
can not be neglected and includes important characterisation
information. Furthermore, many practical objects have fewer
(or no) symmetries compared to the cone, which increases the
number of MPT and GMPT coefficients needed to characterise
the object. The effect of an object’s symmetry group on GMPT
coefficients will be the subject of a forthcoming work.
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Abstract—This paper describes the development of a large-
scale multi-coil arrangement capable of characterizing the
Magnetic Polarizability Tensor (MPT) of large threat objects
such as firearms. The system has been applied to the
measurement of a comprehensive range of weapons made
available by the National Firearms Centre of the UK. For
comparison, a number of non-threat items such as metallic belt
buckles, keys and coins have also been characterized. Clear
differences in the magnitude and spectroscopic response of the
MPT data for different firearm types and non-threat items are
presented. The application of unsupervised Machine Learning
(ML) algorithms to MPT data of threat and non-threat objects
enable a better understanding of target object classification.
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The presented results are encouraging as they demonstrate the ability of the MPT used in combination with the
adopted classification algorithms to robustly discriminate between threat and non-threat objects.

Index Terms— Magnetic Polarizability Tensor, Metal Detection, Machine Learning, Metal Classification

I. INTRODUCTION

Gun and knife crime are a serious global problem. For
example, according to the Centers for Disease Control and
Prevention’s (CDC) National Center for Health Statistics [1]
in 2020 in the US, gun related killings amounted to 19,384
people. This equates to 53 firearm related homicides each
day in the US. Additionally, according to the FBI [2], there
were 345 mass shooting incidents in the United States
between 2000-2020, resulting in more than 1,024 deaths and
1,828 injuries. The deadliest attack, in Las Vegas in 2017
resulted in the death of 60 people and left 500 wounded.
Although, less severe, there were in the UK 35 firearms
related homicides in the year ending March 2021 with an
additional 5,682 reported offences involving firearms [3].
Additionally, knife crime in the UK is a significant issue with
over 47,000 offences in 2019 in England and Wales [4]
involving knife or sharp implements resulting in 285 recorded
homicides. Globally, high populated areas such as sports
stadia, arenas, transportation hubs, shopping centers and
other places such as music venues, schools and nightclubs
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represent potential targets for mass killings, gun and knife
crime. Consequently, early recognition of threat objects e.g.
metal detection methods may help to reduce the number of
offences involving guns and knives.

In recent years, a number of different technologies have
been developed to detect threat objects at security
checkpoints [5]. For metallic objects, walk-through metal
detectors (WTMD) have become the primary method used in
security screening [6-7]. Typical threat items include
concealed guns and knives. However, existing WTMD fail
to accurately discriminate between threat items and harmless
metallic objects such as belt buckles, keys, coins, watches,
jewelry, and mobile phones. WTMDs are commonly used in
environments such as airports, public buildings, prisons and,
more recently, train stations, shopping centers and sports
stadium events where the efficient throughput of people
during the screening process is of considerable concern. To
prevent constant false alarms, people are often required to
remove metallic objects prior to WTMD screening.
However, this disrupts throughput, increases delays, queuing
time and public frustration. Additionally, false alarms also
necessitate manual pat-down security checks which require a
large number of staff to administer and further slow the
screening process down significantly. Ideally, WTMD
screening is required, which is able to reliably discriminate
between genuine threat and non-threat items in near real time
to reduce the need for metallic object removal, thereby
increasing throughput.

The Magnetic Polarizability Tensor (MPT) is a
representative electromagnetic property of a metallic object,
which depends on the size, material, shape, and excitation
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frequency of the object [8]-[10]. The MPT has been
successfully applied in the area of metal detection e.g. the
detection of unexploded ordnance [11]-[14], metal
recognition and classification [15]-[16], Non Destructive
Testing [17]-[19], buried object detection [20] and anti-
personnel landmine characterisation [21]-[23]. In the area of
WTMD, intelligent solutions using the MPT are being sought
in order to decrease false alarm rates thereby increasing
screening throughput. For example, Kauppila et al. [24]
describe the concept of a WTMD able to generate mutually
orthogonal homogeneous magnetic fields in such a way that
the measured dipole moments allow for the classification of
small items using a time series of eigenvalues of the MPT.
The study presented simulated and proof of concept data
showing the possibility of classifying unknown items in the
WTMD to harmless and dangerous with a high degree of
accuracy (approaching 90%). Extending on this work,
Makkonen et al [25] applied a K-nearest-neighbour (KNN)
based classifier algorithm to data acquired from a modified
commercial WTMD with MPT data of metallic objects such
as knives, shoe shanks and belts. The algorithm classified
objects into 13 classes and distinguished several similar
objects within each class. The presented results showed a
typical success rate of over 95% for recognizing threats, and
over 85% for correct classification. Furthermore, Makkonen
et al increased the accuracy of the metal object classification
using a novel application of a Levenberg-Marquardt
algorithm reported in [26] by rejecting noisy and unreliable
MPT data. Further studies have used Artificial Neural
Network (ANN) methods to discriminate between threat and
non-threat items. For example, Elgwel et al. [27] used a
method based on the decay rates of induced currents in small
threat objects. Al-Qubba et al. [28] constructed a giant
magneto-resistive sensor and applied ANN and machine
learning to recognise weapon and common daily non-threat
items. Kottler et al [29] used a modified WTMD and
analysed the magnetic spectrum generated when a person
passes the WTMD. Many of the studies in the reported
literature are promising, however, virtually all studies to date,
have generally only considered small sample sets of threat
items or are very sensitive to measurement noise.

This paper describes a novel large scale multi-coil
geometry arrangement capable of measuring the MPT of
small to medium sized firearms. For comparison, sample
non-threat items provide additional data for testing the
effectiveness of unsupervised machine learning algorithms
for discriminating between the tested threat and non-threat
items. In this paper, Section II describes the background to
the MPT and unsupervised machine learning algorithms.
Section III describes the experimental setup used for MPT
measurements which involves a multi-coil arrangement and a
new target orientation manipulator capable of housing the
firearms of interest. Section IV gives details of the MPT
measurement method, data sets used for testing of
unsupervised machine learning algorithms and the associated
data pre-processing and visualization methods. Section V
gives further details of the tested threat and non-threat
objects. Section VI presents example results and discusses
the effectiveness of the tested algorithms. Finally, Section
VII concludes the paper with a discussion of the potential of
the adopted algorithms as object classifiers within the context
of security screening.

Il. BACKGROUND

A. Magnetic Polarizability Tensor

The MPT is a function of frequency and depends on the
object’s shape, material properties and its orientation in
relation to an applied primary magnetic field. Mathematical
descriptions of the MPT and, more generally, the perturbation
of magnetic fields due to magnetic and conducting objects
can be found in the pure and applied mathematics literature
e.g. [8]-[10]. However, a simplified engineering approach to
describing the rank 2 MPT considers the representation of
metallic responses as point dipoles. This approach has been
presented in several publications for time and frequency
domain systems [11]-[13] and has previously been adopted
for object classification using WTMD [25], [26]. For
conciseness, a brief summary of the key equations describing
the MPT are presented in this paper whilst complete
derivations can be found in the provided references. The
MPT itself is a complex -dependent quantity which is
commonly expressed as a 3x3 matrix of the following
structure:

M,xx +jM”xx M,xy +jM”xy M,xz +jM”xz
M(f) = M'xy +jM"xy M'yy +jM”yy M'yz +jM”yz 1)
M,xz +jM”xz M,yz +jM”yz M,zz +jM”zz

At a fixed frequency f, low enough for the eddy current
approximation to be valid then the MPT matrix in (1) is
symmetric and has six unique complex coefficients. The
complex nature of the MPT yields the implicit frequency
dependence. Additionally, the MPT is orientation dependent
and, therefore, a change in the orientation of the object in
relation to the applied primary field will result in a change in
the MPT. If constructing the MPT matrix by measurements,
at least six complex and suitably chosen measurements of the
object are needed. However, in practice more orientations are
used to better pose the inverse problem and improve accuracy
by reducing the effects of noise in the measurement data.

The induced voltage, V;,4, on the receive coil of an
electromagnetic sensor, where / is the virtual current in the
receive coil, can be shown to satisfy the following:

. u
Vina = —j2nf > H{MHpg @

where Hr is the primary electromagnetic field produced by a
transmitting coil in three-dimensional space. The field
quantity, Hr is the incident magnetic field on the receive coil
and fis the frequency at which the magnetic field is varying.
Therefore, by measuring V;,s and calculating Hr and Hr at
the target for defined unique orientations, then it is possible
to build a system of linear equations constructed using (2).
For the rank 2 MPT approximation, a near uniform
electromagnetic field is required and the application of a
rotation matrix, R based on Euler’s theorem using (3) can be
used to give an eigenvalue matrix which is orientation
independent of the MPT:

M=R-A-RT 3)

where A is the diagonal matrix:

Ay +jAYL, 0 0
A(f) = 0 A;y + jAgf’y 0 (4)
0 0 A, + jAY,
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The eigenvalue matrix shown in (4) is frequency
dependent, meaning that measuring the MPT at different
frequencies provides a more detailed information set so a
stronger basis for discrimination and any subsequent
application of classification algorithms. This spectroscopic
nature of the MPT and the associated eigenvalue matrix is
inter-dependent with the object’s shape, size, conductivity
and permeability as described by Rehim et al. [23] and
Ledger et al. [39]. This makes the MPT a potentially useful
tool for the identification and classification of threat and non-
threat objects within a security screening environment.

B. Unsupervised Machine Learning Algorithms

Machine Learning (ML) algorithms can be divided into
three categories as supervised, semi-supervised and
unsupervised ML algorithms [32]-[34]. Supervised ML
algorithms require a labelled dataset which can be used to
“train” the algorithm. A separate, smaller dataset can then be
used to test the performance of the trained ML algorithm.
Performance of a supervised ML algorithm is dependent on
the size of the dataset used to train the algorithm. If a small
dataset is used, it is very easy for the algorithm to “overfit”
that specific dataset and not perform well when new data is
introduced. On the other hand, unsupervised ML algorithms
use unlabelled datasets to generate a labelled dataset as the
result. Because of that, it is not easy to evaluate the
performance of an unsupervised ML algorithm. However,
unsupervised ML algorithms are useful for finding clusters or
patterns in the data which may not be obvious. In addition,
unsupervised ML algorithms can be used with small datasets
and still provide valuable output.

To evaluate the possibility of classifying target objects
using machine learning, unsupervised ML algorithms were
applied to object MPT data. Normally, a supervised ML
algorithm, such as a Deep Neural Network (DNN), would be
deployed to classify targets in a complete system. However,
due to the small size of the collected data (<100 samples),
unsupervised ML algorithms were applied to evaluate and
prove that the different types of samples in the dataset form
clusters. If there are clusters in the data, this means a
supervised ML algorithm can be trained with a large dataset
of the same data type to classify the samples into those
clusters. Therefore, this reported study aims to show that
datasets generated using the data described in Sections IV and
V exhibit clustering [35]-[36] within the measured data.

[ll. EXPERIMENTAL SETUP

A. System Overview

The main system comprises of three main parts; a large-
scale coaxial multi-coil arrangement, custom made
electronics and control software on a PC. The bespoke
control software is used to set transmit control signals, e.g.
frequency, signal amplitudes and digital signal processing
(DSP) settings to a dedicated microcontroller (Red Pitaya —
STEMlab 125-14). The microcontroller generates the
requested excitation signals to a set of twenty power
amplifiers (Analog Devices LT 1210) configured to produce
64 V peak-to-peak sine wave at 10 A to the transmit coil.
Measurement signals from the receive coils are amplified and
filtered by custom-made electronics controlled via the DSP
of the microcontroller. Signal averaging of the acquired

measurements are performed in the control software prior to
MPT inversion in accordance with Eq. (2). Full details of the
custom-made electronics and data acquisition methods can be
found in previous publications [30] and [37].

B. Large-Scale Multi-Coil Arrangement

The geometry of the coil arrangement is based on an
approximate two factor scale up of the multiple coil array
described by Ozdeger et al [30]. The coil arrangement
consists of spatially segmented coils corresponding to a
coaxial transmit coil with 495 mm internal diameter and two
receive coils each with 430 mm internal diameters. The
transmit coil is made up of 12 AWG PVC insulated copper
wire wound as nine separate coil sections (turns:
11:3:5:5:5:5:5:3:11) connected in series addition. The two
receive coils are connected in series opposition in two
symmetrical halves, with each coil made up of 14 AWG PVC
insulated wire wound as eight separate coil sections (turns:
27:18:18:49:49:18:18:27). All coils are wound on 6 mm
thickness flexible MDF former tubes which are held in
position with top and bottom recessed MDF plates held in
compression via three rigid polypropylene rods. Additional
MDF annuli rings provide structural support of each MDF
former tube. The coils are held in position using annuli rings
and glass fibre reinforced tape. A final outermost tube
provides further structural reinforcement and protects all coils
and lead out wiring from the external environment. The
external height of the coil arrangement is 1.1 m with an
outermost diameter of 0.8 m. The overall mass is
approximately 40 kg. The coil arrangement is supported using
a bespoke MDF platform having an integrated operator step.
A major role of the platform is the minimisation of potential
coil unbalancing or saturation effects as a consequence of any
unknown embedded and hidden metallic floor structures. An
innermost tube of 1 mm thickness ABS sheeting painted with
conductive paint (surface resistivity: 55 Q/sq/ 50 microns
thickness) provides electrostatic shielding. The coils are
optimized for the range between 100 Hz to approximately 80
kHz; this frequency range being outside any coil resonant
frequencies but within the frequency range of the driving and
measurement electronics [30]. The design concept and
constructed coil arrangement is shown in Fig. 3.

(2) (b)

Fig. 1. The large-scale coil arrangement showing; (a) design
concept cut away along with simplified inner receive coil and (b)
constructed coil arrangement on the bespoke mounting platform.
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C. Target Orientation Manipulator

A bespoke Target Orientation Manipulator (TOM) based
on an open framed truncated Icosahderon (tI) enables test
object rotation in three-dimensional space. The tI is
constructed from a combination of 3D printed polylactic acid
(PLA) nodes connected with sections of 15 mm diameter
polybutylene pipe. The TOM allows for test objects to be
rotated in such a way that provides unique independent
orientations for the subsequent calculation of the magnetic
polarizabilty tensor. The use of the tI method enables non-
symmetrical target objects to be measured and has been
described in more detail elsewhere [37]. The TOM uses a
height adjustable internal MDF object mounting plate which
can be accessed either by the temporary removal of a small
section of the tI or by the direct placement of the object of
interest onto the plate via one of the open faces of the tl.
Target objects are securely fixed in the TOM using
appropriate combinations of hook and loop type fasteners or
adhesive tape. The TOM is approximately 360 mm in
diameter and the use of numbered nodes along with a bespoke
keyed seating arrangement within the coil arrangement
allows for accurate and consistent positioning of each target
in the measurement system. The TOM is shown in Fig. 4.

(@) (b)

Fig. 4. CAD model and built version of the large-scale TOM; (a)
design concept and (b) constructed TOM with mounting plate. The
TOM is approximately 360 mm in diameter.

IV. METHOD

A. Magnetic Polarizability Tensor Measurement

The experimental setup described in Section III was used
to characterise the rank 2 MPT of target objects. Experiment
settings were set using the Graphical User Interface (GUI) on
the computer before each experiment and the system was left
to run until it reached the steady-state temperature. In
addition, the instrument was also used in a temperature-
controlled area to minimise the measurement drift caused by
any temperature changes on the coils or the electronics. Phase
and amplitude correction was achieved with a NiZn ferrite
rod, which gives a pure real response through the
instrument’s operating frequency spectrum. A background
measurement was recorded with no object inside the coils.
The system was also calibrated against a copper reference
target, see next paragraph. Then, the object was placed inside
a truncated icosahedron shaped target orientation manipulator
and was put into 16 unique orientations inside the coils. A
measurement was taken at each orientation and the
experiment was finalized with a measurement of the
background again. After the background measurements were
subtracted from the 16 measurements with object present, 16
linear equations were constructed using the orientation
information and the measured voltages. A Least Squares

Method was then used to obtain the 6 unique components of
the rank 2 MPT. The method of data capture has been
described in more detail in [37].

The threat objects were characterized using the larger coil
arrangement reported in this paper whereas the smaller non-
threat objects were characterized using the smaller coil
arrangement reported in [30]. To ensure both the larger and
the smaller coil arrangements resulted in the same MPTs,
well-defined and previously measured standard copper test
pieces were characterized using both the larger and the
smaller coil arrangements. The results were then compared to
quantify the error present in measurements between the two
coil arrangements. It was found that for the standard test
pieces, the MPT eigenvalues characterized by the two coil
arrangements were within one percent of each other at worst.

B. Datasets

Two datasets were generated using MPT data from
measurements taken at the UK’s National Firearms Centre
and measurements from the University of Manchester
laboratories. One of the datasets involved several types of
firearms which were expected to form clusters in terms of the
types of the firearms. Further details of the firearms tested are
given in Section V. The other dataset involved a subset of the
firearms from the first dataset, as well as a set of non-threat
objects. Both datasets and the object types they include are
shown in Table I.

Table | — Object types involved in the datasets generated. Numbers
in each cell under the dataset columns indicate the number of
specific objects in that particular sub-group of the dataset.

Dataset 1 Dataset 2

Metal Frame Pistol 11 11

Polg?slforlF rame 13 18

Revolver 7 7

Mini Pistol 2 -

Sub-Machine Gun 4 4
(SMG)

Grenade 4 -

Key - 12

Coin - 13

Belt - 11

Totgéjl.\efzézber of 46 76

The only difference between Dataset 1 and Dataset 2, in
addition to the inclusion of non-threat items, is the removal
of the grenade data from Dataset 2. This was because of the
inert materials in the grenades filled to replace the explosives
were not known, meaning it was not clear if the inert grenades
were completely representative of the live weapons.
Although 7 clustering algorithms were initially tested, K-
Means Clustering, Spectral Clustering and Agglomerative
Clustering algorithms were found to be the better performers
amongst the others. Therefore, they were used to evaluate the
clustering in the datasets. The number of clusters specified
for the clustering algorithms was set to 5, which was found to
give the best performance for the used datasets and clustering
algorithm combination.
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C. Pre-Processing of the Datasets.

For each object, three eigenvalues of the complex rank 2
MPT across the frequency spectrum were recorded, resulting
in 168 features/data points (real and imaginary values of three
eigenvalues across 28 frequencies). Using the complex MPT
eigenvalues, MPT invariants were calculated as described in
[38]-[39] which resulted in the same number of features per
object. Using the MPT invariants instead of the MPT
eigenvalues eliminates classification issues arising from the
arbitrary allocation of eigenvalues.

The number of features per object were reduced from 168
to 2 by using Principal Component Analysis (PCA), which
was found to still hold 95% of the information of the data.
The data was also normalized so that the minimum and
maximum values of each object’s features were between 0
and 1. This eliminated the possibility of any bias happening
by the response size of each object e.g., response size of an
SMG compared to a key. Although, the response size of an
object is a feature, and should be used in a commercially
deployed system, it is not possible to visualise the data and
test for clustering without the normalization. Otherwise, all
the smaller objects would just appear as a dot on the plots.
Both datasets with reduced dimensions and the original
datasets with 168 features were used to test the clustering in
the data, meaning that a total of 4 datasets were used.

V. TESTED OBJECTS

A range of small to medium sized firearms provided by the
UK’s National Firearms Centre at the Royal Armouries were
characterized using the large-scale multi-coil arrangement.
The selected firearms ranged in size from typical self-loading
handguns and revolvers to the larger machine pistol (MP) and
submachine gun (SMG) weapons such as a Mini-Uzi 9 mm
MP model measuring approximately 350 mm in length with
the folding stock collapsed. Examples of firearms from the
same manufacturer (and model) but with different frame
materials were also tested. The selected firearms are
representative of approximately two thirds of the 3 million
pistols and revolvers that enter circulation in the US market
each year. In addition to the tested firearms, a small number
of inert filled hand fragmentation grenades typically used for
drill purposes by military purposes were tested. A summary
of the tested threat objects is shown in Table II. Additionally,
examples of tested firearms are shown in Fig. 5.

Table Il — Summary of tested threat objects.

Group / Type Details / Manufacturers

Glock Group 9m Self Loading Polymer Framed

Miscellaneous Smith and Wesson, Heckler and Koch,

9 mm Pistols Beretta, Jennings Firearms

Revolver Colt, Webley, Smith and Wesson,.
Group 38 and.45 Calibers
MP/SMG Uzi, MAC-10 & 11, CZ Scorpion, Steyr
Arms
Same manufacturer (and model); different
Pistol Pairs material finishes
Sig Sauer, Smith and Wesson, Ruger
Drill type with inert filling

Grenades

e.g. Arges Type HG84, ‘Mills’ British No. 5

(c)

2

(d)
Fig. 5. Example tested firearm types; (a) polymer framed self-

loading pistol (Glock 43), (b) metal framed handgun (Beretta 92FS),
(c) revolver (Smith and Wesson, model 547) and (d) Uzi 9 mm MP

A set of non-threat objects were characterized for
comparison with the threat objects. These included coins,
keys and metallic belt buckles. Coins consisted of both a mint
condition uncirculated 2004 set of US coins and currently in
circulation UK coins, minted circa 2015. Keys typical of the
type used in UK and European mortice locks along with
domestic door keys were also characterized. Keys were
chosen to be representative of the keys carried by people prior
to WIMD screening. Material types covered a range of
carbon steel, stainless steel, brass and brass-nickel
combinations typically used in key manufacture. Examples
of the tested non-threat objects are shown in Fig. 6.

Fig. 6. Example benign test objects; (a) subset of circulated British
coins (circa 2015) and (b) typical UK mortice and domestic door keys.

VI. RESULTS AND DISCUSSION

Fig. 7 shows typical eigenvalue MPT data associated with
example threat and non-threat items detailed in Section V.
The observations made on the eigenvalues of the measured
objects show both a rich detail in the spectroscopic response
and significant differences between different object types.
For example, Fig. 7(a-b) shows clear differences in data
magnitude and spectroscopic response for polymer framed,
metal framed and revolver firearm types. The highest
magnitude eigenvalue is associated with the revolver which
is consistent with this firearm having the most metallic
content of the presented data in this subplot. The
asymmetrical shapes of the firearms result in the observed
three different eigenvalue tensors. However, for all presented
firearm types, the first eigenvalue shows a stronger level of
dominance corresponding to an axial direction along the
barrel length of each firearm.
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Fig. 7(c-d) shows typical eigenvalue MPT data for a coin
and a mortice lock key. The data are approximately three
orders of magnitude smaller than the firearms of Fig. 7(a-b);
this being consistent with the smaller relative sizes and the
lower metallic content compared with the firearms.
Additionally, for the coin, the first eigenvalue is strongly
dominant compared with the two smaller repeated
eigenvalues consistent of the MPT nature of a largely non-
magnetic disk [31]. A comparison of the relative magnitude
differences between a typical non-threat object and a polymer
framed pistol is shown in Fig. 7(e-f). Although, polymer
framed, the tested Glock 17 (third generation), still uses a
substantial amount of metallic material in the barrel, slide,
spring and the partial steel lining of the magazine. This is
consistent with the observation of the positive real component
in the eigenvalues at frequencies below 10 kHz suggesting a
relative permeability greater than 1 indicative of a material
such as a ferrous steel.

Clustering in the data was tested using 2 datasets and 3
Unsupervised ML algorithms for clustering. A subset of the
clustering results is shown in Fig. 8. Each dataset had a
version where the number of dimensions or features for each
sample was reduced to 2 using PCA, and also another version
with the full 168 dimensions. As the clustering algorithms
performed better on the datasets with 168 dimensions, only
the results for those datasets are shown in Fig. 8.

Main clusters in Dataset 1 were recognised by the
clustering algorithms where all three algorithms have placed
most object types into separate clusters. Two SMGs and
grenades were clustered either into a separate cluster or
together with the polymer framed pistols by all three
algorithms. Most threat and non-threat objects were in
separate clusters in Dataset 2. This can be clearly observed
for the application of the Spectral and Agglomerative
clustering algorithms which broadly shows threat objects
grouped towards the bottom and LHS of the data plots.
Although, some non-threat, ferrous objects were clustered as
threats in some situations, no threat objects were clustered as
non-threat, meaning that the algorithms did not produce any
false negative classification. For example, two ferrous coins
were clustered together with the threat objects in Fig. 8(f) and
two different coins and a belt were again clustered together
with the threat items in Fig. 8(g). The false classification rate
of non-threat objects as threats would reduce significantly if
the responses were not normalised, as most non-threat objects
are smaller in size, compared to the threat objects in the
datasets used. However, as described in Section IV-C,
normalization of the data was a necessity for this specific
application. The metal framed pistols were again clustered
separately to polymer framed pistols. However, the cluster
with polymer framed pistols also included revolvers and
SMGs in the same cluster for this dataset. This is likely due
to this dataset having non-threat objects (e.g., coins, keys)
with very different characteristics to the firearms, which
means that two different pistols styles look much more
similar to each other compared to a pistol and a coin.
Although a supervised machine learning algorithm trained
with a large dataset would still be able to classify different
types of firearms and non-threat objects at the same time, it
would still have a higher accuracy of classifying threat and
non-threat objects compared to discriminating between
individual different types of threat objects. Consequently, a
large response size difference between a threat and a non-

threat object in non-normalized data could be an important
and useful feature, in addition to other characteristic
differences.

VII. CONCLUSION AND FUTURE WORK

In this paper, we have described the development of a
large-scale multi-coil arrangement capable of characterizing
the MPT of large threat objects such as firearms. A novel
aspect has been the measurement of a comprehensive range
of weapons made available by the National Firearms Centre
at the Royal Armouries in the UK. The resulting absolute
MPT data will serve as a highly valuable library resource for
the development of the next generation of WTMDs.
Additionally, the results shown in this paper demonstrate that
the tested clustering algorithms are capable of classifying
threat objects in a consistent manner. Crucially, irrespective
of algorithm type, the -classification methods clearly
demonstrate the ability to distinguish between firearms and
non-threat objects. The presented classification methods are
invariant to the orientation of the object tested being based on
the measured absolute MPT values. The combination of high
quality MPT data libraries and robust -classification
algorithms are a crucial aspect in aiding the development of
newer, smarter WTMDs in such a way which will enable
better discrimination between threat and non-threat objects.
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