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- Abstract-

Abstract

Electrical resistance tomography (ERT) is a technology for producing images of internal body
structures from the analysis of the electrical measurements made from the rings of electrode system
fitted on the body surface. Producing an image from measurements in ERT is broadly classified into a
forward and inverse problem. In the forward modelling of the problem computing the boundary
voltages from a model of the electric flux given the resistivity distribution within the domain of the
vessel is required. The technique requires an iterative processes in order to address the ill-posed and
non-linear mathematical inverse problem associated with ERT, i.e. to progressively improve on a
calculated resistivity distribution to match the simulated forward solution with the measured data.
To achieve these calculations, the use of a public domain library of MATLAB functions, EIDORS, was
explored. The forward solver function in the library is based on the finite element method (FEM),
which is robust at handling complicated geometries, complete electrode modelling and the spatially

variable or non-linear material properties.

A study of the current stimulation and voltage measurement codes in the library lead to the
development of six 3-D measurement sequence tables for collecting data over two, three and four
rings of sixteen equally spaced electrodes system in a ring, with consideration to a sequence of
current stimulation through both opposite and adjacent electrode pairs. With the voltage measured
using these tables, the inverse solver code included in the library was explored in solving the inverse

problem based on the regularisation technique.

The modification and customisation of the open-source library of functions for analysis of measured
voltage signals from the UCT vessel lead to the development of an image reconstruction procedure

which was coded in MATLAB for each of the six 3-D measurement strategies.

The primary objectives of this research include an implementation of a 3-D algorithm in visualising
the movement of solid suspended objects through image reconstruction and assessment of the
quality of these images as well as validation of the application of the 3-D algorithm in visualising the

movement of conductive solution.

Implementation of the 3-D algorithm was demonstrated in an applied context with the use of the six
programs to visualise the position of a suspended solid object along the diameter of the vessel. A
comparative study of the volume and centre of gravity of the suspended solid objects and
reconstructed images using the six reconstruction codes enables the determination of the optimal

measurement strategy.
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Although there was improvement in the resolution of the reconstructed images with the stimulation
of current through opposite electrode pairs instead of adjacent pairs, analysis of tomogram of the
variation of position and volume of suspended phantom along the diameter of the vessel indicate
the resolution of the images decreases towards the centre of the vessel. Three major sources of
error that account for this observation are (1) the use of first order FEM in the explored libraries
instead of higher order FEM, (2) the variation of the mesh density from fine mesh near the boundary
to coarse mesh towards the centre in explored 3-D mesh generator, (3) the inaccuracy in
reproducing the tank phantom measurements due to limitation in the memory space and processing

power of the computer used for the 3-D imaging.

The 3-D reconstruction software developed using the optimal measurement strategy was further
applied to visualise the movement of more conductive solution relative to the less conductive bulk
solution in some experimental work. The analysis of the reconstructed images provided a means of

ascertaining the physical phenomenon influencing the movement of the fluid.
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CHAPTER 1

INTRODUCTION

1.1 Background

Gaining a better understanding of the internal composition of pipelines, vessels, reactors and
separators is supported with a technology that enables the visualisation of the interior of the vessel.
Delineation of the interior of the process vessels or pipelines containing multiphase mixtures with
the help of an imaging technique will enhance investigation and optimisation of the processes within
the vessel through an online control system aiming at reducing energy consumption, increasing

product yield and monitoring the performance of the processes.

An appropriate imaging technique is sought to visualise complex processes within process vessels.
For example, the measurement of formation of a vortex and its maintenance to achieve separation
of solid/liquid mixture in a hydrocyclone process requires a non-invasive process measurement

technique from outside the hydrocyclone so as not to disturb the vortex.

Similarly, fluidised beds are employed in reactions where the solid is a catalyst or a heat transfer
medium by passing a gas or liquid up through a bed of solid material at sufficient velocity to
maintain fluid behaviour. When this process is optimised, excellent mixing is obtained. To achieve
an optimised reaction, during operation, a process measurement is sought to measure the
homogeneity of the fluidised beds and the presence of any contaminants that may need removing
from outside the vessel as any measurement within the process vessel will potentially disturb the

fluidity of the system.

A further example is a filtration processes, where the filter medium is replaced after a fixed time
due to drop in performance and then cleaned before being returned to operation in batch and
continuous filtration, respectively. As filtration occurs within the filtered medium, especially a
filtration process that involves solids, a process measurement technique is needed to measure what
is actually happening within the filter medium, owing to the difficulty of determining this with any

conventional instrument.

Also, measuring the flow of each phase in the pipe during multiphase flow (flow of two or more
phases such as liquid, gas and solid along a closed or open pipe) will provide information on the
mass, volume and degree of mixing within the pipe. Multiphase flow can only be measured by a

measurement technique that is non-intrusive, otherwise, the flow will be disturbed.
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Similarly, although the behaviour of fluids could be modelled and described using computational
fluid dynamics techniques, obtaining an "on-line" data sets from an experimental rig during chemical
processes such as batch mixing, polymerisation reactions, polymer extrusion and crystallisation in
order to validate the model is a challenge. Data sets acquired by process measurement help
developers to optimise their models, as the measured data is used to validate the reliability of the
model. More importantly, a process measurement technique that provides visualisation of the
measurement variable (concentration and turbulence) is being sought by many oil and gas
companies in order to identify flow regimes that are operational during a certain time of the flow
and mixing process. A process measurement of this kind will enhance investigation into oil sand
research, where visibility is reduced owing to stainless steel equipment and opaque fluid (sand in
heavy oil). Likewise, the opaque medium presented by the heap of ores in heap leaching processes
disallows the visualisation of the flow of the leach solution through the heap of mined ores. A
process measurement technique that enables the visualisation of the flow of the leach solution from
analysis of the measured data sets taken during an "on-line" flow will enhance investigation into an
improved form of recovery of the leachate. Thus, a process measurement technique aiding the
visualisation of the flow of the leach solution without disturbing heap leaching processes is called for

in heap leaching research.

Electrical Resistance Tomography (ERT) is an imaging technique of choice due to its effectiveness in
aiding the visualisation of interior of process vessels in a non-intrusive, non-destructive, non-
radioactive manner and at a low cost. ERT enables the visualisation of resistance or conductance
distribution within a less resistant or conductive homogeneous medium, respectively, from voltage
measurement made on multiple electrodes fitted on the periphery of the process vessel due to
sequence of current stimulation through array of electrode. ERT could be used to model any higher
resistive materials such as Perspex or Polyvinyl chloride (PVC) materials relative to the bulk solution
by suspending these into the bulk homogeneous solution. Modelling the specific geometry of region
of resistivity or conductance distribution using the ERT technique in 3-D will require mesh density of
order of 10°, which is only obtainable using computing system of much bigger memory and higher

processing power.

The peripheral electrodes are fitted so as to ensure contact with the process fluid without disturbing

the process flow pattern.

In general, an electrical resistance image reconstruction technique used for ERT involves computing
the solution of a non-linear and ill-posed inverse problem. Non-linearity in image reconstruction

arises due to isopotential lines curving in a way which depends on the spatial conductivity
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distribution (Pinheiro et al. 1998). Non-linearity is reduced to an iterative procedure using Newton’s

method, as it exhibits quadratic convergence for a non-singular derivative (Pinheiro et al. 1998).

The ERT technique has been applied for the analysis of a number of chemical processes using two-
dimensional (2-D) image reconstruction code developed in the Department of Chemical Engineering,
University of Cape Town. Stevenson (2006) carried out an analysis of particle suspension and mixing
in biological systems using the ERT technique developed from 2-D algorithm. An on-line velocity flow
profiling system using electrical resistance tomography was made by Long (2006) with a view to
visualising the flow of slurries in 2-D. Recently, an application of ERT in evaluating the influence of
nozzle design on the gas hold-up distribution in boiling bubble column reactors formed the scope of

work of Sudhakaran (2010).

However, the conclusions and recommendations from the analysis of the results from these
applications were based on 2-D reconstructed images using 2-D voltage measurement strategies
which inherently contains the following errors: (a) the assumption that isopotential regions are
curves and not surfaces and (b), that the effect of objects or zones of higher or lower conductivity

outside the plane of electrodes has no effect on the voltage pattern on the plane.

1.2 ERT Basic Principles

Electrical resistance tomography in general involves the computation of: (1) the electric field in the
interior, in order to compute the Jacobian (sensitivity matrix), (2) solving the forward problem of
calculating predicted voltage measurements at the boundary from a given interior material
properties, and (3) finding the solution of a non-linear and an ill-posed inverse problem by iteratively
matching the predicted with the measured voltages. For complex geometries and inhomogeneous
material medium, the finite element method (FEM) is required for addressing the aforementioned

mathematical problems.

Pinheiro (2002) stated that a restraint to the development of 3-D algorithm was related to the
isopotentials that were assumed to be curves rather than surfaces. This erroneous assumption lead
to the modelling of the electric field lines in 2-D and an implementation of measurement strategy in
a ring of electrodes (2-D data collection strategy). However, the development of 3-D algorithms in
ERT has been promoted following the precise modelling of the electric flux distribution within the
domain of any geometry and availability of computer systems with larger memory and high

processing power.
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1.3 Thesis objectives

A motivation for this research that spans the scope of developing a three-dimensional (3-D) image
reconstruction algorithm springs from the acknowledgement of Pinheiro’s assertion (2002) and the
discovery made by Jossinet et al (1987) who showed from their multi-electrode study that the

sensitivity outside of the plane containing the injection electrode is far from being negligible.

The central focus of this research is to implement an advanced algorithm for the analysis of voltage
signals in electrical resistance tomography. Specifically, an enhanced signal analysis of measured
voltage distribution on the boundary of process vessel resulting from perturbation of a
homogeneous conductivity distribution inside the vessel is required for reconstructing images of
region of lower or higher conductivity (inhomogeneity) in three-dimensions (3-D). The written
reconstruction codes from the implemented algorithm will be tested by visualising the displacement
of an object of low conductivity along the diameter of the vessel, and the flow of a highly conductive
solution through a bulk solution, of lower conductivity. The need to unravel the dilemma of
ascertaining the resolution of the reconstructed image is carried out through a comparative study of
the volume and the centre of gravity of the reconstructed image and suspended phantom. These
objectives are conceived to demonstrate an implementation of the 3-D algorithm in the applied
context, which has not yet been demonstrated as summarised in the problem statement in the next

section.
1.4 Problem Statement

A demonstration of an implementation of 3-D algorithm in visualising the movement of solid
suspended objects is undertaken in the work. This will enable the determination of the best

measurement strategy for the UCT ERT rig designed with various measurement strategies.

Furthermore, in view of lack of any attempt to assessing image quality from previous
implementation of 3-D algorithm, this work intends to address the dilemma through a comparative

study of the volume and centre of mass of the suspended systems and reconstructed image.

The work will also validate the use of the 3-D algorithm in visualising the movement of conductive
solution injected into a mildly saline bulk solution using the obtained best measurement strategy for

the UCT ERT rig.

1.5 Thesis outline

e The review of literature documented in chapter 2 begins with an overview of various

imaging techniques. Following this, basic principle of ERT, ERT measurement principle and
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image reconstruction principle in relation to 2-D and 3-D algorithm were considered.
Subsequently, an account of diverse applications of ERT from medical to industrial purposes,
such as visualisation of solid/liquid or liquid/gas or liquid/liquid as well as processes in
fluidised beds, are given. Thereafter, a record of background studies into ERT hardware,
background knowledge of UCT hardware and implemented measurement sequences in ERT
was made so as to lay a foundation for the comparative evaluation of various ERT devices
considered. Succeeding this section of the review is an examination of applicable software in
ERT, which paves the way for the history of EIDORS that is reported. The chapter concludes
with problem statement being re-iterated.

In chapter 3, detailed mathematical methods involved in both the forward and the inverse
problem of image reconstruction using ERT is documented. A flow chart describing the
sequence of operation in image reconstruction is also provided. The exploration of an open
source software lead to identification of MATLAB functions that implement the
mathematical formulations needed for the forward and the inverse problems. This library of
functions is then described with a view to explaining the numerical operations to be
computed for the forward and the inverse problem. The diverse measurement strategies
implemented in order to obtain the optimum strategy with regards to the UCT tomography
set-up are illustrated in the concluding section of this chapter.

An account of the experimental design and the physical properties of the suspended solid
objects chosen as an analysis tools are given in chapter 4. The chapter is introduced with a
description of the hardware material for the experimental set-up. Thereafter, the explored
open source software such as EIDORS for addressing the forward and the inverse problem
and NETGEN for modelling the UCT tomography vessel in ERT are discussed. The concept of
probability required in addressing the inverse problem is then explained. This is followed by
the description of experimental work for imaging the movement of solid objects suspended

in mildly saline solution and the movement of conductive fluid in the same solution.

The results and discussion of this research is presented in chapter 5. The section describing
the developed reconstruction code for 3-D imaging of suspended solid objects from data
sets collected following the implementation of diverse measurement strategies is used to
introduce this chapter. With due consideration to a few reconstructed images, major
sources of error blurring the precise resolution of the images are, then, highlighted. Six
measurement sequences consisting of voltage measurement over two, three and four rings

due to a sequence of current stimulations through opposite and adjacent electrode pairs
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respectively are implemented. For each measurement strategy, the volume and position of
an axis parallel to the vertical axis and passing through the centre of gravity is computed for
each reconstructed image. The absolute value of the difference in volume and position of
the centre of image between the reconstructed image and suspended phantom is also
computed for each image. A comparative study of the these physical properties of the image
and actual suspended objects is used in determining the best measurement strategy for the
UCT tomography hardware. The application of the 3-D reconstruction code in visualising the
movement of conductive solution within a bulk mildly saline homogeneous solution will be
considered subsequently. The application is directed as ascertaining the phenomena
influencing the movement of the conductive solution within free solution and in a saturated
sponge. Similarly, the 3-D image reconstruction code is employed in visualising the
movement of the conductive fluids through a packed bed medium. This is followed by an

analysis of the movement of the conductive fluid through various media.

The conclusions and recommendations of this work are reported in chapter 6.
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CHAPTER 2

LITERATURE REVIEW

2.1 Overview of Imaging Techniques

In order to visualise the interior of an opaque body or medium, a number of imaging techniques with
regards to the field of application yield remarkable results. In medical practise, magnetic resonance
imaging (MRI) is often employed to create images of the inside of opaque organs in living organisms
as well as detecting the amount of bound water in geological structures. To carry out a MRI scan, the
living organism is placed in a magnetic field so as to align the spins of the atomic nuclei of the tissue
molecules. The position of alighment of the proton is then caused to change due to resonance
between atomic nuclei and radio waves by applying oscillating magnetic field pulses at radio wave
frequency in a plane perpendicular to the magnetic field lines. The spinning of protons produces a
faint signal that is detected by the receiver of the MRI scanner. Images are created from a computer
processing the received information. With this technique, it is obvious that the principle for creating
images involves a form of invasion of the internal constituent of the organs being imaged since the

protons of the atomic nuclei are required to be aligned initially.

An alternative imaging technique in the field of medicine is positron emission tomography (PET). It is
a nuclear medicine imaging technique which produces a three-dimensional (3-D) image of functional
processes in the body. In applying the method, a positron emitting radionuclide (tracer) is
introduced into the body on a biological active molecule. The PET system then detects the pairs of
opposing gamma rays emitted indirectly by the tracer. Computer analysis of the detected pairs of
gamma rays is used to reconstruct images of tracer concentration in 3-D or 4-D (the fourth
dimension being time). Considering the injection of tracer in to the body to be imaged, the
technique may not be appropriate for imaging industrial processes sensitive to the radioactive
tracers, in which the normal function of the process is to be preserved.

Another imaging technique that has found applications in both medicine and industry for diagnosis
of ailment and non destructive testing of product for defects, respectively, is X-ray scan. X-rays are
produced in a highly evacuated glass bulb ( X-ray tube) when streams of high energy and
accelerating electrons ( cathode rays) released from the cathode strike the anode ( heavy metal of
high melting point such as tungsten). A high voltage is applied between the two electrodes placed at

the ends of the tube to ensure the streams have sufficient energy to knock off the electrons from



- Chapter 2: Literature Review -

the anode or to emit radiation when stopped by the anode. Imaging an interior body or objects using
the X-ray technique

requires passing the decelerated streams of electrons or emitted radiation through the body or
objects and focussing the emitted radiation on a photographic plate or a fluorescent screen. The
relative opacity of different parts of the body is determined from the darkness of the shadows

produced on the plates or screen.

A multidimensional view of the body's interior with more detail and additional view capabilities than
the regular X-ray imaging is achieved with X-ray computed tomography (CT) scanning. Using the CT
technique, the amount of radiation being absorbed throughout the body or object is measured by
rotating a numerous X-ray beams and a set of electronic X-ray detectors around the body or object.
At the same time, the examination table should be moving through the scanner so that the X-ray
beam follows a spiral path. The large data of measured radiation is then processed by a computer
program to create 2-D cross sectional images of the body. The image slices may be reassembled by a

computer software to obtain a 3-D view of the body's interior.

Studies that seek to identify subsurface soil structure benefit from the induced polarisation imaging
technique (IP) often applied in geophysical exploration. IP operates by inducing an electric current
into the subsurface through two electrodes and measurement of voltage is made through two other
electrodes. The IP measuring technique requires the use of non-polarisable potential electrodes and
special wire layout. Besides, IP relies on Alternating current signals which need to be resolved

mathematically.

Unlike the MRI, X-rays, CT and PET imaging technique that are more cumbersome and more
complex, more risky, certain process tomography techniques provide means of visualising the
interior of process vessels and pipelines containing multiphase mixtures without disturbing the flow
of normal function of the process in a less dangerous and portable manner. An example of process
tomography that is non-invasive, non-radioactive and low cost is electrical resistance tomography
(ERT). From the listed imaging techniques, thus, ERT is explored in this work to image inhomogeneity

of conductivity distribution within a process vessel.
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2.2 ERT Measurement Principle and Algorithm
An account of measurement principle governing ERT as well as diverse algorithm that had been

explored in ERT are given in this section.

2.2.1 ERT Measurement Principle

Practically, measurement vessels, usually cylindrical, are fitted with an electrode system, typically
arranged in rings (of 16-64 electrodes) around the circumference. Current is injected into an
electrode pair (typically adjacent or opposite) and the resultant peripheral voltages between other
electrodes are recorded. The conductivity distribution (image) is reconstructed from this data using a
finite element technique. In other words, the data sets may be post-processed to achieve a higher
quality image, either by Electrical Impedance and Diffuse Optical Reconstruction Software (EIDORS)

or user written software (Randall et al. 2007).

At present, the Department of Chemical Engineering, University of Cape Town, has a C++ program
which controls the data acquisition system from the UCT tomography hardware measurement
system, provides real-time visualisation and can record data for offline analysis by EIDORS open
source software (Randall et al. 2007). A comparative evaluation of the UCT instrument and two AC
excitation instruments (University of Manchester and Industrial Tomography System, ITS) has been

performed, and UCT instrument compared favourably with these systems (Stephenson et al. 2007).

Figure 2.1a shows a two-dimensional circular object, the resistivity distribution of which is to be
determined, and to the surface of which 16 electrodes have been connected. Suppose current is
passed between two of these electrodes (say numbers 8 and 16), and the electrical potential at the
other electrodes measured. The values of these potentials must reflect the distribution of current
within the object, and hence the distribution of resistance (Barber et al. 1983). When a voltage is
applied between electrodes 8 and 16, Vsgis the voltage difference between electrodes 5 and 6 while
current is flowing. The sets of potential measured at all the electrodes for a single injection is a
frame from which an image can be reconstructed. For better images, potentials are measured at all
the electrodes for all possible pairs of electrodes through which current is applied. However, these
measurements are not all independent; using N electrodes it is only possible to produce N — 1
independent current distributions (Barber et al. 1983). Because of the voltage drop across the
contact resistance, adjacent voltage difference measurement involving an electrode through which
current is injected is not measured. In other words, for N electrodes, N — 3 measurements of
voltage difference can be obtained for each pair of adjacent current electrodes. There is also

reciprocity between the electrode pairs of current application, and of voltage measurement, such
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measurement of V¢ and Vs, yielding same magnitude with only a change of sign, and hence it can
be shown that the number of independent measurements is N(N — 3)/2. Accordingly, a sixteen
electrodes ring will yield 104 independent voltage difference measurements for all possible pairs of
current application. All possible current injections are considered in order to average the data and so

improve the signal/noise ratio.

(a)

Figure 2.1(a). Electrode positions and isopotentials for a circular region of uniform resistivity (Barber et al. 1983).

Figure 2.1a shows these lines of constant potential (here called isopotentials) which end on
electrodes for this particular electrode configuration, and for a medium of uniform resistivity.
Considering the voltage difference between electrodes 5 and 6, if the measured voltage difference is
different from the calculated voltage difference, the resistivity in all of the region between the
isopotentials which end on electrodes 5 and 6 is altered to a certain value in order to produce the
measured potential difference. Keeping the current between the drive electrodes constant, the
resistivity will be altered in proportion to the voltage difference. The resulting image formed by
backprojecting the profile measurements, normalised to the case of uniform resistivity, into the
regions between the isopotential lines is the simplest image consistent with this profile of
measurements. The images so produced by each current injection are then summed. This summed
image is then filtered, by analogy with CT imaging, to reduce the blurring inherent in backprojection

(Barber et al. 1983).

It is noteworthy that the voltage measurement strategies and current injection between adjacent
electrodes are essentially two-dimensional data collection schemes, and results have been obtained
by this method for two-dimensional distributions of resistivity. In reality, however, the distributions
of resistivity of clinical and industrial interest are three-dimensional, and this poses some extra

problems for the reconstruction, because current will flow out of the plane of the electrodes. In fact,
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a multi-electrode phantom study by Jossinet and Kardous confirmed that sensitivity out of the plane
containing the injection electrode is far from being negligible (Pinheiro et al. 1998). A restraint to
the development of three-dimensional measurement systems is related to the back-projection
image reconstruction algorithm method employed by Barber and Brown, who in early days of
electrical imaging research assumed isopotentials being curves rather than surfaces (Adler et al.
2006). Obtaining an optimal measurement scheme in the early days of three-dimensional
tomography imaging was an issue of much concern. Contrary to reconstructed three-dimensional X-
ray images that were obtained from a set of independent two-dimensional images, three-
dimensional electrical resistance tomography cannot be reconstructed from a set of two-
dimensional images owing to three-dimensional objects that cannot be decomposed, and taking into
account the distribution of the current lines which do not remain localised in a plane. In other words,
It is of paramount importance to reconstruct a full three-dimensional image from data collected over

the whole surface of the body, as the current flux spreads out in all directions (Pinheiro et al. 1998).

Given the poorer signal-to-noise ratio obtained from diagonal current injection (i.e between layers
of electrodes) and diagonal voltage measurement, and the fact that ERT data from 3D objects cannot
be decomposed considering the current lines which do not remain localised in a plane, it was
suggested by Pinheiro et al. (1998) that 3D image reconstruction requires 3D current injection
patterns and measurement over the whole surface of the body. This is because current flux spreads
out in all direction. Additionally, Paivii et al.(1999) stated that the more independent data are

obtained the better spatial resolution can be achieved.

2.2.2 Image Reconstruction Principle Relating 2D Algorithm to 3D Algorithm

In the 1980s, medical electrical imaging was based on the assumption that the body under
consideration was two-dimensional (Adler et al. 2006). This assumption was considered necessary
owing to the limit of computational power of desktop computers, the limited number of drives and
measurement channels employed. Before the discovery of the applied potential tomography (APT)
technique, reconstructed images using resistivity had been obtained only from computer simulation
or on laboratory phantoms, but not from in-vivo measurements. A practical difficulty of in-vivo
measurements arises from the contact resistance between the electrode and the skin of the patient.
This resistance is in series with the resistance to be measured, and is of the same order of magnitude
(Barber et al. 1983). Applied Potential Tomography circumvents the difficulty of measuring potential
values of the electrodes in contact with the body to be imaged by using a voltmeter of sufficiently

high input impedance.
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A number of research groups have presented accounts of initial studies on 3-D reconstruction
algorithms. Goble et al. (1992) implemented an algorithm in which the region of interest is
discretised into voxels whose sensitivity is computed using an analytical solution for the potential
distribution for the homogeneous conductivity case (Pinheiro et al. 1998). In ERT, the Jacobian
matrix is the matrix of the partial derivative of the measured voltages with respect to conductivity
distribution over an element of a discretised domain. It is also an operator that maps the
conductivity distribution of a domain to the measured voltage distribution. Paulson (1992)
developed an algorithm in which trigonometric currents patterns are used and the image is
reconstructed using a fast reconstruction algorithm whose Jacobian matrix is undetermined . In the
development of a 3D algorithm by Metherall et al.(1996), a normalised sensitivity matrix was
computed by assuming that the potential distribution is that of a point current source on the surface
of a homogeneous, isotropic semi-infinite medium and then the matrix is inverted using customised

techniques such as the fast Fourier transform (FFT) (Pinheiro et al. 1998).

However, the work of Pinheiro et al. (1998) differs from the work of Paulson presented above and
Metherall et al.(1996) in the reconstruction procedure. Pinheiro employs a 3-D reconstruction
algorithm, based on 3-D forward modelling and 3-D data collection over the entire surface, which
iteratively uses a linear conductivity updates in conjunction with a general forward solver. The
algorithms by Paulson (1992) and Metherall et al.(1996) algorithm involves a linearization around a
homogeneous conductivity distribution and have no general forward solver. Furthermore, a ‘fast’
reconstruction algorithm was implemented in the work by Pinheiro et al. (1998) yielding a reduced
set of equations, which has the advantage of no longer being ill-conditioned, but at the expense of a
loss in image resolution. Pinheiro et al. (1998) circumvented the nonlinear nature of the inverse
problem by reducing the problem into an iterative procedure using the Newton's method due to its

guadratic convergence for a non-singular derivative.

2.2.3 Applications of ERT for Medical and Industrial Purposes Using 2D and 3D
Algorithms

Figure 2.2b is a reconstruction of human forearm of Figure 2.1b based on the described two-

dimensional algorithm, which reveals that in-vivo data can be collected and used to obtain an image.

The image will be contaminated by structures above and below the plane of the electrodes, and

because the isopotentials extend into the third dimension, the image is distorted in a way which

decreases image resolution towards the centre (Barber et al. 1983). Although a simple geometric
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correction process was applied to the reconstructed image to produce that of figure 2.2b, one can
still observe that basic structures, including the two bones, the muscular tissue, and possibly the two
major blood vessels have been imaged in figure 2.2b when one compares figure 2.2a with figure

2.2b.

Blood vessel region s
8! major blood vessel

Muscular tissue

ST IR

uscular tissue

Bone Region

Bone region

.

Figure 2.2(a). Diagrammatic cross-section of the human forearm at the level imaged (Barber et al. 1983).

Figure 2.2(b). Resistance image of a normal human forearm. Increasing blackness denotes increasing resistivity
(Barber et al. 1983).

In the field of industrial process tomography, progress in research to obtaining a three-dimensional
(3-D) reconstruction algorithm has been slower due to lack of an efficient way of computing the
Jacobian matrix and in appropriate modelling of the electrode in three-dimensions that require
access to a low level programming language. However, early 3-D reconstruction algorithms were
from the medical Electrical Impedance Tomography (EIT) group, which included works of Goble et
al.(1992) and Metherall et al.(1996) An early three-dimensional study of industrial process

tomography was done by Pinheiro et al (1998).

In industry, process tomography is employed for the delineation of internal composition of pipelines
and mixing vessels. Electrical resistance tomography (ERT) offers a relatively low-cost routine to
determining in a non-destructive manner dynamics of states of chemical processes (Pinheiro et al.
1998). ERT allows a better understanding of the process kinetics (Pinheiro et al. 1998). Additionally,
it does not only provide for online control of chemical processes to reduce energy consumption and
increase product yields, but also enables the validation of existing computational fluid dynamics
models (Pinheiro et al. 1998). In the work of Kim et al.(2005), particle concentration profiles for
solid-liquid suspensions under shear driven flow was obtained using the ERT technique. A good
gualitative comparison with the existing diffusion model was noticed from this result with respect to

the particle concentration.
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Williams et al. (1996) gave an account of the application of the ERT technique in studying solid
suspension in aqueous media. Their results were used to investigate effects associated with impeller
speed and solids volume fraction in a 30 litre vessel (Williams et al. 1996). Their work, which was
one of the first recorded applications of ERT, was accredited to have provided a wealth of data to
allow process model development, thus improving the overall understanding of the process in

guestion (Steven et al. 2008).

Electrical resistance tomography was applied to pressure filtration, which required images at
intervals of minutes since the dynamics of the process were relatively modest. It is equally applied
for fluid mixing processes requiring images at 10-100ms intervals (Figure 2.3a), i.e. 10-100 frames
per second (fps), as well as monitoring of highly dynamic multiphase flows in pipelines, Powder flow,
Pneumatic Conveying, Hydraulic Conveying and Slurries (Figure 2.3f), which require images at 1ms

intervals (1000 fps) for cross correlation techniques (Stephenson et al. 2007).

2.2.3.1 ERT Application for Solid/Liquid or Liquid/Gas or Liquid/Liquid Mixing

Specific applications where ERT has been successfully exploited, include solid/liquid mixing (Figure
2.2d), and liquid/gas mixing (Figure 2.2b), liquid/liquid mixing (Figure 2.2c). Wang et al.(2000)
applied electrical resistance tomography technique to pseudo-stationary imaging of gas hold-up in 3-
D for typical stirred vessel gas-liquid mixing. Holden et al.(1998) carried out imaging of
homogeneous single phase mixing created by different impeller types and Stanley et al.(2005)
applies the technique to the semi-batch feed addition of strong brine, mimicking the semi-batch
addition of a feed reactant. Electrical Tomography has been applied to measure the depth of
different components in a vessel in real time (Figure 2.2e). In the same vein, an alternative approach
for defining mixing indices of solid-liquid mixtures and a suitable image reconstruction strategies for
solid-liquid mixing were derived from ERT data measurement made by West et al. (1998). Their work

employed a dual modality approach involving positron emission and ERT (Steven et al. 2008).

(a) Complete mixing with impellers (b) Gas-Liquid Mixing (c) Liquid —Liquid Mixing



- Chapter 2: Literature Review -

(d) Solid-liquid Mixing (e) Interface detection (f) Monitoring flow of slurries

Figure 2.3. ERT is applied in delineation of chemical processes (Drupal 2010).

ERT also enables the imaging of a solid/liquid mixture pumped tangentially into a conical vessel, i.e.
hydrocyclones. In hydrocyclones, the resulting centrifugal forces cause a vortex (the motion of the
fluid swirling rapidly around a center) to form which encourages the solids to swirl to the bottom of
the cone while the liquids exit at the top. In the course of the process, the challenge is to ensure that
the vortex is formed and maintained to achieve the separation. Without the vortex the operation
fails. The measurement challenge, which is to characterise the vortex from outside the
hydrocyclone, is overcome with the application tomographic imaging, as any internal measurement

would disturb the vortex (figure 2.4(a — b)).

Williams et al. (1998) studied the solid liquid suspensions by applying the ERT technique to image
solid liquid suspension in three dimensions for varying agitation rates. The results which gave
account of the extent of mixing within the system, were presented in form of voxel-resistivity
distributions (Steven et al. 2008). Furthermore, a highly sensitive detection of solid accumulation on
an impeller disc and settled solids build up on the vessel base itself was made by Holden et al. (1999)
with the help of ERT on a 1.5 m diameter pilot scale vessel. To build up on the Holden et al. (1999)
work, Mann et al. (2001) successfully imaged the pseudo-stationary solid-liquid suspension of plastic
pellets for an agitated (75, 90 and 105 rpm) and non-agitated system in three dimensions using the

ERT technique on the same pilot scale vessel as in figure 2.5 (Steven et al. 2008) .
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(a) (b)
(@) Tomography of a hydrocyclone reconstructed using parametric modelling (Ronson 2010).
(b) Measurement of the vortex from outside the hydrocyclone (Drupal 2010).

Figure 2.4. Measurement of Vortex in hydrocyclones using tomographic Images.
It can be observed from the ERT results that there was an increase in the extent of solids suspension

as the agitation rate increases.

An application of the linear ERT system in monitoring the just-suspension speed for two impeller
geometries ( Table 2.1 ) and a number of sand concentrations, ranging from 1 to 10% by weight, was
implemented in the work by Ricard et al.(2005). It was observed in all experimental runs that the
visual estimates for the just suspended speed corresponded to the ERT predictions ( Steven et al.
2008 ). Using the linear ERT system, Ricard et al.(2005) were able to track the extent of solid
suspension for increasing agitation rate allowing real time process evaluation and optimisation

(Steven et al. 2008)(figure 2.6).
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Figure 2.5. Pseudo-stationary solids mixing, agitation of 80 kg plastic pellets in a pilot plant vessel

(from Mann et al. 2001).

Table 2.1. Summary of geometries and dimensions of the mixing configurations ( Ricard et al. 2005).

Property

Geometry

Vessel diameter (m)
Cylindrical height (m)
Base shape

Impeller diameter (m)
Blade angle

Blade pitch

Shaft diameter (m)
Base clearance (m)
Number of baffles
Baffle shape

Baffle width (m)

0.15
0.15
Dish ASME 10%
0.09
15%

OC
0.008
0.01
1
Beavertail
0.015

0.15
0.15
Cone 45°
0.09
45°
03
0.01
0.014
|
Beavertail
0.015
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Figure 2.6. Variation of average bulk resistance with impeller speed in the 15° RCT system (Ricard et al. 2005) .

In principle, ERT can be used to investigate and monitor any process where the main continuous
phase is at least slightly conducting and the other phases and components have differing values of

conductivity (Drupal 2010).

2.2.3.2 Imaging Fluidised beds Using ERT technique

In a fluidised bed, a bed of solid particle is maintained in a fluid like state by passing a gas or liquid
up through the bed at sufficient velocity to maintain fluid behaviour. Measurement of flow
velocities to identify areas of good and poor contact in fluidized beds (Figure 2.7a) are obtained from
analysis of process tomography images. One of the challenges is the measurement of the
homogeneity of the fluidised bed and the presence of any waste products that may need removing,
without disturbing the fluidity state of the system by inserting physical probes. ERT has been applied
to image a sliding bed of sand particles in a pseudo-plastic fluid and the resulting concentration
maps (Figure 2.7d) were compared with that Magnetic Resonance Imaging (MRI) (Figure 2.7b) of the
same process together with a photograph of the actual transparent pipe (Figure 2.7a) within which
the process took place by Graham et al.(2002). The ERT measurement of the process took a fraction
of the time taken for MRI to do the same. Although the real time reconstructed image (figure 2.7c)
is not in good agreement with the photograph as does the MRI, the image produced after an offline
processing of the real time measurement compares favourably with the photograph (Steven et al.

2008).
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(a) (b) (©) (d)
Figure 2.7. Comparison between MRI and ERT concentration profiles (a) photograph of sliding bed of sand particles
in CMC (Carboxy Methyl Cellulose) taken during concentration data acquisition, (b) concentration map obtained with
MRI, (c) real time concentration map obtained using ERT and (d) concentration map using ERT data and post-

processing software (Steven et al. 2008).
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Figure 2.8(a). Fluidized beds (Drupal 2010).

Packing of catalyst, sand or some other solids which has been distributed into a vessel to form a
surface is referred to as Packed beds. The packed bed provides lengthy and complex route for a gas
or liquid to pass through. In the water industry, liquids may be pumped through the bed as a means
of filtrations (Figure 2.8b). The central idea of packing is to encourage intimate contact of a large
solid surface and a relatively small fluid volume. It is generally impossible to see what is happening
inside the bed, considering the opaque nature of a packed bed, yet it is critical to ensure intimate
contact of the fluids within the bed. Another requirement is to monitor for blockages within the
beds or "channelling" which change the flow patterns of the fluids and reduce the effectiveness,

which in turn reduces performance, decreases yield and increases costs (Figure 2.8a).


http://www.itoms.com/applications/columns-beds/fluidised-beds
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Figure 2.8(b). Packed beds (Drupal 2010).

Characterization of hydrodynamic processes in a bubble column based on superficial velocity of the
gas, properties of the liquid phase , column diameter, sparger design and height of dispersion can be

obtained by observing various flow patterns through the use of ERT (Figure 2.8c).

Figure 2.8(c). Bubble Columns (Drupal 2010).

2.3 ERT Hardware
A review of ERT hardware device is considered in this section. Both the conventional hardware set-

up and new designs are examined with a description of the implemented measurement sequences.
2.3.1 Background Studies into ERT Hardware

Historically, practitioners of ERT have had two options, namely the development of in-house ERT
instruments (figure 2.9) or the purchasing of commercially available instruments. ERT hardware
components consist of process vessel or tomography rig fitted with planes of 8 or 16 electrode ring,
data acquisition system and computer system. Both the computer system (PC) and the process
vessel are connected to the data acquisition system in a bi-directional manner. The data acquisition
system communicate with the process vessel by controlling the sequence of current stimulation and
voltage measurement using the measurement sequence table downloaded into the computer
system. It also communicates with the vessel by transferring the injected current and storing the
measured voltage data from the vessel. The PC communicates with the data acquisition system in a

two-way approach by relaying the measurement sequence table and extracting the stored measured
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voltage data in order to display reconstructed images, using the reconstruction code stored in the

hardware of the PC as in figure 2.9.

Process vessel

fitted with 4 planes of njected currents &
SENSOrs / measured voltages
. Control module for

16 electrodes

Data RE232
R -E--R-E -8 Acquisition !—a|'"-'k
System Host computer

- Analogue & digital
sicrwals

meatal
electrode

Figure 2.9. The structure of a typical electrical resistance tomography system (Fraser 1996).

A deviation from the conventional measurement strategy, involving an array of electrodes being
fitted around the periphery of a multiple plane geometry in a ring-like form, was adopted by Bolton
et al.(2002). A linear electrode array consisting of a dip stick type probe with a number of discrete
electrodes equally and axially spaced was used in their work to detect and measure phases in solid-
liquid suspensions. Although the underlying principle of linear electrode array design of was
informed by Qiu et al.(1994), in which the novel technique enabled the simulation of seabed
environment for laboratory experiments, it was noticed in the work of Bolton et al.(2002) that the
linear electrode array suffers from more severe sensitivity non-uniformity compared to the circular
array. During the experimental set-up, the laboratory scale linear probe (Figure 2.10b) was scaled up
to incorporate the technology onto a glass lined baffle for use in an environment where the
electrode material can react with the chemical compounds as in Figure 2.10(a). The measurement
strategy for the linear probe was informed from the modelling of the three dimensional induced

electric field carried out in the work of Bolton et al.(2002).

(a) (b)

Figure. 2.10(a). Glass lined ‘Linear’ sensor for pilot reactor ( Bolton et al. 2002).

Figure. 2.10(b). Laboratory-scale probe.
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2.3.2 Background Knowledge of UCT ERT Hardware

The department of Chemical Engineering, University of Cape Town, has developed a current pulse
measuring technique, simpler to implement than the conventional alternating current (AC) excited
system and it is capable of high speed operation, enabling dynamic systems to be investigated
(Randall et al. 2007). The UCT hardware allows a capture rate of up to 1000 frames/ seconds for a
single 16 electrodes system and displays images at 20 fps (Randall et al. 2007). It has been applied
for a fast approximation of the conductivity distribution in the plane of measurement in real-time by
a 2D reconstruction algorithm embedded in the “on-line” control and data capture software (Randall
et al. 2007). The C++ program which controls the system hardware provides real-time visualization
and can record data for off-line analysis (Randall et al. 2007). According to Stephenson et al. (2007),
using adjacent injection strategy, a frame rate range of 0.5 to 285 fps is achievable with the UCT
tomography hardware.

In terms of strategy flexibility, UCT hardware has four configurations of measurement strategy,
allowing current injection between any pair of electrodes on different planes and voltage
measurement between either horizontally or vertically adjacent electrodes, but not opposite
electrode pairs. The voltage measurement made on the peripheral electrodes are values of the
isopotential lines perpendicular to the electric field, which are constituent of the isopotential
surfaces (a map of points of equal potential from the reference point - earth). Thus, the isopotential
surface due to a homogeneous solution will vary from that due to an inhomogeneous solution and
this perturbation to the isopotential lines or surface due to inhomogeneity of the solution will take

place in three dimensions.

More so, a signal-to-noise ratio range of 65 db at 1 frame per second through 45 db at 285 frames
per second is achievable with the UCT hardware set-up. When the UCT tomography hardware is in
operation, a range of fluid conductivity is obtained by adding incremental quantities of sodium
chloride to deionised water. It has a conductivity range of 0.04mS/cm at 41 db to 60mS/cm at 37db
(Stephenson et al. 2007). The excitation of the conductive solution contained in the UCT rig is done
through a constant current driven into the electrode system (typically from 2mA to 2.5mA) via
multiplexers. The total impedance presented to the constant current source and sink that pushes
and pull the current from the selected electrode pair via four way multiplexers, is due to the sum of
all the multiplexer resistances connected in series, plus the electrode impedance. The value of the
total impedance may vary between 100Q and 1Q depending on the electrode size and solution
conductivity. In order to maximize the current that the constant current source delivers to the
electrode system, it is recommended that the total impedance, “on resistances”, should be low so

as to reduce the voltage drop due to the multiplexers module and the electrode in contact with the

2-16



- Chapter 2: Literature Review -

solution. This is achieved with the inclusion of high input differential amplifiers in the current pulse

ERT system.

2.3.3 Implemented Measurement Sequences In ERT

In respect of the linear probe ERT hardware, an adjacent measurement strategy was implemented
with the injection of constant amplitude current in the top and bottom electrodes on the sensor.
The induced voltage differences due to the injection were measured between the neighbouring
electrode pairs, leaving out the pair through which current was injected. Subsequently, the same
magnitude of current amplitude was injected between the first pair of neighbouring electrodes, for
example, electrode 1 and electrode 2, with the resulting voltage difference measured between the
remaining electrodes. This scheme of current injection and voltage measurement was repeated for
every other pair of electrode combinations. In other words, there were n(n-3)/2 possible
independent measurements for n electrodes in an adjacent array. Bolton et al.(2002) used data sets
recovered from the linear electrode probe to reconstruct tomography images using a sensitivity
coefficient back-projection algorithm to better understand the change in conductivity from a

previously acquired 'homogeneous' situation.

The UCT tomography system set-up includes a measuring rig consisting of a non-conducting
cylindrical vessel container, fitted with 8 rings of 16 equally spaced copper electrodes in a ring. The
tomography hardware distinguishes itself from that developed elsewhere in that it has an in-built
multiplexing system which allows capture from 128 electrodes. Programming of the measuring
sequences with which a full 3D data sets can be recorded, as well as its high speed capability was

developed by Wilkinson et al. (2003).

The architecture of a basic ERT system (figure 2.12) is such that a current source and sink are applied
to adjacent pairs of electrodes via the current multiplexers and the induced outer boundary
voltages, determined simultaneously by 16 differential amplifiers which are hard wired to adjacent
electrode pairs, are recorded (Randall. 2007). For each current injection on an adjacent pair in a
plane, sixteen (16) measurement sequences were made on all the electrodes in the same plane
(figure 2.13). The measured data set for an adjacent measurement scheme is in form of a "U curve"
as shown in figure 2.13. Each "U curve " is a frame from which a single image may be reconstructed.
In its full operational mode, the UCT ERT set produces data rates of 1000 frames/second from a
single ring of 16 electrodes. At present, images are reconstructed from these data sets in less that

1ms and are being updated on the computer system at 20 frames/second (Randall. 2007).
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Figure 2.12. Basic current pulse ERT system for single ring of 16 electrodes (Randall. 2007)

Voltage measurements
E4/ES5. R5/EB, etc

Current Injection
Current Injection (E2/E3)
(E1/E2)

Figure 2.13. Adjacent pairs measuring sequence for a 16 electrode system.
The figures show the first two positions of the current injection sequence.
Output from the 16 amplifiers is recorded for each of the 16 current injection positions (Randall. 2007)
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Figure 2.14. Data set for single frame as displayed by the real time software. Data is for homogeneous
system and therefore symmetrical. Each “U curve” is data recorded during single current injection cycle
(Randall. 2007).
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An improvised version of the basic ERT architecture of figure 2.12 was improved upon in terms of
capability of the device to implement an alternative current injection and measuring sequences
other than the single plane measurements by connecting in parallel a flexible and extendable
multiplexing system to the electrode array, as shown in figure 2.15. With the addition of a single
multiplexer (figure 2.15), the instrument allows simultaneous (2-D) data acquisition from up to eight
rings of 16 electrodes and as such the device can be used in pipe-line flow measurements (Randall.
2007). On the other hand, when four multiplexers modules are connected in parallel to the
electrode array, the current pulse may be applied between any of the 128 (8 x rings of 16)
electrodes and measurements made between either adjacent electrodes on the same layer, or
“vertically adjacent” electrodes on different layers (figure 2.16)(Randall. 2007). To obtaining an
alternative set of current injection pairs or alternative voltage measurement scheme on the
peripheral electrode, such as opposite pairs of electrode measurement, the "key-card" in the current
pulse device needs to be replaced. Depending on the spatial geometry of the measuring vessel and
the disturbance under investigation, suitable injection and measurement sequences are defined by

sequencing tables, downloaded to the instrument from a PC.
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Figure 2.15. Multiplexer enabling data capture from 8 independent rings of 16 electrodes(Randall. 2007).
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Figure 2.16. Full implementation of the multiplexing system which enabled programmed data capture
sequences for full 3D image reconstruction(Randall. 2007).

234 Comparative Evaluation of Various ERT Devices

The performance requirement of three readily available ERT instruments has been carried out by
Stephenson (2007) in order to outline future requirements of process ERT systems. The ERT systems
are the Industrial Tomography Systems (ITS) P2000 from the University of Manchester Institute of
Science and Technology (UMIST), the LCT instrument from the University of Manchester/Syngenta
and the University of Cape Town tomography systems. The LCT instrument is the most flexible of the
three instruments; users have total flexibility to create custom measurement strategies where both
current injection and voltage measurements may be made between any of the 64 electrodes
available, in either regular or irregular geometries.

From the comparison, it was clear that both the ITS P2000 and the UCT instruments do not display a
linear response over the conductivity range studied. The linear instrumentation response is
measured by the degree at which the voltage data presented to the algorithm maintains the same
qualitative shape at various conductivities when there has been a step change in homogeneous
conductivity for a difference based reconstructed image. The LCT study was particularly linear with
the voltage curves overlying virtually perfectly. The mean percentage error of linearity of
measurement was found to be 29.6% for the UCT instrument, 22.2% for the ITS P2000 instrument
and 1.7% for the LCT instrument. The features of the instruments are the reasons for their respective
preferred applications. The LCT instrument is suitable for slowly varying processes that require an
indication of homogeneity. A fast process not requiring homogeneity such as flow regime

identification and cross correlation technique might be best suited to the UCT instrument, while a
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mixing studies that require a relatively high frame rate but also the identification of homogeneity

should perhaps employ ITS P2000 (Stephenson et al. 2007).

24 ERT Software

Image reconstruction technique of ERT is based on solving an inverse mathematical problem using
numerical tools such as finite difference or finite volume or finite elements. Suitable numerical tools
for ERT is expected to model the complex geometries used in many ERT analysis given the degrees of
freedom associated with each nodal point. An overview of various open source applicable code with

a description of the architecture of these codes are given in this section.
2.4.1 Applicable Software In Electrical Resistance Tomography

The EIDORS (Electrical Impedance and Diffuse Optical Reconstruction Software) is an open source
software suite for image reconstruction in electrical impedance tomography and diffuse optical
tomography, designed to facilitate collaboration, testing and new research in this field (Adler et al.
2005). MATLAB is a software that is used in the EIDORS project for rapid prototyping, graphical user
interface construction and image display (Marko et al. 2000). EIDORS utilises MATLAB, installed on
either Windows or Unix/Linux operating system, for two-dimensional mesh generation, solving of
the forward problem, reconstruction and display of the images (Adler et al. 2005). An improved
version of EIDORS with the capability to solve 3D reconstruction models is EIDORS3D. It is a software
that facilitates research in the field of image reconstruction by providing a reference
implementation, against which new developments can be compared, and by providing a functional
software base onto which new ideas may be built and tested (Adler et al. 2005). The current version
of EIDORS3D works with Octave (www.octave.org, version> 2.9.3) and Matlab ( version 2 6.0) (Adler

etal. 2005).

Modelling the resistivity distribution in the interior of a process vessel will require discretising the
domain of interest into discrete elements. While there are many two-dimensional mesh generators
written by various authors, such as Mitchell and Vavasis (2000), three-dimesional mesh generators
are few, which include Distmesh and NETGEN, to which EIDORS version 3.3 has interfaces to. These
mesh generators enable the export of the meshes in a format that can be easily imported in
MATLAB. In most two-dimensional mesh generators, a tree data structure, quadtree, is used to
partition a two dimensional space by recursively subdividing it into four regions or quadrant mesh
generators are utilized. These make constrained meshes which are useful if one has some a priori
known internal structures, such as human skull layer (Marko et al. 2000). A demerit in the use of the

guadtree approach instead of the popular Delaunay triangulation is that the element quality in the
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Delaunay meshes is superior compared to the quadtree meshes. However, the properties of
Delaunay meshes cannot be extended to 3-D which makes it difficult to apply Delaunay approach in
3-D (Marko et al. 2000). In some cases, mesh smoothing have been used to produce better quality
meshes (Field 1988). An automatic 3-D mesh generator such as NETGEN discretises a cylindrical
domain of into a finite number of tetrahedra of varying sizes. The density of the mesh vary from a
fine mesh near the boundary of the vessel to a coarse mesh towards the centre. In modelling the
initial resistivity distribution, each tetrahedron is given a fixed value and the inverse problem is
solved over the tetrahedra elements. The resistivity difference relative to the initial distribution
based on the optimisation of the measured voltage with the simulated voltage is computed for each

tetrahedron.

2.4.2 History of EIDORS

An Electrical Resistance and Diffuse Optical Reconstruction software, EIDORS (version 1), which
implements MATLAB code library, was released in 1999, from the thesis of Vaukhonen in 1997
(Adler 2008). It has a capability of 2D mesh generation, solving the forward problem, inverse
problem (image reconstruction) and displaying images (Adler 2006). The need for a 3D image
reconstruction software motivated more research. EIDORS 3D (version 2) was released in 2002 from
the thesis of Polydorides (Adler 2006). However, EIDORS 3D (version 2) lacks modular software
structure so that researchers have to make changes to the original code itself (Adler 2006). This
shortcoming was improved upon in EIDORS 3D (version 3) released in 2005 (Adler 2006). It included
the following features: a provision of modular components which could be “plugged” into a
selection of reconstruction algorithms, multiple algorithm support, and generalised mode format
and interface software for common EIT systems (Adler 2005). Additionally, it included usage
examples, test suites, open source license and language independence (i.e. From MATLAB only to
octave (version > 2.9.4) and MATLAB (version = 6.0)) . Also, it has a pluggable code base which
enables use of function pointers to allow adding new modules and controlling which parts of the
function are executed and an automatic matrix caching. It also allows saving and reusing values of
computationally expensive variables, such as the Jacobian and image priors (Adler 2005).

EIDORS 3D (version 3.3), released in 2008, contains the following high-level features: Interface to
FEM generation tools (NETGEN and DISTMESH), a support for dual model solvers, new
reconstruction algorithms (total variation, electrode movement solver, temporal solvers), data
repository (with several contributed models, clinical and experimental data sets, faster algorithms
(Jacobian computation, better caching, an iterative forward solver) as well as improved graphics and

extensive tutorials (Adler 2008).
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2.4.3 EIDORS' Architecture

EIDORS has two software architectures. Namely, object structure and software structure. The object

structure consists of four primary objects: data, image, fwd_model and inv_model with properties

name and type. The name is used to distinguish an object in a function, while the type is used to

identify object type (i.e. data or image). For example, the structures of the EIDORS fwd_model,

inv_model, data and image objects are Figures 2.17 - 2.20 respectively.

Fwd_model
—» name: 'NP 3D zigzag md!'
—» type: 'fwd_model'
— solve : e.g np_fwd_solve

— Jacobian :
—> System_mat: e.g np_calc_system_mat
— nodes: [Matrix] V x D

— elems: [Matrix] N x (D + 1)

e.g np_calc_jacobian

— boundary:

— gnd_nodes:
—> misc:

[Matrix ] Bx D

eg. 252 } node index

} optional data for algorithm
— meas_select: [Matrix] E? x 1

-:—> electrodes (1)

! —» z_contact
! L » nodes
R >

electrode (E)
Stimulation (1)
+— Stimulation: eg. 'mA'

—» stimulations (S)
Figure 2.17. Structure of EIDORS forward problem solver

—— Stim_pattern: [ Matrix] E X 1
— Meas_pattern: [ Matrix] E X M;
— delta_time: eg. [0,0] optional (sec).

Inv_model
—»name: 'NP 3D mdl zigzagt electrodes’
+—type : 'inv_model’

L » solve: e.g np_inv_solve
L » RtR_prior: e.g laplace image prior
— R_prior: }provided if no RtR_prior
— hyperparameter:

value: eg.1 x 1078

func: eg. aa_calc_noise_figure (opt.)
parameters: eg. noise_figure (opt.)

— Jacobian_bkgnd

value: eg. 1

func : fen to estimate bkgnd (opt.)
— meas_icov: fcn to calc (noise cov)™! (opt.)

L » reconst_type: eg. difference

L » fwd_model: fwd model structure

Figure 2.18. Structure of EIDORS inverse problem solver
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data Image
—» name: 'measured by xyz' L » name: '3D simulations'
—> type: ‘'data' — type: 'image’
— time: [ scalar] (unit time) L » elems_data: [Matrix] N x 1
+—» meas: [Matrix] M x 1 — fwd_model: fwd model structure

Ly configuration: eg. 16 ring elecs (opt.)

L fwd_model: fwd model structure (opt.)
Figure 2.19. Structure of EIDORS data object Figure 2.20. Structure of EIDORS image object

Since the Jacobian matrix, a forward model operator, relates the forward problem to the inverse
problem, it is required that we consider how the Jacobian matrix is computed in EIDORS. In EIDORS,
Jacobian or sensitivity matrix, J, is computed as follows. Given a FEM model of an EIT medium, F, we
calculate the vector of voltages, v, for each FEM degree of freedom (mainly, degree of freedom are
nodes, but in complete electrode model, electrodes are also associated with a degree of freedom)
(Adler 2006). That is v = F(a, q), where g is the vector of element conductivities and q is the current
stimulation pattern, a vector of current inputs of each degree of FEM degree of freedom. The
measured electrode voltage can be represented as a linear combination of voltages,V;,g. For each
stimulation pattern, g;, a vector of measurements m; are required, each of which consist of a linear

combination of electrode measurement represented by M;. Thus,

m; = M;Vioe(0,q;) (2.63)

Based on this model, J is calculated as :

M;Viop OF (0,9;)
Jij = "m0, (2.64)

ao;
where g, is the background conductivity around which small changes are assumed to occur (Adler
2006). To represent | as a matrix, measurements for all stimulation patterns, i , are flattened into
column vectors which are concatenated for each finite element j. In EIDORS, the Jacobian is
calculated using the function calc_jacobian which takes as parameters the FEM model
(type fwd _model) and the image of (type image) (Adler 2006). Considering the object structure of
EIDORS, the eidors_obj () function in used to create an object, which fill in default attributes and
keeps track of cached properties. For instance, a homogeneous background image of conductivity
one named img_bkgnd, may be computed given the fem_model as fem as follow:
img_bkgnd= eidors_obj('image’, 'homo bkgnd');
img_bkgnd. elem_data = ones( length (fem. elems), 1);

img_bkgnd. fwd_model = fem;
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The above expression specifies that the type field is assigned to image and the name is assigned
(arbitrarily) to homo bkgnd. Calculating the Jacobian will require the calling of the function
calc_jacobian asin

J = calc_jacobian ( fem,img_bkgnd ).
The function first tests to check if J has been previously calculated for fem and img_bkgnd. If it
has, the cached value is returned; otherwise , it loads and call the function in fem.jacobian, which
may be np_calc_jacobian.. np_calc_jacobian in turn calls the function from the software of Nick
Polydorides (2002) (Adler 2006).
As illustrated in the aforementioned ERT measurement principle of section 2.2.1 and the
implemented measurement sequences in ERT of section 2.3.3, 2-D measurement strategy with
respect to modelling of the electric flux as a curve instead of surface has been obtained. Similarly,
analysis of the 2-D imaging has enhanced further researches as stated in section 1.1 in the
Department of Chemical Engineering, UCT. In reality, however, of much interest to the medical and
industrial application is 3-D imaging since current flow out of the planes of electrodes in 3-D as
confirmed by Jossinet and Kardous in their multi-electrode phantom study. More so, following the
suggestion by Pinheiro (1998) that a 3-D data collection should be taken over the whole periphery of
the domain in an independent manner for qualitative imaging, obtaining such a 3-D measurement
scheme is paramount in this work.
Furthermore, although reconstructed images based on 2-D algorithm have been applied in diverse
chemical processes as described in section 2.2.3, 3-D reconstructed images have not found many
applications other than that recorded by Mann (2001), section 2.2.3.1. The few applications of the 3-
D algorithm for visualising the interior conductivity distribution is related to the resolution of the
images that are yet to be quantified. This is addressed in this research with a view to ascertaining

the optimal 3-D measurement scheme for the UCT ERT vessel.
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CHAPTER 3
MATHEMATICAL DEVELOPMENT
3.1 Description of Sequence of Operations in Image Reconstruction
It is necessary to give a brief description of each stage in the flow of processing and computation

involved in solving the non-linear and ill-posed inverse problem of image reconstruction through an

iterative technique, as illustrated in the flow chart of figure 3.1.

3.1.1 Electric stimulus (current injection)

The electric stimulus suggests the application of the current pulse measuring technique on the
surface of the measurement vessels through the injection of current on pairs positioned within a
ring or planar rings that are held firmly on the exterior body of the measurement vessels. From a list
of various measurement schemes based on the electrode definition such as adjacent injection,
opposite injection or planar injection, a specified value of miliamperes of current will be applied

between electrode pairs.

3.1.2 Regularization Matrices and Prior Information
The second stage in the flow of computation is setting up the prior information. The inverse problem
is posed in the form of an examination of the effects recorded at the boundary of a domain due to
perturbation of the homogenous state of the medium within the domain in order to resolve the
cause of the perturbation . In a well posed problem for any set of rational observation, the solution
should have the following properties:

(1) A solution consistent with the observations exists.

(2) The solution is unique.

(3) The solution depends continuously on the observations (Polydorides 2002).
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1 l Electric stimulus (current injection) J

Assumed image

Target (Prior information )
object linked with
Regularization
matrices
\4

solving the forward
modelling problem & Comp.
of Jacobian using the image
prior

v

1

Solve inverse
Solving the inverse problem

problem
(Reconstructed (Reconstructed Image)
Image wt new l
Jacobian) \2\'{‘ 1 < 2,3,...
Improved Prior P
object shape 2,3,...
| 1,2,3,... NO
Solving
the
forward Is predicted
problem voltage = Actual
with New measured
Jacobian

Reconstructed Object

Figure 3.1. Flow chart for image reconstruction

Note: 1,2,3,... specifies the indices of the iterations.

Although some naturally imposed constraints may somehow ensure the validity of the first two
criteria, it certainly fails the third one because even small perturbations in the measurements can
lead to wild oscillations in the solution. Thus, the inverse conductivity problem is ill-posed.

lll-posed problems are often addressed by replacing them with one which is somewhat different but
less ill-posed. It contains more information than the ill-posed problem. Regularisation is a

mathematical method for opting to address the ill-posed inverse problem by solving a similar one

3-2
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that is less demanding due to sufficient information. The prior information about the solution is
provided to the inverse problem through the regularisation technique. The concept of regularisation
acts as a constraint preserving the existence and the uniqueness but also the stability of the solution

(Polydorides 2002).

In forming regularization matrices, the first or the second difference matrices can be used as such
that the first difference matrices draws the solution of the Tikhonov regularized version of the EIT
inverse problem towards a uniform distribution and the second difference draws the solution
towards the combination of a uniform and a planar distribution. The Tikhonov regularized versions
of the EIT inverse problem can be written in the form

AV = U@II® + allLpl? } (3.1)
where p is the resistivity distribution , U(p) is the resistivity to potential mapping , that is, the
potential obtained from the model with known p, V are the measured potentials, L is a so-called
regularization matrix, and « is a regularization parameter (Vauhkonen 1998). In other words, the
Tikhonov regularization method draws the solution toward the null space N(L) of the regularization
matrix L. In this sense, the uniform distribution and the combination of a uniform and a planar
distribution form the basis for the null spaces of first and second difference matrices respectively.
Similarly, the regularization matrix can constructed from a prior information of the true resistivity
distribution in a way that the solution is drawn towards the known distribution by the

regularization .

3.1.2.1 Basis Constrained Method (BCM)

In BCM the subspace S,, needs to be constructed, near which the true solution is assumed to lie. A
more detailed description of how this is done can be found in Vauhkonen (1998). Data acquired from
other sources, such as Magnetic Resonance Imaging (MRI) experiments or from earlier measured
resistivity values are used to form a set of expectable resistivity distributions (vectors) p,,n =
1,..., N, near which the true resistivity distribution is assumed to be (Vauhkonen 1998). This type of
a set of distribution is sometimes called the learning set. We assume that this set is comprehensive
in the sense that any expectable impedance distribution is very near (in the Euclidean metric) to
either one of the members p,, or some linear combination of these members (Vauhkonen et al.
1998). Accordingly, the set can also be said to define a prior model. In BCM a low-dimensional
subspace (with a predetermined dimension M) in which the set {p,} can be approximated with
smallest two-norm is determined (Vauhkonen et al. 1998). For the set {p,}, we calculate the

covariance matrix I’
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F=N—1ppT (32)
where the matrix B=[p1 +wer oy JERPXN (3.3)
where P refers to the number of discretized elements in the finite element mesh (Vauhkonen 1998).
One needs to calculate the M largest eigenvalues and the corresponding orthonormal eigenvector
w,,, m= 1,...,M of I in order to find the M << N-dimensional subspace in which the learning set

can be approximated with the smallest mean square error. This can be done using the orthogonal
iteration method (Golub, 1989). The implementation of the orthogonal iteration method has the

advantage that one does not have to evaluate I or the calculation of all the eigenvectors and the
eigenvalues associated with . These M eigenvectors span the subspace 5,.. (Vauhkonen, 1998). This

kind of a procedure is widely known as Principal Component Analysis (PCA) (Jolliffe 1986). The

selection of the subspace dimension M is a compromise between good approximation properties

(large M) and a good regularization properties (small M) (Vauhkonen 1998).

3.1.2.2 Subspace Regularization Method (SSRM)
Subspace regularization method requires the minimization of the functional, statement of the

inverse problem, with respect to p and the use of the regularization matrix L whose null space is 5.
The orthogonal projector onto 5,.. is ( due to the orthonormality of {w,,,}) WI¥T and the orthogonal
projector onto the orthogonal complement is, thus

L=1-wwT (34)
where [ is the identity matrix and W is the matrix having the vector wy,,, m = 1, ..., M as its columns
(Vauhkonen 1998). Constructing the vectors, p & WW7T g, that conform to the prior model
approximately, for such p we have (I — WWTlp= p— WW7Tpa 0andsuch p "are favoured." On
the other hand, we have p = WWTp+ (I —WW7T)p
where the two projectors are orthogonal and, thus
[lg]]? = ||WWTp||? + || (I—WWT)p||* (Vauhkonen etal. 1998). (3.5)
This informs that the smaller the value of the norm|| (I — WW7T )p||, the greater the fraction of p
is "explained " by the subspace associated with " and the smaller is the resulting penalty. In the
limit a - == we have then for the estimate

wwTpe = p®._ (3.6)
so that we force the estimate into the subspace that is spanned by the column vectors of w ( here &

refers to the norm of the additive noise) (Vauhkonen et al. 1998). In this way, the idea of using
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L =1 — WWWT for the regularization matrix is equivalent to using the distance of the solution g from

the subspace 5,,. as a penalty.

3.1.2.3 Standard Tikhonov Regularization Method (STRM)

The regularization matrix is a diagonal weighting for J7J and the equation for the increment Ap; is
Api = (JT ]+ diag("/)NTHIT (V= U(p))]

in STRM where | is the Jacobian of the mapping U( p;) and diag(.) denotes the diagonal matrix. In

this case diagonal matrix can be thought of as representing an approximation for the missing part of

the second derivative of the mapping U(p) (Vauhkonen et al. 1998).

3.1.3 Forward Modelling and Computation of the Jacobian

In addressing the forward problem in ERT that requires the computation of voltages on peripheral
electrodes, one needs to construct the global admittance or system matrix, a function setting up the
current patterns and solving the forward model at a certain level of tolerance, eventually extracting
the array of boundary measurements (Polydorides 2002). The interior electric fields are also
required in the calculation of the Jacobian, which is needed for reconstruction. Marko et al. (2000),
Paivi et al. (1999) and Blue et al. (2000) stated that in order to solve the forward problem in a
domain with a resistivity distribution, the potential distribution should satisfy the elliptic partial
differential Poisson equation with the Dirichlet and Newmann boundary conditions, using a gap-
electrode model approximation instead of the continuum electrode model approximation. In a
domain Q with an admittivity distribution £ € C¥, the electric potential, u, satisfies the elliptic partial
differential equation

V-EVu=0, (3.7)

If I;is the current injected into the I electrode E; which has a constant impedance z;, the complete

electrode boundary conditions are

du

Vi =u+ i (3.8)
fu
= Ls; s (3.9)
where 17 is the constant voltage on electrode, E;, nt is the outward unit normal vector and
du
rf; =0 (3.10)

the current density on the boundary inter-electrode gap (Polydorides, 2002). Equation (3.8) and

(3.9) are the Dirichlet boundary conditions while equation (3.11) specifies the Newmann boundary
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condition. In order to solve equation (3.7) using the finite element method (FEM) over the entire

domain, it has to be transformed to the weak form.

Firstly, let consider the weak form for the Dirichlet problem. For a Dirichlet problem

—V-(kVu)=f in Q (3.11a)

u=~20 on d&fl (3.11b)

If £is continuous and 1z is a solution of (3.11), then it is natural to expect that the 1 and its partial
derivatives of orders one and two are all continuous on Q and of course, u is zero on 6Q. The space
C¥(17) is defined to be the sets of all real-valued functions u defined on 11 with the property that u
and its partial derivatives up to order k are all continuous on (1. A solution to (3.11) is sought in the
subspace

€5 (1) = fueC?(@):u = 0on 8N} and €7 (1) € C*(A)
where D stands for Dirichlet (Gockenbac 2006). If ¢ is a solution to (3.11), then for any function v
defined on {2, multiplying both sides of the PDE by 17 yields

-F-(K-Tu)v =fr in 1
Since the two functions —F - (K -Fu)v and fv are equal on 12, their integral over {2 must agree

(Gockenbac 2006):
L veE-Twe=, fv. (3.12)

In this context, ¥ is called test function. The idea is to check whether the PDE holds in the weighted
average sense over Q, using the test function v to define the weights in the average. Obviously, just
because equation (3.12) holds for a particular test function * there is no reason to think that the PDE
(equation (3.11)) holds. However, if equation (3.12) holds for all test functions 1 from a sufficiently
large set, then equation (3.11) must hold. The sphere of radius & centered at {x,%,) is denoted by
Bs (x0,%0):
Bs (x03,) = {(x,)ERZ: [|(x,3) — (x5 v, < 6 1.
Suppose (x,,3,) € Q and & > 0 is small enough that Bz { x,,7,) is contained entirely in Q. Consider
any function v € Cﬂz(ﬁ) with the following properties:
1. wix,v) = 0forall (x,v)EBz{x,7,)
2. vix,v) =0forall (x,v) & Bs(x,,v,)

3. v has a total weight 1.
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fﬂ v = Jnﬁ'ﬁnixu“:u v =1 (Gockenbac, 2006). (3.13)

Many such functions v exist as constructed in equation (3.22). But then _,I:,1 fr= J"BE_ ﬁf‘i? is
- XpFo!

just a weighted average of f over the disk Bs( x,,v,), and similarly

—f, V- Kvwv = [, V- (KVuv. (3.14)

5§(x0.Y0)
Applying Green’s identity to the left — hand side of equation (3.14),

—Jp VKV = [ kPu-Vv— [y kvs. (3.15)

= [, kVu- " (3.16)
the boundary integral vanishes because 17 is zero on 86Q. This leads to weak form of Boundary Value
Problem. That is to find u€ Cp” (1) such that _.rﬂ kVu-Vv = _.rﬂ fv forall vEC, (A), (3.17)

called variational form or weak form .

The elliptic (PDE) of equation (3.7) relating conductivity distribution, &, potential distribution, u,
and current distribution, I, is similar to an elliptic (PDE) of such in a mechanical system that involves
the stiffness distribution, k, the displacement distribution, u, and the boundary force distribution, f,
in the FEM analysis. Following this, it is important to show that 1 that solves equation (3.17) is the
sameu that minimises, [, the potential energy of the system. When a partial differential equation

(PDE) models a mechanical system in which 1t is the displacement and f is an external body force

for u, the total potential energy of the system is

j(u}zgfﬂ KPu-Vu — [ fu + &, (3.18)
where &, is some constant (Gockenbac 2006). The state of equilibrium of the system corresponds
to the displacement 1 that minimises the potential energy.

If u, wE Cﬂz(ﬁ} :v=w—u,sothat(w =u+ v)thenv isalsoin E'D:(ﬁ}. Mathematically,

Cp () is a vector space and

jW) =j+v) = j@+ [, kvu-Vv — [, fv +[, kvv-vv (3.19)
The parameter k is positive and v - Vv = ||Fv||? = 0, provided v is a nonconstant function

(Gockenbac 2006). Because of the boundary condition, the only constant function in Cﬂz(ﬁ} is the

zero function, so if 77 is a nonzero displacement (that is, if w £ 1 ), then
L[ kVy-Ty =0
2n T v =

Therefore,
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jlw) = jlu)  forall w $u. (3.20a)

If and only if

J, kru-vv — [ fv =0 (3.20b)
For all vE Cﬂg(ﬂ} . This shows that 1 minimises j over Cﬂz(ﬂ} if and only if u satisfies equation
(3.15). To explain other definition of partial derivatives, we introduce some new concepts. First of
all, if u is a function, its support is the closure of the set on which 1t is nonzero;
Supp (u) = ({(x, v)ER®:u(x,v) £0}) (Gockenbac 2006). If u is defined on Q and Supp (u) is a
compact subset (that is, a closed and bounded subset) on Q, then u is said to be compactly

supported in Q. A function compactly supported in Q is zero on and near the boundary Q. The space

C,7(12) is defined to be the set of all functions that are infinitely differentiable on Q and compactly
supported in Q. The condition that uEC,™(12) is quite strong from equation (3.11). Such a function
must have the property that it and all of its partial derivatives go to zero as {x, V) approaches the
boundary of supp (u}. To settle this question, it is important to show how to construct a family of

functions in C,™(12). Let (x,,%,) € Qand 6 >0 be sufficient small that Bs{ x,,%,)c £2, and define

®:Q—=Rby

P(x,y)= (82 =)= oa)lI?) e, y)eBs (x,y,) (3.21)
0 \ otherwise

Then, si - 55
- — —0oD = ~ L
en, since T as (x,¥) = 8B (x5,¥5)

It follows that @(x,y) — 0 as (x,3) = &Bs (x,,%,).

Moreover, each partial derivative of ®, inside Bz{x,,¥,), consists of a rational function times the
same exponential, which is enough to show that each partial derivative converges to zero as
{x,¥) = 8Bz (x,,¥,). Thus, ® € C, ().

In fact, defining

v(xy) = ——— @(x,y), (3.22)
l:g &(xp-Fol ¥

it follows that fﬂ v = 1 and thus, v is a test function of the special type described in equation (3.13)

(Gockenbac 2006). The arbitrariness of  is crucial, as otherwise a weak form is not equivalent to the

strong from. Weight function is thought of as an enforcer, whatever it multiplies is enforced to be
zero by its arbitrariness. The key to making the proof of a solution of the weak form to be a solution

of the strong form possible is the arbitrariness of 7. It can be assumed to be anything we need in

order to prove the equivalence (Fish and Betytschko 2007).
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Suppose u is a real-valued function defined on a domain Q in R?, and that u is integrable over every
compact subset of Q, (in this case, u is called locally integrable). If there exists another locally

integrable function g defined on Q such that
dv oo, =
Ihgv=—1, u— forall v€C, () (3.23)

holds, then u is said to be weakly differentiable with respect to x, and g is called the weak partial

derivative with respect to x of 1 . The weak partial derivatives with respect to ¥ are defined

-

o

u du | A
and . just as are strong derivatives.
»

similarly. Weak partial derivatives are denoted by P
X

There is one restriction, however, that is necessary. The definition of weak derivatives requires only

&

that — and Z—:_ be locally integrable. In the variation equation (3.14) though, it must be possible to

ox

integrate the products

du v du dw

a — .
6x dx aydw

du

LT
In particular, ¥ = u must be allowed, which shows that — and ﬁ_ must be square integrable:

ox

In this way, _.rﬂ Fv must be finite, which also suggest that f and v should be square - integrable
(if f = v, for example). It is therefore convenient to define the space
12(Q)={: QR : fﬂ v? < o),
It will be required that f, the right hand side of the PDE belongs to L*(Q). The solution u of
. ) fu Su a
equation (16) must satisfy U=, é,—}_E L=(Q) (Gockenbac 2006).

The test function must satisfy the same conditions. These conditions are defined as the Sobolev

Space HY(Q):

dv dw

H(Q) = {vel?(): 5,57 €L2(Q))

Finally, it is necessary that both the solution 1 and all the test function v satisfy the Dirichlet
boundary condition. For this reason, it is necessary to introduce the following space:

H, Q)= {veHY(Q) : v = 0 on 5Q}.
The space H, 1(Q) is another example of the sobolev space. The variational form of equation (3.12)

can now be defined in terms of the Sobolev space H,, 1(Q):

Find uEHﬂl(Q), fﬂ EVu-Vv = fﬂ fr  forall f;..EHﬂi(Q)_ (3.24)
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The right hand side (r.h.s) f is assumed to belong to L%(Q). It should be clear why the variational
form is called weak-form, the requirements of the r.h.s of f and the solution 1 have been
considerably weakened over the classical strong form of equation (3.11) (Gockenbac 2006).
We need derive the weak form of the Newmann problem. Let consider a Newmann problem of the
form
—V-(KVvu)=f in 2 (3.25a)
k=0 on  on. (3.25h)
The Dirichlet condition appears explicitly in the weak form as in equation (3.24) (in the definition of
the space H, 1(Q)), but as it will be shown below, the Neumann condition does not appear explicitly
in the weak form of equation (3.25). Let assume that 1t satisfies equation (3.25). This presupposes

that 1 has some extra smoothness beyond the requirement that ue H(Q), both because the left

hand side of equation (3.25) involves second derivatives of 1L and because a—: is not well defined for

an arbitrary H(Q) function (Gockenbac 2006). Then

—V-(KVulv=fvr in forall veHYQ) (3.26a)
= - fﬂ V- (KPu)v = fﬂ fv forall veHY(Q) (3.26b)
= Jp Ty [ ke =g fr forallveHY(0) (3.26¢)
= [, kVu-Tv =[, fr forallveHY(Q) (3.26d)

the boundary integral vanishes because of the Newmann boundary condition is satisfied by the

solution 1. In the Dirichlet case, it was the boundary condition on the test function ¥ that caused the
boundary integral to vanish . The weak form of equation (3.25) is thus defined to be the following
problem:

Find u € H1(Q) such that _.rﬂ kVu-Vv = _.rﬂ fv forall veHYQ). (3.27)

Any solution of equation (3.25) is also a solution of equation (3.27). But, one needs to check if the
converse is true. After all equation (3.27) does not mention the Newmann boundary condition, and
so it is not obvious that a solution of equation (3.27) will necessarily satisfy the Newmann condition.

It does though, provided the solution 1 is smooth enough that Green’s identity applies, and Vit can
be restricted to 6Q (Gockenbac 2006).

Suppose that ueH(Q) is a solution of equation (3.24). Then since H, 1(Q) cHYQ),
o kPu-Fv= [, fv forall veH,'(Q). (3.28)

Applying Green’s identity to the left side yields



- Chapter 3 : Mathematical Development -

I:'-'"
—fo V- &Py 4 keSS = [ fv forallveH, \(q). (3.29)
Since veH, l(Q), the boundary integral vanishes, yielding
—Jo V- &V = [ fv forallveH,(Q) (3.30)
It follows that the PDE of equation (3.25) must hold (considering the type of test function discussed
in equation (3.22), whose support is a disk B (x,,V,) — belongs to the space H, l(Q)).

To show that the Newmann condition (3.25b) also holds, we consider equation (3.27) and apply

Green’s function once again to obtain
— [y 7 (Kvuwv +J"|5nsr;-r,%l = [, fv forallv € HY(Q), (3.31)
but now we know that
— [, V- (KVuv = [, fv forallv € HY(Q),
(since - ¥ - (KVu) and f are equal on Q).
Therefore fén k‘i.’-'%ﬂ) for all veH *(Q) must hold. (3.32)

Although the precise argument is rather technical, it should be believable that equation (3.32) can

hold for all veH(Q) only ifﬁ is zero on 8Q) (i.e. k is strictly positive) (Gockenbac 2006).

Since Dirichlet conditions must be explicitly imposed in the weak form, while Newmann conditions
are implied even though not explicitly imposed, Dirichlet conditions are often called essential

boundary conditions, while Newmann conditions are called natural boundary conditions .

Using the finite elements and according to the complete electrode model, the global admittance

matrix A in a system with 1 nodes, k elements and [ boundary electrodes is assembled as

A, A
4= [Ag Aj (3.33)
(=]

where
Acip =Acrep + Acap = [ BV, VO dxdydz +z{:1§ [g, ®12;ds

(similar to equation (3.27))

for i, j=1,..,n, and ®; and ®; are the corresponding shape functions. The other two compartments

of the matrix A have the form of

A0, )) = ®, ds (3.34)

1
;- E

fori=1,...,mand!=1,...L;
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. E|z71 fori=1
A D = {l z=1 3.35
a(l) 0 otherwise ( )

for i, j =1,..L. Here, |E;|is the area of the surface of the ith electrode (Polydorides 2002). The

construction of the full-rank admittance matrix is done in three stages. At first, the A, block of the
matrix is assembled as though we were solving with only natural boundary conditions (such as the
‘gap-shunt’ electrode model and then augmented by the complete electrode blocks A. and Ay
(Polydorides 2002) . The calculation of the electrode blocks requires the integrals of products of
shape functions over the elements under the electrodes. As we are using linear elements, these are
integrals of quadratics which can be performed analytically (Polydorides 2002).

From equation (3.33), the forward computations are applied to the system

% wlle]= 1) 330

solving for the nodal potential distribution U,, and the electrode potential ¥y, and the right-hand

side current vectors are denoted as I and their nonzero compartments as Iy, (Polydorides 2002).

The system of equations highlighted in equation 3.36 can be solved numerically for the voltage
distribution,V, on the boundary by a software code written in any high-level programming language
that solves the product of the inverse of the system matrix, 4, with the current distribution vector, I,
injected through periphery electrodes. Being a 3-D problem, the need for a computer with much
larger memory and high processing power make the use of FEM for online image reconstruction in 3-
D a challenge. An alternative means to analysing the conductivity distribution within a 3-D domain
through an offline image reconstruction is the exploration of suites of open source software, such as
Free FEM, DEAL II, EIDORS, e.t.c. Among the enumerated public domain libraries of functions in
various programming language, EIDORS was explored in this research due to its dedicated use for
analysis of electrical and optical properties through reconstructed images in 3-D using the FEM
approach.

Using the Electrical Impedance and Diffuse Optical Reconstruction Software (EIDORS), the forward
calculations are mainly performed by the forward_solver function which, depending on the
admittivity vector &, either opts for the Cholesky method or preconditioned conjugate gradients if
€ER" or alternatively the LU method or biconjugate gradients in the case where £€EC" (Polydorides
2002).

In the case where the admittivity § is complex, the Jacobian is calculated through the function that
calculates four matrices which resemble the sensitivity of the real and imaginary parts of the

measurement with respect to real or imaginary admittivity perturbations, i.e. J,.= 6V,/6¢; , Ji= 6V,/8¢
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, Ji- = 6Vi/8¢, and J; = 8V,i/6¢ where V. and V; are the real and imaginary parts of the measurements

while & = o and § = we the conductivity and permittivity vectors. The complex formulation of the

forward problem is therefore

U ()= V) (37

The Jacobian or sensitivity matrix, J, is computed as follows in EIDORS. Given a FEM model of an EIT
medium, F, we calculate the vector of voltages, v, for each FEM degree of freedom (mainly, degree
of freedom are nodes, but in the complete electrode model, electrodes are also associated with a

degree of freedom) (Adler et al. 2008). That is v = F (0,q;), where o is the vector of element
conductivities and g, is the current stimulation pattern, a vector of current inputs of each degree of

FEM degree of freedom. The measured electrode voltage can be represented as a linear

combination of voltages, V..z. For each stimulation pattern, g;, a vector of measurements, m;, are

required, each of which consist of a linear combination of electrode measurements represented by

ME- ThUS,

m; = M; VioeF (0,4;). (3.38)
Based on this model, j, is calculated as:

M; VioeSF (0,9:1),
50'j

]i,j= |0'=cro (3.39)

where @ is the “background” conductivity around which small changes are assumed to occur. To
represent j as a matrix, measurements for all stimulation patterns, i, are flattened into column
vectors which are concatenated for each finite element j. In EIDORS, the Jacobian is calculated using

the function calc_jacobian which takes as parameters the FEM model (type fwd_model) and the

image of o, (type image) (Adler et al. 2006).

3.14 Solving the inverse problem (Inverse Modelling with EIDORS)

In addressing the inverse problem, Polydorides et al.(2002) eliminated the second-derivative terms
from the Taylor expansion of the nonlinear forward problem, which makes it possible to construct a
generalised inverse of the Jacobian, and inversion of the modified problem (well-posed) using the
Newton-Raphson method - Gauss-Newton method. On the other hand, Polydorides et al.(2002)
showed that one may opt for a linearized form of the inverse problem and then adopt some
Tikhonov type regularization to obtain a step solution within the Newton-Raphson algorithm using

Levenberg and Marquardt method where a variable regularisation parameter was employed. In
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principle, for the inverse admittivity problem the aim is to obtain a stable solution £* which
minimizes the residual error

f& =5 F@—-V)'FE —-V) =3 IFE - VII,* (3.40)
where F(£): "= C" is the nonlinear forward operator in a problem with 1 parameters (voxels) and
m measurements, and VEC” is the vector of voltages measurements for a fixed set of current
patterns (Polydorides 2002). For clarity in the following, let D{£) = F(£) — V. As F{£) is analytic, a

Taylor expansion of D{&) is
D( +h) = D(§) + D'(Oh +5D"(©)h? + 0(h?) (3.41)
In an initial simplistic attempt to minimize (&) one can follow a linear least squares approach from

which the Newton-Raphson iteration for well posed problems is derived by seeking a step k for

which D{& + k) # 0.

Neglecting second-order term and above

D(§) = —D'(O)h (3.42)
hyr = —(D'(®) D) = (F'(®)~ (V- F©) (3.43)
Finally arriving at the Newton-Raphson iterative solution
G = &+ (F'(€)) (V=F(©), (3.44)

where F'(¥.) is the Jacobian matrix. From equation (3.40), the gradient Vf = f'(£)* and the
Hessian Hf = f''(&) of the residual f at & are

VE=D'(§)'D(E) =F' ()" (F() - V) (3.45)

Hf =D'(§)*D'(§) + D"(§)D() =F ()" F'(§) + L F"'i () (Fi(§) — Vi). (3.46)

When minimum is approached, the second-derivative terms in equation (3.46) becomes negligible,

therefore we can assume

SR @OE@ -V~ 0 (3.47)
With this assumption and using (3.46), we can reformulate the residual (3.40) as
fE+R) =)+ Oh+5f"()h? (3.48a)
= F@) + (D' @ D@)h+5(D'(§)D'(§))h? (3.48)
= F©) + (F' @) (F(©) = V)h +5 (F'(©) F()h? (3.48¢)
Setting the gradient of (3.48) to zero yields
VE=F'() (F(&) = V) + hF'(§)'F'(9), (3.49)

from where the step f is derived as
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hon = (F/@F'©)” F' (V- F®) (3:500)

Skv1 = Sk + hon (3.50b)
Equation (3.50) combined with the Newton-Raphson formula (3.44) gives the well known Gauss-
Newton algorithm. It is worth noting that the convergence of the method (3.50) depends on the

validity of assumption (3.47) and the size of step i.. Alternatively, the second derivative terms in
(3.46) may be approximated with Al, where A€R is a positive scalar and I the identity matrix. This

effectively changes the assumption (3.47) to

YiETOEE@ V) = AL (3.51)
As obtained in (3.48), the error residual is now expressed as
fE+R) = FE) +F (Oh+5f" R (3.52a)

fFE+R) =@+ (D'@ D@+ ;'@ D' @+ ADR?  (3.52b)
=fO+F' Q' F@ - Vh+5F@FQE+ADR*  (352)

and setting the gradient to zero
VE= F'(§)F(&) = F'(©)'V + (F'(§)'F'(§) + ADh =0 (3.53)
leads to Tikhonov regularized solution

h=F'@F @+ ADTF @ (V-FE©). (3.54)

Substituting this result into the Newton-Raphson formula (3.44) gives the Levenberg-Marquardt

method
hum = (F'E)F'(€) + 4T F' (&) (V= F(&)) (3.55q)
Skv1 = Skt iy (3.55b)

In the Levenberg-Marquardt method for well posed problems, as the solution is approached, Ay is

reduced to zero, thus in effect (3.55a) is gradually transformed into a Gauss-Newton step. This

method can also be derived by linearizing f{.£) around &5 within the nonlinear Tikhonov functional

F =1IFE) = VII2* + AILE = &l &l (3.56)
where L is either the identity or any other regularization matrix (as discussed in section 3.1.2)
imparting some prior assumption about ¢ and A the positive scalar regularization parameter.
Linearizing F around & yields the minimization problem

TEMENF (©Oh = VII,® + AL = DI, (3.57)
for which the linear generalized Tikhonov solution is

her = (F'()F'(§) + AL'L)H(F'(E)'V + AL'LE) (3.58)

3-15
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The solution of equation (3.58) can be efficiently computed without forming the normal equations
coefficient matrix, by forming the augmented system

F' (f}]f [v —F(&)

h = e _
T lyacl | vaLe

] (Polydorides 2002). (3.59)

For the k& + 1 iteration, one can minimize the functional

IF (&) =V = F' (&) (h = &ll2* + A|L(h = &)l (3.60)

which has an algebraic solution
b= (F'(§)"F' (&) + AL'L) 7 (F'(&)"(V = F(&) + AL'L(&)) (3.61a)

Ske1 =Skt h (3.61b)

It worth mentioning that, unlike (3.55), this time the regularization parameter, 4, is kept constant in

each iterative loop .

In EIDORS, the inverse computations are carried out by the inv_sol function which solves the
nonlinear inverse problem implementing the algorithm described in (3.61) (Polydorides et al. 2002).

The regularization matrices are provided by the functions iso_f_smooth and iso_s_smooth, which
construct the discrete forms of the first and second differential operators with adjustable positive
weight. These impose certain isotropic smoothing assumptions on the required solution. MATLAB
implements the techniques mentioned above using the backslach operator (\) which performs QR

decomposition on F'(#), thus avoiding the explicit computationally expensive inversion of the

F'(#,)*F'(¥.) matrix (Polydorides et al. 2002).

From equation 3.61b, an improved image is obtained with the computation of the new conductivity
values distributed within the domain of homogeneous or background solution. The simulated
voltage (predicted voltage) computed when the finite element forward model operator , F, acts on
the new conductivity distribution is then compared with the measured voltage, in order to check if
the iteration stops at this stage, or it continues. As long as the difference in the measured voltage
and the computed voltage is not minimum, given the conductivity variable in the forward model, the
iteration continues. The bottom left hand side of the flow chart in figure 3.1 shows a number of
operations involved in seeking for stable conductivity distribution that minimizes the residue error

arising from the comparison of measured and simulated voltages.
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3.2 Numerical Computations of Operations for the Forward Problem Using Free Library of

MATLAB functions - EIDORS

The computation of the voltages of the periphery electrodes of the tomography rig or vessel, given
the conductivity distribution within the domain for a well defined sequence of current injection, is
how the forward problem is posed. Thus, the continuous cylindrical domain necessarily has to be
discretised into a finite number of tetrahedral elements such that the polynomial of the trial solution
satisfies the continuity and completeness condition in order for the approximate solution by FEM to
converge to the accurate solution. Using the public library of MATLAB functions, numerical
computations required for solving the forward problem are documented in section J2.1 to J2.10 of

appendix J2.

33 Numerical Computations of Operations for the Inverse Problem Using Free Library of

MATLAB functions - EIDORS

A stable solution of conductivity distribution which minimises the residual error of the difference
between the simulated and the measured voltage values is required to solve the inverse problem of
computing the conductivity distribution over each element of the discretised domain given the
measured boundary voltages arising from sequences of current injections. The required numerical
procedure for addressing the inverse problem for which EIDORS could be used are outlined in

section J4.1 to J4.3 of appendix J4.
3.4 Obtaining the Best Measurement Strategy for Effective Analysis of the Voltage Signal

The UCT tomography setup allows adjacent and opposite current injection sequences with adjacent
voltage measurement sequences through peripheral electrodes only. Based on this limitation,
opposite and adjacent measurement schemes over two, three and four ring of electrodes system
were explored out of a number of possible measurement sequences using the
mk_stim_patterns function in EIDORS in order to determine the best measurement strategy. The
exploration lead to the development of loading functions needed to load measured voltage data
from the boundary of the UCT tomography rig for current injection sequences through the two rings,
three rings and four rings electrode systems using MATLAB syntax. Three data-loading functions
were written for each of the six reconstruction programme including both opposite and adjacent
current injection sequences for two, three and four rings respectively. Each written function was

linked to the appropriate reconstruction programme as indicated in table 3.3.
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Table 3.1. MATLAB functions for loading data to the reconstruction codes of the two, three and four rings electrodes

system
S/N | Number Current Distribution of Name of Loading Function
of Rings Injection Conductivity in the
Sequences Vessel

1 2 rings Adjacent Inhomo (FC) meas inhomo2rg adjacent

2 Homo (FC) getcalibrationdata2rg _adjacent current
3 Homo (NC) getcalibrationdata2rg adjacent nocurrent
4 2 rings Opposite Inhomo (FC) meas_inhomo2rg opp

5 Homo (FC) getcalibrationdata2rg opp current

6 Homo (NC) getcalibrationdata2rg opp no_ current

7 3rings Adjacent Inhomo (FC) meas_inhomo 3rings_adjacent

8 Homo (FC) getcalibrationdata3rings_adj current

9 Homo (NC) getcalibrationdata3rings_adj no_current
10 3rings Opposite Inhomo (FC) meas 3rginhomo

11 Homo (FC) getcalibrationdata3rings_opp_ currrent
12 Homo (NC) getcalibrationdata3rings opp nocurrent
13 4 rings Adjacent Inhomo (FC) meas 4RINGShomo ADJ

14 Homo (FC) getcalibrationdatad4rings_adj current
15 Homo (NC) getcalibrationdatad4rings adj no current
16 | 4rings Opposite Inhomo (FC) meas_4RINGShomo OPP

17 Homo (FC) getcalibrationdatad4rings_opp current
18 Homo (NC) getcalibrationdatad4rings_opp no_current

* S/N: Serial numbers

Keys: Inhomo - Inhomogeneous solution. Homo - Homogeneous solution. FC - Fixed current. NC - No current.
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CHAPTER 4
EXPERIMENTAL DESIGN AND ANALYSIS TOOLS

4.1 Hardware Materials for the Experimental Set-up

The UCT ERT system comprises of rings of electrodes fitted around the circumference of a pipe or
vessel to excite and detect signals (sensors), a data acquisition system, a PC that controls and
communicates the injection and measurement sequences with the data acquisition system and a

data processing software.
4.1.1 UCT Tomography Rig

The UCT tomography rig is a non-conducting cylindrical vessel fitted with rings of electrode, which is
filled with salt water (approximately 100mg/l NaCl) to certain level. This provides a medium of
homogeneous conductivity that leaves the electric field lines between two electrodes situated on
the rings of electrode system unperturbed (Figure 4.2). In this set-up, the radius and height of the
tomography rig are 22 centimetres and 13 centimetres, respectively, while the length and breadth of
the rectangular shaped electrodes are 1 centimetres and 2.2 centimetres respectively. The
tomography rig is fitted with four rings of 16 electrodes that are equally spaced, and fitted at 1.1
centimetres, 4.9 centimetres, 8.7 centimetres and 12.5 centimetres, respectively from the base of

the vessel (Figure 4.1).

Since the boundary voltages take the value of the isopotential surface in 3-D, it is necessary to
specify the voltage measurement sequences in three dimensions, i.e. all over the entire domain of
the solution (Figure 4.2). From literature, it has been confirmed that the more independent
measured data there is the more accurate the reconstructed image will be. The voltage
measurement and current injection sequences through pairs of electrodes is specified using an
electrode select sequence table format (Figure D1), and implemented by the data acquisition
system. The data acquisition system (Figure 4.5) communicates with the PC to load the
measurement and injection sequences and returns the measured data into the PC for display in
graphical form, as in (Figure 4.4) for opposite current injection sequences, and as in (Figure 4.7) for

adjacent current injection sequences.
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Figure 4.1: The UCT tomography rig Figure 4.2: An isopotential surface due to opposite current

injection sequences.
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Figure 4.3: Unperturbed electric field lines Figure 4.4: Graphical display of data sets measured by

opposite electrode pairs sequences
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Figure 4.5: The UCT data acquisition system Figure 4.6: The Internal view of the UCT data acquisition

instrument
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Figure 4.7: Graphical display of data sets measured by adjacent electrode pairs sequences

Although the UCT tomography rig has eight rings of electrodes with a black tape fastened around the
boundary where the first ring is fixed as in Figure 4.1, for the purpose of this research only four rings
of the electrode system were used. Each ring of the tomography rig is hard wired to the data
acquisition system through a 16 way cabling system such that 256 data sets are recovered from each

ring owing to 16 possible current injection sequences, (i.e. 16 X 16).
4.1.2 The UCT Data Acquisition System of the Tomography Set-up

The UCT data acquisition system with a built-in four multiplexer system allows three dimensional

data acquisition. It has capability for current injection for both adjacent and opposite sequences
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within a plane (a ring of electrode) as well as adjacent planar pairs. In other words, it has the
capability for any current injection sequences in ERT with adjacent voltage measurement from each
ring. However, as the injection scheme is hard-wired, the device will require a replacement of its
“key card” in order to carry out an opposite voltage measurement sequences. For the purpose of
three dimensional image reconstruction, in which a three dimensional voltage measurement is
required, adjacent voltage measurements in between pairs of electrodes in all rings are required for

every current injection in between pairs of electrodes in any plane of the electrode system.

Typically, there are two possible forms of sixteen current injection sequences, which are opposite
and adjacent pair electrode injections. For the opposite pair injections, a constant current was
injected between opposite electrodes in a sequential manner as such that there was reciprocity of
poles of charges, say electrode 1 and 9, electrode 2 and 10, electrode 3 and 11, electrode 9 and 1,
electrode 10 and 2, e.tc. Similarly, a 16 current injection sequence in which current was pushed and
pulled through electrodes 1 and 2, electrode 2 and 3, electrode 3 and 4 and so on implies an
adjacent injection sequence respectively. Considering a ring of electrode numbering from 1 to 16,
voltage measurement that involved an electrode acting as the source or sink of current was
discarded from the measurement used for image reconstruction. A description of total number of
measurement from respective rings of electrodes used for each experiment and the total number of

data used for reconstruction is provided in table 4.1.

Table 4.1. Number of adjacent measurement from rings of electrode and number of measurements used for

image reconstruction

S/N | Current injection strategy (Sixteen | Number of rings | Total number of adjacent | Total number

Sequences) measurement measurement  used
for reconstruction

1 Opposite Two rings 1024 896

2 Adjacent Two rings 1024 928

3 Opposite Three rings 2304 2112

4 Adjacent Three rings 2304 2160

5 Opposite Four rings 4096 3840

6 Adjacent Four rings 4096 3904

Three voltage data sets are to be collected in order to use the implemented algorithm to reconstruct
images. These are boundary voltage distribution for homogeneous distribution of conductivity when

no sequence of current injection is made, for homogeneous distribution of conductivity when a

4-4
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sequence of current injection of fixed magnitude is made and for inhomogeneous distribution of
conductivity when a sequence of current injection of same magnitude as the homogeneous is made.
These three measured voltage data sets enable the inverse solver (inv_solve) in EIDORS to be used
based on the difference between the voltage data sets for homogeneous and inhomogeneous with
current stimulated into the bulk solution and voltage data sets for homogeneous solution with no
current stimulated into the bulk solution. Figures 4.8, 4.9 and 4.10 illustrate the voltage data set to
be measured for stimulation of current through adjacent electrode pairs. Figures (4.8 and 4.11)
inform that the UCT device detect series of spikes of low amplitude of voltage signals resulting from
low magnitude of electric flux when the control bar was dragged to zero point on the scale to
stimulate no current into the bulk homogeneous solution. Figures (4.8 and 4.11) illustrate the

current stimulation through adjacent and opposite electrode pairs respectively.

&%)Ql@l 149 @®|
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Figure 4.8. Schematic of an implementation of a sequence of current injections through adjacent electrode pairs
(electrode 1 and 2) and voltage measurements through adjacent electrode pairs (electrode 11 and 10 )on the
boundary of a vessel containing a homogeneous solution with no current stimulation. The surface bounded by red

lines indicates the isopotential surface while the green line indicates the measured voltage at the boundary.
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Figure 4.9. Schematic of an implementation of a sequence of current injections through adjacent electrode pairs
(electrode 1 and 2) and voltage measurements through adjacent electrode pairs (electrode 11 and 10) on the
boundary of a vessel containing a homogeneous solution with fixed magnitude of current stimulation. The surface
bounded by red lines indicates the isopotential surface while the green line indicates the measured voltage at the
boundary.
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Figure 4.10. Schematic of an implementation of a sequence of current injections through adjacent electrode pairs (
electrode 1 and 2) and voltage measurements through adjacent electrode pairs (electrode 11 and 10) on the
boundary of a vessel containing an inhomogeneous solution with fixed magnitude of current stimulation. The
surface bounded by red lines indicates the isopotential surface while the green line indicates the measured voltage
at the boundary.

To demonstrating the voltage measurements to be made when current is stimulated through
opposite electrode pairs, the schematic diagrams displayed in figures 4.11, 4.12 and 4.13 are used.

-

Figure 4.11. Schematic of an implementation of a sequence of current injections through opposite electrode pairs
(electrode 1 and 2) and voltage measurements through adjacent electrode pairs (electrode 11 and 10) on the
boundary of a vessel containing a homogeneous solution with no current stimulation. The surface bounded by red
lines indicates the isopotential surface while the green line indicate the measured voltage at the boundary.

Figure 4.12. Schematic of an implementation of a’sequence of current injections through opposite electrode pairs
(electrode 1 and 2) and voltage measurements through adjacent electrode pairs (electrode 11 and 10) on the
boundary of a vessel containing a homogeneous solution with fixed magnitude of current stimulation. The surface

4-6
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bounded by red lines indicates the isopotential surface while the green line indicates the measured voltage at the
boundary.

Figure 4.13. Schematic of an implementation of a’sequence of current injections through opposite electrode pairs
(electrode 1 and 2) and voltage measurements through adjacent electrode pairs (electrode 11 and 10 ) on the
boundary of a vessel containing an inhomogeneous solution with fixed magnitude of current stimulation. The
surface bounded by red lines indicates the isopotential surface while the green line indicates the measured voltage
at the boundary.

4.1.3 Computer System Component of the UCT Tomography Set-up

Two computers constitute some of the components of the UCT tomography hardware set-up. The
first system with Celeron® central processing unit of 2.67 GHz and (RAM) of 504 MB operating on
Window Xp professional Version 2002 make is employed for downloading the machine code and
various measurement sequences tables into the data acquisition device and for loading measured
voltage data from the data acquisition unit communicating with the tomography rig via the 16 - way
cabling system. The second system is dedicated for image reconstruction purposes, owing to the
large storage space and fast processing power required. It has an AMD Phenom (Tm) Il X4 946
processor 3.40 GHz with 8GB of RAM and, it operates on a 64-bit operating system of Windows 7

Enterprise.
4.2 Applicable Software for Electrical Resistance Tomography: EIDORS and NETGEN

Two public domain open source software libraries EIDORS and NETGEN were explored in the course
of this research. EIDORS was the software of choice owing to its capability of addressing the non-
linear and ill-posed inverse problem of electrical resistance tomography, as well as its compatibility
with an automatic three-dimensional mesh generator such as DISTMESH and NETGEN. Furthermore,
EIDORS had been explored to reconstructing images in two-dimensions in previous work on the UCT
ERT system (Long 2006, Stevenson 2006 and Sudhakaran 2010). Basic steps required to download
NETGEN and EIDORS are illustrated in section 11 and 12 of the appendix.
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4.3 NETGEN : Automatic 3-D Mesh Generator for Modelling the UCT ERT Rig

In addressing the inverse problem nature of image reconstruction, which requires an initial forward
solution of the boundary voltages, there is a need to discretize the domain of interest into a finite
number of elements. Primarily for 3-D imaging of the conductivity distribution within a medium,
tetrahedral finite elements with four nodes yields more accurate approximate numerical solution
than hexahedral (Fish and Betytschko 2007). The tetrahedral elements allow the continuous
geometry of the body to be modelled more approximately than any other quadrilateral. NETGEN is
an automatic three dimensional tetrahedral mesh generator, compatible with the MATLAB syntax of
EIDORS. Due to its capability to create sophisticated 2D and 3D models, mesh optimization and
hierarchical mesh refinement, it is the software of choice the in modelling of the cylindrical UCT
tomography rig with boundary electrodes (Figure 4.14). It accepts input from constructive solid
geometry (CSG) or boundary representation (BRep) in the STL file format. It was developed by
Joachim Schoberl (from Johannes Kepler University Linz, Austria) with significant contributions by
Johannes Gerstmayr and Robert Gaisbauer who assisted with STL geometry and OpenCascade

interface respectively. NETGEN can be run on Unit/Linux and Windows operating system.

0.5

Y-axis

X-axis

Figure 4.14: The UCT tomography rig modelled using NETGEN

4.4 FEM by EIDORS: Step-wise Approach to Solving the Forward Problem

The forward problem in ERT is simply stated as : Given the constant conductivity value over each

element within the domain and the current injection through the boundary electrodes, what are
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boundary potential differences (Voltages). The finite element analysis procedure used for addressing
the forward problem could be summarized to four steps: (a) preprocessing, in which the mesh is
constructed, (b) formulation of the discrete finite element equation, (c) solving the discrete
equation, (d) postprocessing, where the solution is displayed and various variables that do not
emanate directly from the solution are calculated (Fish and Betytschko 2007). In addressing the pre-
processing requirement of FEM, NETGEN was employed in generating a 3-D mesh as in figure 4.15b
to model the UCT tomography rig(figure 4.15a). Ingredients for the solving the forward problem

developed from the mathematical theories stated in chapter 3 are :

(a) A 3-D Mesh to discretize the domain of interest. There is a need to discretize the domain into
finite elements such that the approximate solution by the finite element method converges to the
accurate solution. The approximate solutions are the nodal voltage values which can be compared to
the accurate solution by evaluating the accurate solution at the coordinates of the nodes. NETGEN
was employed for discretizing the cylindrical UCT tomography rig vessel into a finite number of

tetrahedral elements as in (figure 4.15c) using the function ng_mk_cyl_models.

Yeaxis

X-axis

Figure 4.15(a): Continuous domain of UCT rig Figure 4.15(b): Discretised domain of UCT rig Figure 4.15(c): A

tetrahedral element.

In EIDORS, a shape function that interpolates the nodal voltage values of each element is a linear
polynomial function as in (4.1), as this satisfies the continuity and completeness conditions needed

for the approximate solution to converge to the accurate solution.

0°(x) =x,¢+0¢,¢ x (4.1)
e(r) — °

6°(x) =1 «] [, ] (4.2a)

0¢(x) = P(x) x° (4.2b)


http://upload.wikimedia.org/wikipedia/commons/5/52/3-simplex_t0_A2.svg
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Based on FEM, an appropriate polynomial for each element will be that in which the coefficient of
the polynomials can be expressed uniquely in terms of the solution at the nodal points. However,
the choice of linear function for a four nodes element implemented in the latest EIDORS 3D version
released to the public, does not allow the coefficients of the polynomials to be expressed in terms

of the solution at the nodal points uniquely.

Hle(x) =0(0€+0(1€ xle (433)
6,°(x) =0, +0¢; € x,€ (4.3b)
63°(x) =0, +o¢ € x3° (4.3c)
0,°(x) =0¢¢+0¢;€ x,° (4.3d)
I[Gle—l 1 Xle
0,° 1 x,%| [,
| 927 _ 1 [ 0 ]
I 93e| 1 xle“ ocle (4.43)
l94e 1 x°
de = Me «f ; o«f= (M)t de (4.4b)
In this way, 6¢(x) = P(x)(M®¢)"1d® ,and 6°%(x) = N®(x)d® (4.4c)

where N¢(x) = [N, N,® N;® N,°]=P(x)(M®) L

N€¢(x) is the element shape function matrix consisting of the element shape functions associated
with element e . The Shape function is non-zero only at a single node and at that node it is unity. It is
an interpolation of the nodal data owing to the fact that the function passes exactly through the
data. The coefficients of the polynomial function are expressed in terms of nodal voltages since the
FEM approximation is exactly equal to the nodal voltages at the nodes as in (4.4b). 8¢(x) is the trial
solution expressed in terms of the shape function and nodal voltages as in (4.4c). Transformation of
the strong form of the Poisson equation to the weak form reduces the order of the derivative from 2

to 1. Thus, one order derivative of the trial solution of each element is needed as in (4.5)

do¢  d(Néd®)  dN°¢ dN.€ , e dN,® , ¢ . dN3® , ¢ . dN.C , ¢
—=———=—d°=—0,"+ 0," + 03" + 0,°. 4.5
dx dx dx dx 1 dx 2 dx 3 dx 4 ( )
[6:°]
. T de° dN:® dN,® dN3® dN,°® Igze
In matrix form, the derivative is expressed as = [ z 3 4 ] | | =Bede (4.6)
dx dx dx dx dx

o
0,°
This local derivative of the trial solution of each element (4.6), local matrix system, is assembled into

the global matrix system for the domain using the function np_calc_system_mat. Subsequent steps
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to be considered in order to solve the forward problem are documented in section J1 of the

appendix.

4.5 The Concept of Probability in Addressing the Inverse Problem

Probability theory enables one to address the inverse problem of reconstructing an image of an
unknown distribution, given the boundary voltage measurements and current injection sequences,
by predicting the most likely actual image as there is no practicable way of affirming what the
correct image looks like. Through this method, the likely image is obtained by fitting it to the actual

voltage measurements or some prior assumption about the solution.

For a set of n continuous random variables xeR™, there exists a probability density function (pdf)
px€[0,1]. If I and u are respectively the lower and upper bound on x, then the probability of x;

being within the closed interval [ [, u]is
p(xi E[l, u]) = flupx dx. (47)

Suppose this probability is a multivariate Gaussian distribution, its density function is

Dy = 1 e—||x—li||2/217 (4.8)

 2myn/2

where v is its variance and u the mean expected value of x derived from
u= fj: fj: . f_Jr:Px dxy dx; . . . dxy (4.9)
In addition, a symmetric non-diagonal covariance matrix can be defined as

C(x) = vd;; (4.10)

where § is the Kronecker delta function (Trefethen 1994). Conversely, when the covariance matrix is

known and invertible then the pdf of the set x is the multivariate Gaussian distribution

— 1 eale-llh (4.11)
Px = Gmn/z(deta)i/z '
where A=C(x)t

is the inverse of the positive definite covariance matrix, det A the determinant of A, and ||.]|, a

weighted norm of a vector d satisfying

lldlla = (d*Ad)*/? (Polidorides 2002). (4.12)



- Chapter 4 : Experimental Design and Analysis Tools -

In practice, the closest to actual conductivity distribution is obtained having known some prior
knowledge about it, together with a degree of confidence regarding the distribution of noise in the
measurements. More often, the measured peripheral voltage data are added to some Gaussian
noise distribution with mean, u, zero and variance v. That is , if Ve C™ is the noise-free

measurement, then
V=V+ee (4.13)

are the noise-contaminated measurements, where g€ € R™ is the Gaussian noise distribution
(Polidorides 2002). In the designing of a data acquisition circuit, the measurement scheme is

defined as such that a constant covariance
C(ee) = KI (4.14)

is maintained for all measurement (i.e. all measurements are exposed to the same noise ). A full-
rank and a positive definite covariance matrix C(e€) can be constructed from an independent set of

boundary measurements as
Clee) =Cc(V) =0Q74, (4.15)

where @ is the inverse of the covariance matrix with a well defined square root, Ql/2 (Polidorides
2002). In essence, the set of correlated random data with a noise signal of zero mean and variance

one is stated as
vV =02y (4.16)
with an estimated covariance
c(V) = @2c(n(@Y?)" (4.17)
where A* is the complex conjugate transpose of A in contrast to the transpose A’ (Polidorides 2002)

With a view to modelling the conductivity distribution, one can use a probabilistic distribution to
reflect confidence about the model parameter of conductivity distribution. For instance, one can
provide a good initial guess x,, or effect the information that the distribution conforms to some kind
of smoothing imposed by a discrete differential operator, P. Significantly, the latter implies that the

P-norm of the distribution is small enough, i.e.

lIxll, <k (4.18)



- Chapter 4 : Experimental Design and Analysis Tools -

where k is a small positive scalar (Polidorides 2002). In other words, this ensures a better form of
correlation among nearby elements of the model, effectively preventing them from varying

independently. If
X=W(x—xp) (4.19)

is the correlated conductivity distribution. Where W is a discrete differential operator, the

associated covariance is

Cx) =vl (4.20)
and

Clx) =w*w)yt=p-1 (4.21)

provided that P is invertible and positive definite so that W = p'/2 (Polidorides 2002). It is
noteworthy that the regularization technique used in addressing the inverse problem is a means of
introducing the image prior information and can be used to de-correlate the noise signals from the
measurements or to correlate the value of the pixels in the image according to some prior
knowledge about the conductivity solutions. Addressing the inverse problem of computing the
conductivity distribution given the boundary voltages for a sequence of current stimulation pattern,
follows the sequence of computational operations illustrated in section J2 of the appendix. Since the
explored libraries provide no means for researchers to develop an image-prior code from measured
data from their laboratories, image prior function developed using data from other laboratories was

used in this work.
4.5.1 Writing of MATLAB Code to Solve the Inverse Problem

Three data sets are required to solve the inverse problem in ERT. The measured voltage for
homogeneous distribution of conductivity with a fixed current injected, for inhomogeneous
distribution of conductivity with the same current injected and the electric field in the interior from
which the Jacobian matrix is computed have to be obtained in order to solve the inverse problem.
Through the exploration of EIDORS, the inverse problem is solved with the function “inv_solve' on
line 26 in section 3.3.3 of chapter 3. The function accepts the simulated voltage for homogeneous
distribution of conductivity and simulated voltage for inhomogeneous distribution of conductivity as
an input variable. The simulated voltage for homogeneous distribution of conductivity was
computed by solving the forward problem when the conductivity of each tetrahedron was set to be

one as in section 3.2.6 and 3.2.7. The simulated measured voltage data sets for inhomogeneous
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solution was computed from the product of ratio of simulated measured voltage for homogeneous
solution to measured voltage for homogeneous solution (scaling factor) and the measured voltage
for inhomogeneous solution as in the code on lines 6 - 8 of section 3.2.10. Thus, since the inverse
solver function solves for resistivity distribution in the domain from the difference between the two
measured voltage data sets, the solution of the inverse problem (output of inv_solve) is a

distribution of the difference in resistivity value over each tetrahedron element.

4.6 Description of Experimental Work for Imaging the Movement of Solid Objects Suspended

in a Mildly Saline Bulk Homogeneous Solution

In addressing one of the objectives of this research that focuses on exploring EIDORS with a view to
obtaining the best 3-D measurement strategy for 3-D image reconstruction, a number of
experiments were carried out by suspending cuboid shaped perspex and polyvinylchloride insulators

of various volumes into a homogeneous, conductive solution.

4.6.1 Purpose of the Experiment

The aims of the experiments were as follow: (a) to test the written reconstruction codes from the
impemented algorithm in order to determine the hyperparameter value, number of iteration
involved in solving the inverse problem, the reconstruction type and image prior function that are
most suitable for the UCT tomography rig.(b) to obtain the best 3-D measurement strategy, this was
done through a comparative study of the volume and position of axis of symmetry (PAS) along the

diameter of the vessel of the suspended phantom objects and the reconstructed image.

4.6.2 Material for the Experimental Set-up

In figure 4.16, the six suspended cuboid perspex and PVC insulating materials that were suspended
into the homogeneous medium so as to initiate region of low conductivity distribution are displayed.
Three rulers as well as six pieces of short length of twine were used to suspend various insulating
materials in the course of the experiment in the 22cm diameter cylinder as shown in figure 4.15a.
The conductivity of bulk solution in all experimental work was 100mg/I NaCl solution. Considering
the specification of the computing system used in this work, the minimum volume of the region of
resistivity distribution that can be modelled is 0.24ml. The choice of size and geometry of the
suspended objects was made with a view to carrying out appropriate comparative study of the

object and image in order to achieve the optimal measurement scheme.
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TR

Figure 4.16: Cuboid shaped perspex and polyvinylchloride (PVC) insulating materials suspended into the
homogeneous conductive solution to introduce region of low conductivity distribution. From the left
to right, the volume of the insulating materials are 11.6ml, 11.6ml, 42.6ml, 39.5ml, 37.5ml and
42.6ml.

4.6.3 Experimental plan to Search for the Best Measurement Sequence for the

UCT tomography Set-up

Thirty set of measurements were performed as detailed in the experimental plan of table 4.2 in
order to determine an optimal measurement strategy. The experimental plan entails the suspending
a solid object at various position along the diameter of the vessel and relating the volume and the

centre of gravity of the suspended phantom with the reconstructed image.
4.6.4 Analysis Tools Developed for the Experimental Data

For the purpose of this research, an optimal measurement strategy should yield voltage data sets
with which the distribution of the resistivity values resulting from solution of the inverse problem
should be the same as the actual distribution. The correspondence of the distribution of resisitivity
was measured by comparing the volume of the suspended phantoms with the volume of the region
of high resistivity values. The region of high resistivity is assumed to be the region between 0 and
20% on the colour bar scale that maps increasing conductivity of each element to the respective
colour code from bottom to the top as in Figure 4.17. The degree of 'blueness' increases with the

resistivity of the region, while the degree of 'redness' increases with conductivity of the region.
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Table 4.2: An Experimental Plan to Search for an Best Measurement Sequence for the Designed UCT Tomography

Hardware.
Number Current
S/N of Rings Distance of Phantom Injection | Voltage measurement
( volume of 39.5 ml) Pattern sequence (No measurement

from the boundary (cm) on injection electrode)

1 3.0

2 7.0

3 11.0

4 15.0

5 2 19.0 Opposite Adjacent

6 3.0

7 7.0

8 11.0

9 15.0

10 2 19.0 Adjacent Adjacent

11 3.0

12 7.0

13 11.0

14 15.0

15 3 19.0 Opposite Adjacent

16 3.0

17 7.0

18 11.0

19 15.0

20 3 19.0 Adjacent Adjacent

21 3.0

22 7.0

23 11.0

24 15.0

25 4 19.0 Opposite Adjacent

26 3.0

27 7.0

28 11.0

29 15.0

30 4 19.0 Adjacent Adjacent
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Figure 4.17: A map of the resistivity values of the tetrahedral element to colour bar
scale. In this case, 'blueness' values of 0 to 50 (20% of the total) would be considered

as imaging the solid object (Phantom).

For a tetrahedron with vertices a = (a4, a,, a3), b = (b1, by, b3), ¢ = (¢4, 3, ¢3), and d = (d4, d>, ds), the

volume is %- |det(a— b, b — ¢,c — d)|. In product form, the volume is expressed as

V= |(a=b):((b=d)x(c=d))|

- (4.22)

The volume of the region was computed by summation of the volume of those tetrahedra with
resistivity values lying within the region of high resistivity values using equation 4.22. A piece of
MATLAB code for executing the summation of the volumes of tetrahedra with high resistivity
values is found in section K1 of the appendix. Furthermore, the location in space of an axis passing
through the center of gravity of the volume of reconstructed image and parallel to the z-axis
moving along the y-axis (along the diameter of the vessel) for a fixed x-axis value is referred to as
the position of the axis of symmetry (PAS). It was compared to that of the actual suspended

phantom.

The center of gravity of a system of particle is defined as the average of their positions, r;, weighted

by their gravityes, m;. The centre of gravity, R = (X¢m, Yem, Zem), IS €xpressed as

R = Lmptp

xmy

where 1, = (xp,yp,zp) and m,, is the gravity of each tetrahedral element. Alternatively, It could be

written with respect to the reference coordinate as

X pxpv
X — p’p
cm vap

2 pYpv
Y., = ==22L3nd
cm vap
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Zom =52,

where p is the density of each tetrahedron assumed to be constant for all tetrahedra considered, v,
is the volume of each tetrahedron element, p is the index of the tetrahedral element and x,, y,, z,
are the mean of each of the coordinates along the reference axis for the four nodes. The mean

Xp,Yp and z, are defined as follows.

4
1
Xp = Z( xﬁ’) (4.23a)
i=1
4
1
Vp = Z(Z y#’) (4.23b)
i=1

Z, = %(Z Zip> (4.23¢)

Thus, Xem, Yem and Z ., are expressed as

Yp=10xp vp)
KXo = 227270
cm 2;1:1 Vp

ch = Zp:1(3’p_vp) and

n
2p=1Yp

Loy = 22 0)

p=1Vp

A piece of MATLAB code for the computation of PAS of the region of high resistivity values is found
in section K2 of the appendix. The coordinate of PAS of the actual suspended phantom was
computed by determining the point of intersection of the three planes bisecting the length, breath

and height of the cuboid shaped insulating material as in figure 4.18.

/1
LA

1Y
v

Figure 4.18: A cuboid shaped insulating material bisected by three

Ay

intersecting planes at the coordinate of its PAS.



- Chapter 4 : Experimental Design and Analysis Tools -

4.7 Experimental Design for the Study of Movement of Conductive Fluid Using

the 3-D Reconstruction Code Implementing the Best Measurement Sequences

The reconstruction code for the four rings electrode system based on current stimulation through
opposite electrode pairs and voltage measurement through adjacent electrode pairs was applied in
the imaging of the flow of highly conductive solution within the bulk mildly conductive

homogeneous solution.

4.7.1 Application of the 3-D Reconstruction Software to Visualise the Spherical Diffusion of
Various Concentration of Experimental Solution in a Bulk Mildly Saline Solution

An investigation into the applicability of this reconstruction software in monitoring the flow of

higher conductive solution is directed at ascertaining the physical phenomena that are influencing

the movement of the fluid. Hypothetically, gravitational force, frictional force, force due to mixing of

the fluid and diffusion of the fluid are assumed to influence the mixing of the fluids at various

concentration in the vessel. The series of experiment conducted by Baxter and Brighton (2010) to

determine the extent of applicability of the 3-D ERT reconstruction software to study the movement

of conductive fluids can broadly be categorised into the following:

(a) Investigating the applicability of the 3-D ERT reconstruction software to examine the spherical

geometry of diffusion of higher conductive experimental solution injected into a bulk mildly saline

solution.

(b) Studying the applicability of the 3-D ERT reconstruction software to analyse the radial geometry

of diffusion of higher conductive experimental solution injected into a mildly bulk saline solution.

(c) Ascertaining the use of the 3-D ERT reconstruction software to view the planar geometry of

diffusion of higher conductive experimental solution injected into the base of a mildly bulk saline

solution.

(d) The use of the 3-D ERT reconstruction software to visualise the flow of higher conductive fluid

through a packed bed.

In addressing the extent of applicability of the 3-D ERT software to imaging spherical diffusion, table
4.3 highlights the sequence of experiments that were conducted. For all the experiments in table
4.3, the bulk homogeneous saline solution was prepared by the dissolution of 1.8g of NaCl into 6.7
litres of water to form a concentrated solution of approximately 0.005 molality. The temperature of
the bulk saline solution was maintained at 22°C, while the temperature of air within the laboratory

was measured to be between 23°C and 24°C. Highly conductive solution was injected in various
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manners to spread by diffusion through the less saline bulk solution. The Scilab based modelling of
the movement of NaCl ions due to diffusion carried out by Baxter and Brighton (2010) provided the
time-scale, indicating how far solution would have migrated, and thus when data sets are to be

measured from the periphery electrodes.

(a) (b)

Figure 4.19. (a) Location of experimental solution injection in the empty tank. 1 = Syringe injection
(b) Location of experimental solution into a tank containing the bath sponge. 1= Syringe injection.

2 = Bath sponge. 3 = Support for sponge.

Table 4.3: Experimental plan to study the movement of conductive fluid due to spherical diffusion

within an unimpeded medium using four rings electrode system

S/N Description of Injected Time Current Voltage
conductive fluid injection | Measurement
strategy strategy
Injection of 4ml of 1M of NaCl solution 0 sec.
into the center of the tank, using a 5 sec.
1 ceramic dispersion head syringe (figure 4.19a) 10 mins. Opposite Adjacent
Injection of 4ml of 1M of NaCl solution 0 sec.
at the top of the tank using a ceramic 5 secs.
dispersion head syringe 10 secs.
2 90 mins. Opposite Adjacent
Injection of 4ml of 1M of NaCl solution 5 secs.

through a needle into the centre of a bath sponge
suspended at the centre of the tank (figure 4.19b) 10 secs.

15 secs.
3 30 secs. Opposite Adjacent

Injection of 4ml of 1M of NaCl solution 5 sec.
through a needle into the centre of a bath sponge
suspended at the centre of the tank 10 secs.
30 secs.
2 mins.

4 15 mins. Adjacent Adjacent
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Following the rapid rate of dropping of the injected conductive experimental solution in an
unimpeded medium at various location as shown in table 4.3, the set of experiment described in

table 4.4 were carried out in a more impeded medium (a saturated foam sponge).

Figure 4.20: Location of experimental solution injection into the tank filled with foam. 1 = Syringe injection.

2 = Saturated foam

Table 4.4: Experimental plan to study the movement of conductive fluid due to spherical diffusion

within a foam impeded medium using four rings electrode system.

S/N Description of Injected Time Current Voltage
conductive fluid injection Measurement
strategy strategy
Spherical injection of solution of 10% acetic 0 sec.
acid into the centre of highly porous foam 3 sec.
saturated with mildly saline solution 10 mins.
1 (figure 4.20) 17.5 hours Opposite Adjacent
Spherical injection of solution of 1M Nadcl 30 sec.
into the centre of highly porous foam 16 hours.
saturated with mildly saline solution 68 hours.
2 (figure 4.20) Opposite Adjacent

4.7.2 Application of the 3-D Reconstruction Software to Study the Radial Diffusion of Various

Concentration of Experimental Solution in A Bulk Mildly Saline Solution

The applicability of the reconstruction code for the four ring electrode system, based on stimulation
through opposite electrode pairs and voltage measurement through adjacent electrode pairs for
visualising the movement of conductive fluid due to radial diffusion, was tested. In order to visualise

the movement of fluid in a mildly conductive solution following radial diffusion, a column of higher

4-21
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conductive fluid was suspended in the tank. This was done by suspending a porous rubber tube filled
with 20ml of 1M salt solution at the centre of the tank, as described in the first experiment on table
4.5. In the second experiment, a perspex tube riddled with small holes and inserted into a canvas
tube was then used in order to reduce the influence of forces such as gravitational or frictional force
other than radial diffusion in the movement of the higher conductive solution. As done in previous
experiments, a time scale for the voltage measurement was determined from the model of
movement of conductive fluid owing to radial diffusion (Baxter and Brighton 2010). This enabled

easy comparison of the movement of fluid in the rig with that of the model.

Figure 4.21. Canvas covered Perspex tube positioned within the tank

Table 4.5: Experimental plan to study the movement of conductive fluid due to radial diffusion within an unimpeded

medium using four rings electrode system.

S/N Description of Injected Time Current Voltage
conductive fluid injection Measurement

strategy strategy

Porous rubber tube filled with 1M salt 5 mins.
solution as a column of high resistive 15 mins.

1 | medium suspended in the centre of the tank | 4.5 hours. Opposite Adjacent
Perspex tube riddled with small holes filled 3 secs.

with 20ml of 1M salt solution inserted intoa | 10 secs.

canvas tube (figure 4.21) 60 secs.

2 3 mins. Opposite Adjacent

4.7.3 Application of the 3-D Reconstruction Software to Examine the Planar Diffusion of Various

Concentration of Experimental Solution in a Bulk Mildly Saline Solution.

The 3-D reconstruction software requiring data sets from four rings of electrode array was employed
in studying the diffusion of higher conductive solution relative to the bulk homogeneous solution in
planar geometry, from the base to the top of the tomography vessel. The experimental design

involved the injection of a 50ml of 0.5M NaCl solution at the base of the tank through the draining

4-22
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tube using the peristaltic pump as in figure 4.22. The experimental solution was introduced into the
bulk solution using the peristaltic pump with a view to ensuring that no eddies were created and
minimal mixing were made during injection. Measurement of sensed voltage at the boundary
electrodes were made at specified time as stated in table 4.6 so as to visualise the upward

movement of the fluid from the base of the tank.

Figure 4.22. Experimental set-up from the bottom view, for getting experimental solution into the bottom of the
tank. 1 = Beaker containing the experimental solution. 2 = Peristaltic pump. 3 = Nozzle at the bottom

of the tank.

Table 4.6: Experimental plan to study the movement of conductive fluid due to planar diffusion

within an unimpeded medium using four rings electrode system.

S/N | Description of Injected Time Current Voltage
conductive fluid injection Measurement
strategy strategy
Injection of 50ml of 0.5M salt into
the base of the tank (figure 4.22) 1 mins.
13 mins.
38.5 hours
50 hours
1 71 hours Opposite Adjacent

4.7.4 Application of the 3-D Reconstruction Software to Visualise the Flow of conductive
Solution through Packed Beds.
The experiments described in table 4.7 were designed to examine the imaging of fluid flow through a
packed bed in the tomography rig. The tomography rig contained 15mm diameter glass marbles and
a highly porous, low density sponge embedded within. The sponge was immersed so as to introduce
some resistance to flow, in addition to the marbles. An experimental solution of 0.1M NacCl solution
was sucked from the beaker containing the ionic solution and released into the top of the tank at the
rate of 2ml/minute using a dual cartridge peristaltic pump. At the same time an equal amount of the

bulk solution was removed through the base of the tank and released into a sink using the same

4-23
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pump, as illustrated in figure 4.23. Because of the small flow rates and the precision at which the
two flow rates had to be maintained, a dual cartridge peristaltic pump was used for the pumping of

the fluid before a set of readings was taken at a specific time, as stated in table 4.7.

Figure 4.23. Experimental set-up for flow experiments. 1 = Electrodes attached to the tank. 2 = 15mm diameter
marbles. 3 = Highly porous, low density sponge. 4 = Dual cartridge peristaltic pump. 5 = lonic experimental
solution. 6 = Drain tube from the bottom of the tank. 7 = Drain tube from the bottom of the tank via pump

to sink. 8 = Experimental solution feed to pump. 9 = Experimental solution feed to tank.

Table 4.7: Experimental plan to study the movement of conductive fluid through a packed bed medium using four

rings electrode system

S/N Description of Injected Time Current Voltage
conductive fluid injection Measurement
strategy strategy
Injection of 0.1M NaCl solution dropped in 3 mins.
from the top at the same rate as liquid was 10 mins.
removed through the base of the tank filled 15 mins.
1 with marbles around a sponge core (figure 4.23). | 5.5 hours | Opposite Adjacent
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CHAPTER 5

RESULTS AND DISCUSSIONS

5.1 Analysis of the Position of a Suspended Solid Phantom Using the 3-D Reconstruction Code

The reconstruction code for imaging conductivity distribution considering a two, three and four
rings tank for current stimulation through opposite electrode pairs are displayed in sections B2, B4
and B6 of the appendix, respectively, while those for current stimulation through adjacent electrode

pairs are reported in section B1, B3 and B5 of the appendix respectively.

A fixed magnitude of current was introduced to stimulate an inhomogeneous conductive medium,
which lead to voltage signals on the boundary electrodes. Using the adjacent measurement
sequence table, voltage measurements from the boundary electrodes in the two, three and four ring
electrode systems were taken when a sequence of current injections through both opposite and

adjacent electrode pairs were made.

5.1.1 Reconstruction of Solid Suspended Phantom from Data Sets Measured over Two Rings Due

to Stimulation through Opposite Electrode Pairs

Figure 5.1 (a-f) displays the solution of the inverse problem, when the data sets were loaded to an
appropriate reconstruction code. The code modelled the tomography vessel by discretising the
continuous domain into 3959 finite elements of tetrahedrals with 950 nodal points. Each solution of
the inverse problem displayed in figures 5.1 (a-f) were obtained from 2692 measured voltage data
frames captured after 3 seconds and each reconstruction was obtained after 25 seconds processing
time. A frame rate is the set of 256 voltage data point from 16 sequences of current injection in a
ring of electrode with which an image can be reconstructed. The dark blue tetrahedra indicate the
location of the suspended solid phantoms, i.e. region of lower conductivity. As the inverse problem
was addressed through an iterative numerical technique, it is expected that resolution of the images
should be improved with increase in number of iteration. However, from a series of experimental
work, more distortion in resolution of images due to noise artefact effects was noticed with increase
in number of iterative loop. This unexpected observation is assumed to be related to the use of an
image prior developed with data set from other laboratories. The variable
"parameter.max_iteration" was set to one to obtain a loop of iteration. Since this setting yields the

most improved image quality, this variable was fixed at one in all reconstructed images.
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Figure 5.1(a). Plot of solution of the inverse problem for a suspended cuboid perspex phantom at 3cm
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Figure 5.1(b). Plot of solution of the inverse problem for a suspended cuboid perspex phantom at 7cm

from the boundary.
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Figure 5.1(c). Plot of solution of the inverse problem for a suspended cuboid perspex phantom at 11cm

from the boundary.
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Figure 5.1(d). Plot of solution of the inverse problem with the artefact effects erased for a suspended cuboid

perspex phantom at 11cm from the boundary.
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Figure 5.1(e). Plot of solution of the inverse problem for a suspended cuboid perspex phantom at 15cm

X-axis
=)
\N
"
%
g8

from the boundary.

Top view of reconstructed image

Rl . 2 3-D view of reconstructed image of PAS equals 0.8dm on y-axis
150 :
05 , g
05 3y g -
o - 5
3 of oY ot Lo 0 : S
Y -1 3 - :
05 50 o5\ 3 :
0 : B
1 a 0 S\flw
0 - 5 1
1 05 0 05 1 xaxis 177, o5 O 03
y-axis g y-axis

Figure 5.1(f). Plot of solution of the inverse problem for a suspended cuboid perspex phantom at 19cm

from the boundary.

Table 5.1 gives an illustration of computed volume and position of axis of symmetry (PAS) parallel to
the vertical axis (z-axis) with a view to correlating physical properties of suspended phantoms with
that of the reconstructed image. Graphical analysis of the data is presented in figure 5.2(a) and

5.2(b).

Table 5.1. Computed volume and PAS of reconstructed image for various positions of suspended cuboid

Perspex phantom for sequence of stimulation of current through opposite electrode pairs in a two rings system.

S/N - 1 2 3 4 5
Physical Quantities
Distance of Phantom 3.0 7.0 11.0 15.0 19.0
from boundary (cm)
PAS of phantom (-1.9, -8.0) (-1.9,-4.0) (-1.9,0.0) (-1.9,4.0) (-1.9,8.0)
(x-axis, y-axis)(cm)
PAS of image (-0.3,-4.7) (-0.8,-3.1) (-0.2,1.5) (2.3,1.6) (1.4,5.5)
(x-axis, y-axis) (cm)
Volume of Phantom 39.4 39.4 39.4 39.4 39.4
(ml)
Volume of Image 18.1 41.3 107.0 39.4 233
(ml)
Error in volume (%) -54.1 -4.6 171.1 0.2 40.9
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Figure 5.2(a). Variation of position of the axis of symmetry (PAS) of reconstructed image and suspended
phantom with distance along the diameter of the tomography rig for the two rings electrode system

based on opposite current injection sequences.
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Figure 5.2(b). Variation of volume of reconstructed image and suspended phantom with distance along the
diameter of the tomography rig for the two rings electrode system based on opposite current

injection sequences.

Figures 5.2 (a and b) show the plot of absolute values of the difference in PAS and volume between

the reconstructed image and suspended phantom, respectively.

5.1.2 Analysis of major sources of error associated with all reconstructed images

The plot of absolute values of the difference in PAS and volume between the reconstructed image
and suspended phantom is linearly related to the three major errors of the solution of the inverse

problem with regards to the loaded UCT data sets.



- Chapter 5 : Results and Discussions -

Firstly, error of the solution of the inverse problem considering the loaded UCT data sets is due to
inappropriate polynomial functions with which the electric field lines are modelled as explained in
section 4.4. In EIDORS 3D (the version released to the public domain), modified and customised for
analysing measured voltage signals from the UCT tomography rig, the shape function that
interpolates the nodal voltage values of each element is a first order polynomial function ( linear
polynomial ). Since electric field lines are not straight lines but curves in 2-D, the shape function used
in developing EIDORS 3D will model the electric field lines near the boundary of the vessel and not at
a point far from the boundary (centre of the vessel) as the field lines are approximately straight lines
near the boundary. The inappropriate modelling of the electric field lines will not be improved with
either opposite or adjacent current stimulation strategy as the stimulation strategy improves the
sensitivity of the Jacobian matrix to pertubation of the electric field and not the shape of the electric

field lines.

Secondly, the variation of mesh densities from fine mesh near the boundary to coarse mesh towards
the centre produces error in forward solution. The mesh near the boundary and especially near the
electrodes is small enough to preserve the accuracy of the measurements, however, the larger
meshes within the centre region produce some error in the forward computation, though they
reduce the computation time . Thus, a small volume of perturbation close to the centre or at the
centre by suspending a small phantom will cause voltage signals to be detected on the boundary
electrodes as solution of the forward problem. When the inverse problem is solved with respect to
these voltage values, the conductivity distribution will be solved over larger volumes of tetrahedra
as the nodal points of these tetrahedra interpolate the solution of the forward problem. Thus, the
accuracy of the mesh in appropriately reconstructing images of the same volume as that of the
suspended phantom close to the centre of the vessel is reduced due to the increase in coarseness of
the mesh towards the centre. In addition, the fineness of the mesh towards the boundary justifies
the closeness of the value of volume of suspended phantom near the boundary of the vessel with
that of the volume of reconstructed image about the same zone. As the accuracy of the
measurement is not preserved towards the centre of the vessel owing to coarseness of the mesh,
the accuracy of PAS of the suspended phantom relative to the reconstructed image is reduced as

well.

Thirdly, in the development of EIDORS v3.3 explored in this work, the dual model approach requiring
the use of a fine mesh for the forward model and a coarse mesh for the image reconstruction was
implemented. Since the dual models design entails the use of large mesh FEM for forward modelling,

the accuracy of the first order tetrahedra models commonly used in EIT research was explored in
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the work of Adler et al.(2008). It was reported that simple tetrahedra first-order finite element
models (FEMs) are not as good as generally assumed in EIT research. Their test showed that models
with less than 2500 elements for 2-D imaging and 150,000 elements for 3-D imaging are not able to
reproduce the accuracy of the tank phantom measurements (Adler et al 2008). Given the
specification of the computer system that was employed for reconstructing the images (8GB of RAM
and 3.40GHz processor) coupled with the use of first-order finite element models based on dual
models in the development of EIDORS v3.3, the required minimum finite element of 150,000 could
not be achieved. This is due to limitation of the memory of the computer system used. As such, error
due to inaccuracy in reproducing the tank phantom measurements is associated with all the

reconstructed images.

5.1.3 Analysis of variation of absolute values of the difference in volume and PAS between
reconstructed image and suspended phantom, with distance along the diameter of the

vessel for a two rings electrode system based on opposite current injection sequences

In figures 5.2 (a and b), the plots are nearly symmetric about the centre of the vessel. The decrease
in the absolute values of the difference in PAS and volume between the suspended phantom and
reconstructed image informs that there was progressive decrease in error of the solution of the
inverse problem as the phantom was moved away from the boundary to the mid-point between the
boundary and the centre of the vessel. As the region of low conductivity (suspended phantom) was
moved closer to the centre, the error increases to its peak value. Although the progressive decrease
in error towards the mid-point between the boundary and the centre of the vessel cannot be related
to inappropriately modelled electric field lines, noisy artefact which made the resolution of
reconstructed images poor account for this. Since the noise inherently associated with the UCT
hardware cannot be measured, the inconsistency in the noise associated with the device and that
added to the simulated voltages in the forward problem, introduces noisy artefact in the images. In
addition, the low number of voltage data sets collected over two rings from the UCT vessel is

equally responsible for the noisy artefact in the reconstructed images.

The peak value of the error at the centre of the vessel is due to over-approximation of the quadratic
shape of the electric field lines at the centre in 2-D (figure 4.2) by the use of linear polynomial shape

function in the development of EIDORS 3D.
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5.1.4 Reconstruction of solid suspended phantom from data sets measured over two rings due

to stimulation through adjacent electrode pairs

Figures 5.3(a - e) show the solutions of the inverse problem for voltage measurements from the two
rings electrode system based on adjacent current injection sequences. Each plot of of the solution at
various position of the insulating material took 23 seconds when 2440 measured voltage data
frames were loaded into the appropriate reconstruction code. The 2440 measured voltage data sets
were captured on the data acquisition system after 3 seconds. The tomography rig was modelled

with 3959 tetrahedra elements with 950 nodal points in each of the plot of figures 5.3 (a —e).
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Figure 5.3(a). Plot of solution of the inverse problem for a suspended cuboid perspex phantom at 3cm

from the boundary.
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Figure 5.3(b). Plot of solution of the inverse problem for a suspended cuboid perspex phantom at 7cm

from the boundary.
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Figure 5.3(c). Plot of solution of the inverse problem for a suspended cuboid perspex phantom at 11cm

from the boundary.
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Figure 5.3(d). Plot of solution of the inverse problem for a suspended cuboid perspex phantom at 15cm

from the boundary.
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Figure 5.3(e). Plot of solution of the inverse problem for a suspended cuboid perspex phantom at 19cm

from the boundary.
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Figure 5.3(f). Plot of solution of the inverse problem with the artefact effects erased for a suspended cuboid perspex

x-axis
o

phantom at 19cm from the boundary.

The volume and PAS of the reconstructed image were computed from the plot of solutions. Table
5.2 displays the values of these physical quantities and figures 5.4(a - b) give a graphical illustration

of the data in order to relate the volume and PAS of the reconstructed image with that of suspended

phantoms.
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Table 5.2. Computed volume and PAS of reconstructed image for various positions of suspended cuboid

perspex phantom for sequence of stimulation of current through adjacent electrode pairs in two rings

S/N - 1 2 3 L} 5
Physical Quantities
Distance of Phantom 3.0 7.0 11.0 15.0 19.0
from boundary (cm)
PAS of phantom (-1.9,-8.0) (-1.9,-4.0) (-1.9,0.0) (-1.9,4.0) (-1.9,8.0)
(x-axis, y-axis)(cm)
PAS of image (1.3,-6.3) (3.2,6.7) (3.1,6.6) (2.7,5.4) (0.7,7.9)
(x-axis, y-axis) (cm)
Volume of Phantom 39.5 39.5 39.5 39.5 39.5
(mi)
Volume of Image(ml) 24.9 19.5 19.8 27.5 26.2
Error in volume (%) -36.9 -50.5 -49.9 -30.4 -33.5
10 - iameter (cm)
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Figure 5.4(a). Variation of position of the axis of symmetry (PAS) of reconstructed image and suspended

phantom with distance along the diamter of the tomography rig for two rings electrode system based

on adjacent current injection sequences.
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Figure 5.4(b). Variation of volume of the reconstructed image and suspended phantom with distance along
the diameter of the tomography rig for the two rings electrode system based on adjacent

current injection sequence.

5.1.5 Analysis of Variation of Absolute Values of the Difference in Volume and PAS between
Reconstructed Image and Suspended Phantom with Distance along the Diameter of the

Vessel for a Two rings Electrode System Based on Adjacent Current Injection Sequences

In figures 5.4 (a and b), the plot of absolute values of the difference in PAS and volume between
reconstructed image and suspended phantom is not symmetric about the centre of the vessel.
However, from the two ends of the diameter (boundary of the vessel), the error in volume increases
as the region of low conductivity is moved away from the boundary towards the centre of the vessel.
The peak value of the error was noticed near the centre. This is due to the variation of the zone of
much coarseness of the mesh from the centre or near the centre. NETGEN, being an automatic 3-D
mesh generation generates meshes with varying density distribution at various times, even with the
dimension of the vessel and the electrodes fixed. Also, the location of the peak value of the error
(similar to location of the peak value of the error for injection through opposite electrode pairs)
confirms that the variation of stimulation strategy from opposite to adjacent does not eliminate the
error due to inappropriate modelling of the electric field lines. The peak value of the error at the
centre indicate an over-approximation of the electric field lines at the centre considering the use of
linear polynomial shape function in EIDORS v3.3 and degree of coarseness of the mesh at centre of
the tank. It should be noted that the volume are underestimated in adjacent injection sequences,

whereas overestimated in opposite injection sequences.
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More so, the noisy artefact shown in the plot in figure 5.3 (a and b), which look like the second
phantom is due to inaccurate voltage measurement at the boundary, resulting from a less sensitive
Jacobian matrix that was developed from an electric field flux spreading over smaller area owing to

stimulation through adjacent electrode pairs.

5.1.6 Reconstruction of Solid Suspended Phantom from Data Sets Measured over Three Rings

Due to Stimulation through Opposite Electrode Pairs

Paivi et al. (1999) stated that the more the data measured on the boundary of the tomography rig
are, the more accurate the approximate solution of the inverse problem should be. This was
examined by measuring the boundary voltage on a three rings electrode system. Figure 5.5 (a - e)
illustrate the solution of the inverse problem for 2520 frames of adjacent voltage measurements
captured over 3 seconds from the three rings electrode system based on opposite current injection
sequence. The tomography rig for each of the plot was modelled using 7279 tetrahedra elements

with 1608 nodal points. Each reconstructed image displayed in figures 5.5 (a — e) was obtained after

43 seconds.
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Figure 5.5(a). Plot of solution of the inverse problem for a suspended cuboid perspex phantom at 3cm

from the boundary
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Figure 5.5(b). Plot of solution of the inverse problem for a suspended cuboid perspex phantom at 7cm

from the boundary
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Figure 5.5(c). Plot of solution of the inverse problem for a suspended cuboid perspex phantom at 11cm
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Figure 5.5(e). Plot of solution of the inverse problem for a suspended cuboid perspex phantom at 15cm

from the boundary
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Figure 5.5(f). Plot of solution of the inverse problem for a suspended cuboid perspex phantom at 19cm

from the boundary

The volume and the position of the axis of symmetry (PAS) of the reconstructed image were
estimated from the plot of the solution as shown in table 5.3. In figures 5.6(a) and (b), the PAS and

the volume of reconstructed image were correlated to that of the suspended phantoms respectively.



Table 5.3. Computed volume and PAS of reconstructed image for various positions of suspended cuboid

Perspex phantom for sequence of stimulation of current through opposite electrode pairs in three rings
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S/N - 1 2 3 4 5
Physical Quantities
Distance of Phantom 3.0 7.0 11.0 15.0 19.0
from boundary (cm)
PAS of phantom (-1.9,-8.0) (-1.9,-4.0) (-1.9,0.0) (-1.9,4.0) (-1.9,8.0)
(x-axis, y-axis)(cm)
PAS of image (0.3,-5.9) (-0.4,-3.3) (-0.2,1.1) (1.8,1.7) (1.6,6.7)
(x-axis, y-axis) (cm)
Volume of Phantom 39.5 39.5 39.5 39.5 39.5
(mi)
Volume of Image 10.9 102.1 279.9 69.5 54.2
(mi)
Error in volume (%) -72.3 158.5 654.6 76.1 37.2
PAS (cm) vs Distance along the Diameter (cm)
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Figure 5.6(a). Variation of position of the axis of symmetry (PAS) of the reconstructed image and suspended

phantom with distance along the diameter of the tomography rig for three rings electrode system

based on opposite current injection sequences.
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Figure 5.6(b). Variation of the volume of the reconstructed image and suspended phantom with distance along the
diameter of the tomography rig for the three rings electrode system based on opposite current

injection sequences.

5.1.7 Analysis of variation of absolute values of the difference in volume and PAS between
reconstructed image and suspended phantom with distance along the diameter of the

vessel for three rings electrode system based on opposite current injection sequences

In figures 5.6 (b), the plot of absolute values of the difference in volume between the reconstructed
image and suspended phantom is nearly symmetric about the centre of the vessel. It was noticed
that the error increases as the region of low conductivity was moved from the boundary of the
vessel to its centre. As previously stated, this is due to the inappropriate modelling of the electric
field lines using a linear polynomial shape function and the increase in the degree of coarseness of

the mesh towards the centre as explained earlier.

Furthermore, the plot of absolute values of the difference in PAS between the reconstructed image
and the suspended phantom in figure 5.6 (a) is not symmetric about the centre of the vessel. There
is progressive decrease in the error of the solution as suspended phantom was moved from left end
of the boundary to the mid-point of the first radius of the vessel. However, the error of the solution
increases when the suspended phantom was moved further from this mid-point. When the
suspended phantom was moved further from the centre to the other end of the diameter, the error
increases progressively and attains a maximum value at the mid-point of the other radius. The
inconsistency in the plot of the absolute value of the difference in volume with the PAS is due to the
use of a much less dense mesh for 3-D imaging in this work. As explained in the third major source of
error of section 5.1.2, a discretised domain for 3-D imaging should have finite number of element of
the order of 10 °. A discretised domain of such would provide an efficient discrete medium that

could detect effectively the actual change in the position of the suspended phantom within the five

5-14
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seconds time-interval between successive capture of data. Considering the 7279 tetrahedra
elements for the dimension of the process vessel, this finite medium is not efficient at detecting the
actual position of the suspended phantom given the time-interval between successive movement
and data capture. Thus, the error in PAS as described above. There is overestimation in volume of
the images towards the centre because of more coarse mesh near and at the centre. The larger
discretised medium of 3 rings (figure 5.6b) containing more coarse mesh near and at the centre as
compared with that of 2 rings (figure 5.2b) medium is responsible for more over-prediction in

volume for 3 rings than 2 rings

5.1.8 Reconstruction of Solid Suspended Phantom from Data Sets Measured over Three Rings

due to Stimulation through Adjacent Electrode Pairs

A sequence of current injection through adjacent electrodes pair in a three rings system was carried
out in order to confirm the relative improvement in the accuracy of the solution, given a different
stimulation strategy for the same number of electrode. Figure 5.7 (a - f) show the plot of the solution
for various position of suspended phantom when 2299 measured voltage data frames captured over
3 seconds were loaded to appropriate reconstruction code. In figures 5.7 (a - e), each reconstructed
image was obtained after 42.32 seconds with tomography rig discetised into 7279 tetrahedra

elements and 1608 nodal points.
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Figure 5.7(a). Plot of the solution of the inverse problem for a suspended cuboid perspex phantom at 3cm
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Figure 5.7(b). Plot of the solution of the inverse problem with the artefact effects erased for a suspended cuboid

perspex phantom at 3cm from the boundary.
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Figure 5.7(c). Plot of the solution of the inverse problem for a suspended cuboid perspex phantom at 7cm

from the boundary.
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Figure 5.7(d). Plot of the solution of the inverse problem for a suspended cuboid perspex phantom at 11cm

from the boundary.
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Figure 5.7(e). Plot of the solution of the inverse problem for a suspended cuboid perspex phantom at 15cm

from the boundary.
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Figure 5.7(f). Plot of the solution of the inverse problem for a suspended cuboid perspex phantom at 19cm

from the boundary.

The calculated volume, PAS and the mass of the reconstructed image from the plot of the solutions
are shown in table 5.4. Graphical analysis of the calculated values are presented in figures 5.8 (a) and

(b) with a view to comparing these quantities for the reconstructed image and region of low

conductivity in the rig.
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Table 5.4. Computed volume and PAS of reconstructed image for various positions of suspended cuboid

perspex phantom for a sequence of stimulations of current through adjacent electrode pairs in three rings.

S/N - 1 2 3 4 5
Physical Quantities
Distance Phantom 3.0 7.0 11.0 15.0 19.0
from boundary (cm)
PAS of phantom (-1.9,-8.0) (-1.9,-4.0) (-1.9,0.0) (-1.9,4.0) (-1.9,8.0)
(x-axis, y-axis)(cm)
PAS of image (0.9,-7.3) (2.2,4.6) (2.3,4.2) (1.9,4.2) (1.7,4.4)
(x-axis, y-axis) (cm)
Volume of Phantom 39.5 39.5 39.5 39.5 39.5
(ml)
Volume of Image 16.9 17.6 17.6 17.6 106.2
(ml)
Error in volume (%) -57.2 -55.5 -55.5 -55.5 169.0
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Figure 5.8(a). Variation of position of the axis of symmetry (PAS) of reconstructed image and suspended

phantom with distance along the diameter of the tomography rig for the three rings electrode system

based on adjacent current injection sequences.
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Figure 5.8(b). Variation of the volume of reconstructed image and suspended phantom with distance along the
diameter of the tomography rig for the three rings electrode system based on adjacent

current injection sequences.

5.1.9 Analysis of Variation of Absolute Values of the Difference in Volume and PAS between
Reconstructed Image and Suspended Phantom with Distance along the Diameter of the

Vessel for Three Rings Electrode System based on Adjacent Current Injection Sequences

The plot of variation of absolute values of the difference in PAS between the reconstructed image
and the suspended phantom with distance along the diameter of the vessel for voltage measured
through adjacent electrode pairs due to the sequence of current stimulation through adjacent
electrode pairs in a three rings electrode system is shown in figure 5.8(a). The plot is not symmetric
about its centre. From one end of the boundary, the error of the inverse solution increases as the
region of low conductivity was moved from the boundary to its peak value at the mid-point between
the boundary and the centre of the rig. The error decreases as the region was moved towards the
centre. From the other end, however, the error in the inverse solution decreases as the region of low
conductivity was moved from the boundary to the mid-point between the centre of the vessel and
boundary. Further away from this point, the error increases toward the centre of the vessel. The plot
of absolute values of the difference in volume between the reconstructed image and suspended
phantom for the same measurement strategy is displayed in figure 5.8 (b). The error of the solution
of the inverse problem remains fixed with the difference in volume being 21.90ml as the region of
low conductivity was moved from one end of the diameter pass the centre to the mid-point of the
other radius. However, the peak value of the error was noticed at the other end of the boundary

with the difference in volume being 66.71ml .
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The plot of the absolute values of the difference in volume in figure 5.8(b) is not consistent with
variation of error in relation to figure 5.6 (b) for current stimulation through opposite electrode
pairs. Since both current stimulation strategies are evenly affected by the identified major sources of
error, it is strongly suspected that current injection through adjacent electrode pairs yields less
accurate voltage values at the periphery electrodes. Thus the plot of the PAS is inherently affected

by distorted measured voltage signals using adjacent current injection sequences.

The presence of the noisy artefact that mimic a second image in figure 5.7(a) is similar to the plots in
figure 5.3 (a and b), in which current stimulation through adjacent electrode pairs was made over
two rings. The observed second image is due to inaccuracy in the measured voltage due to less
sensitive jacobian matrix developed from an electric field spreading over small area. Figure 5.7(a)
shows this error in the measurement is not improved upon with increase in the number of measured

data over three rings.

5.1.10 Reconstruction of Solid Suspended Phantom from Data Sets Measured over Four Rings

Due to Stimulation through Opposite Electrode Pairs

The solutions of the inverse problem for 3101 frames of voltage measurement from the four ring
electrode system based on opposite current injection sequences are displayed in figures 5.9 (a - f).
The data sets were collected over 3 seconds. Each reconstruction code in figures 5.9 (a — f) was
obtained after 179 seconds using a modelled rig of 16293 tetrahedral elements with 3309 nodal
points.
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Figure 5.9(a). Plot of the solution of the inverse problem for a suspended cuboid perspex phantom at 3cm

from the boundary.
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3-D view of reconstructed image of PAS equals -0.4dm on the y-axis
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Figure 5.9(b). Plot of the solution of the inverse problem for a suspended cuboid perspex phantom at 7cm

from the boundary.
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Figure 5.9(c). Plot of the solution of the inverse problem for a suspended cuboid perspex phantom at 11cm

from the boundary.

e

Figure 5.9(d). Plot of the solution of the inverse problem with the artefact effects erased for a suspended cuboid

perspex phantom at 11cm from the boundary (centre).
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Figure 5.9(e). Plot of the solution of the inverse problem for a suspended cuboid perspex phantom at 15cm

from the boundary.
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Figure 5.9(f). Plot of the solution of the inverse problem for a suspended cuboid perspex phantom at 19cm

from the boundary.

The values of the physical quantities were estimated from the plot of the solution and are presented
in table 5.5. Figure 5.10 (a) and (b) are graphical plots relating the estimated physical quantities, PAS

and volume, for the region of low conductivity (volume of suspended phantom) and reconstructed

image.

Table 5.5: Computed volume and PAS of the reconstructed image for various positions of suspended cuboid

perspex phantom for a sequence of current stimulations of current through opposite electrode pairs in

four rings
S/N - 1 2 3 4 5
Physical Quantities
Distance Phantom 3.0 7.0 11.0 15.0 19.0
from boundary (cm)
PAS of phantom (-1.9,-8.0) (-1.9,-4.0) (-1.9,0.0) (-1.9,4.0) (-1.9,8.0)
(x-axis, y-axis)(cm)
PAS of image (0.9,-8.0) (-0.0, -3.9) (1.0,-0.7) (2.1, 3.0) (1.9,6.2)
(x-axis, y-axis) (cm)
Volume of Phantom 39.5 39.5 39.5 39.5 39.5
(ml)
Volume of Image 335 64.8 376.6 67.5 37.3
(ml)
Error in volume (%) -15.0 64.2 853.8 71.0 -5.4
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Figure 5.10(a). Variation of position of the axis of symmetry (PAS) of reconstructed image and suspended
phantom with distance along the diameter of the tomography rig for the four rings electrode system

based on opposite current injection sequences.
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Figure 5.10(b). Variation of volume of reconstructed image and suspended phantom with distance along the
diamter of the tomography rig for four rings electrode system based on opposite current

injection sequences.

5.1.11 Analysis of Variation of Absolute Values of the Difference in Volume and PAS between
Reconstructed Image and Suspended Phantom with Distance along the Diameter of the

Vessel for Four Rings Electrode System Based on Opposite Current Injection Sequences

The variation of PAS of reconstructed image, suspended phantom and absolute values of the
difference of the difference in PAS of the reconstructed image and suspended phantom with the

distance along the diameter are displays in Figure 5.10 (a). The plot of variation of absolute values of
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the difference in volume between the reconstructed image and suspended phantom is displayed in
figure 5.10 (b) and is symmetric about the centre of the vessel. It was observed that the error
increases as the suspended phantom was moved from the boundary to the centre. The increase in
error lead to increase in magnitude of the difference in volume between the reconstructed image
and suspended phantom from the boundary to the centre with the peak value of 337.08ml ( 8 times
suspended phantom) for volume at the centre of the vessel. The disparity in volume of the
suspended phantom and reconstructed image towards the centre of the vessel is due to the
highlighted three major sources of error associated to the with the solution of the inverse problem
with respect to UCT data. The major sources of error are on account of the explored public library of
MATLAB functions, the automatic mesh generator and the limitation of the RAM and processing

power of the computer system used for reconstructing images as discussed in section 5.1.2.

As the suspended phantom was moved from one end of the boundary to the centre of the vessel,
the PAS of the reconstructed image is approximately equal to the PAS of the suspended phantom.
Further from the centre, the absolute values of the difference in PAS of the reconstructed image and
suspended phantom increases very slightly. The slight disparity in the PAS is as a result of distortion
of the volume of the image towards the centre and inconsistency in the inherent noise in the data

and that added to the solution of the forward problem.

5.1.12 Reconstruction of Solid Suspended Phantom from Data Sets Measured Over Four Rings

due to Stimulation through Adjacent Electrode Pairs

In order to verify the dependent of the accuracy of the solution of the inverse problem on the
current stimulation strategy, voltage measurement over the four ring electrode system due to
stimulation through adjacent electrode pairs was made. The voltage measurement through adjacent
electrode pair was maintained in all experiments, as it yields more data required for 3-D imaging.
Solutions of the inverse problem with this measurement strategy are presented in figure 5.11 (a - f).
The tomography vessel was modelled with 14830 tetrahedra elements with 2982 nodal points for
each of the reconstructed images obtained from 2237 measured voltage frames. The data sets were
captured over 3 seconds and images were reconstructed after 143.52 seconds, as shown in figures

5.11 (a—f).
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Figure 5.11(a). Plot of the solution of the inverse problem for a suspended cuboid perspex phantom at 3cm

from the boundary.
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Figure 5.11(b). Plot of the solution of the inverse problem for a suspended cuboid perspex phantom at 7cm

from the boundary.
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Figure 5.11(c). Plot of the solution of the inverse problem for a suspended cuboid perspex phantom at 11cm

from the boundary.
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Figure 5.11(d). Plot of solution of the inverse problem for a suspended cuboid perspex phantom at 15cm

from the boundary.
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Top view of reconstructed image 3-D view of reconstructed image
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Figure 5.11(e). Plot of solution of the inverse problem with the artefact effects erased for a suspended cuboid

perspex phantom at 15cm from the boundary.
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Figure 5.11(f). Plot of the solution of the inverse problem for a suspended cuboid perspex phantom at 19cm

from the boundary.

Table 5.6 shows the estimated values for the volume, position of the axis of symmetry (PAS) and
mass of the reconstructed image. The graphical analyses in figures 5.12(a) and (b) juxtaposes the
physical quantities of the region of low conductivity of the reconstructed image with the actual

region in the tomography rig.

Table 5.6. Computed volume and PAS of reconstructed image for various positions of the suspended cuboid

perspex phantom for a sequence of current stimulation through adjacent electrode pairs in four rings

S/N - 1 2 3 4 5
Physical Quantities
Distance Phantom 3.0 7.0 11.0 15.0 19.0
from boundary (cm)
PAS of phantom (-1.9,-8.0) (-1.9,-4.0) (-1.9,0.0) (-1.9,4.0) (-1.9,8.0)
(x-axis, y-axis)(cm)
PAS of image (1.2,-7.1) (0.0,0.1) (0.5,7.2) (0.2,4.6) (1.0, 7.4)
(x-axis, y-axis) (cm)
Volume of Phantom 39.5 39.5 39.5 39.5 39.5
(ml)
Volume of Image 26.2 133.4 56.1 96.4 68.4
(ml)
Error in volume(%) -33.7 237.8 42.0 144.3 733
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Figure 5.12(a). Variation of the position of the axis of symmetry (PAS) of reconstructed image and suspended
phantom with distance along the diameter of the tomography rig for the four rings electrode system

based on adjacent current injection sequences.
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Figure 5.12(b). Variation of the volume of reconstructed image and suspended phantom with distance along the
diameter of the tomography rig for the four rings electrode system based on adjacent
current injection sequences.

5.1.13 Analysis of Variation of Absolute Values of the Difference in Volume and PAS between
Reconstructed Image and Suspended Phantom with Distance along the Diameter of the

Vessel for Four Rings of Electrode System Based on Adjacent Current Injection Sequences

The plots of the variation in volume are symmetric about the centre of the vessel such that the
difference increases from the boundary to a peak value at the mid-point between the boundary and
the centre of the rig. Further from, the mid-point to the centre of the vessel, the difference

decreases to a lower value of 16.57ml for volume at the centre of the rig. The plots in figures
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5.12(b) is similar to 5.8(b) and 5.4(b) in terms of the error in the measured data sets that is
independent of the highlighted three major sources of error. Stimulation of current through
adjacent electrode pairs produces an electric field flux that is less sensitive to perturbation. Figures
5.11 (a - f) confirms that there is no significant improvement in the insensitivity of the electric field
flux due to current stimulation through adjacent electrode pairs with increase in size of measured
voltage data sets at the periphery of the vessel. Thus, stimulation of current through adjacent
electrode pairs yields inferior electric field lines compared to that produced by stimulation through
opposite electrode pairs. Accordingly, with regards to the major sources of error of the solution of
the inverse problem that are not linked of the current stimulation strategy, a sequence of current
injection through opposite electrode pairs and voltage measurement through adjacent electrode
pairs arranged in a four rings electrode systems is observed to be the best measurement strategy
for 3-D data sets. It is recommended as the best measurement strategy since it yields more data sets

which will be more accurate if the highlighted major sources of error are addressed.

The plots of variation in PAS are nearly symmetric about the centre as in figure 5.12 (a). It was
observed that the difference in PAS between the reconstructed image and suspended phantom
increases from the boundary to the centre. This is due to the three major sources of error in addition
to the insensitive electric field flux generated by the current stimulation through adjacent electrode

pairs.

The plot of solutions of the inverse problem for both opposite and adjacent current stimulation
strategies ranging from two to four rings electrode systems confirms the work of Paivii et al. (1999),
who stated that " the more independent data are obtained the better the spacial resolution can be
achieved". A better spacial resolution was measured for the six written codes from their accuracy in
reconstructing volume of region of low conductivity distribution, and the spacial coordinates of the
axis of symmetry through the volume and parallel to the vertical axis (z-axis). Furthermore, a current
stimulation pattern combined with a voltage measurement strategy leading to a better spacial

resolution is said to produce the best measurement sequence.

5.1.14 Reconstruction of Two, Four and Six Solid Suspended Phantom from Data Sets Measured
Using the Best Measurement Strategy

The best measurement sequence was employed for measuring voltage from boundary electrodes

using the three-dimensional measurement strategy, when two, four and six cuboid perspex

phantoms were suspended in a saline solution to introduce regions of low conductivity within the

conductive domain. Figures 5.13 and 5.14 are plots of the solutions when two phantoms were

suspended close to the boundary and the center of the vessel respectively. Solution of the inverse
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problem when four phantoms were suspended near the boundary and near centre of the vessel are
shown in figures 5.15 and 5.16 respectively. Finally, six cuboid perspex phantoms were suspended
near the boundary of the vessel and the plot of the solution of the inverse problem resulting from

the measured voltage data sets is displayed in figure 5.17.
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Figure 5.13. Two suspended cuboid perspex and PVC phantoms at 3cm and 19cm along the diameter of the
vessel.

Reconstructed images of two suspended phantoms
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Figure 5.14. Two suspended cuboid perspex and PVC phantoms at 10cm and 12cm along the diameter of the

vessel.
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Figure 5.15. Four suspended cuboid perspex phantoms at 1.0cm (of volume 11.6ml ), 1.5cm

(of volume 42.6 ml ), 1.0cm (of volume 39.5ml) and 2.0cm (of volume 47.9ml) respectively from the

boundary of the vessel along two perpendicularly placed rulers along the diamters of the vessel.
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3-D wiew of reconstructed images
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Figure 5.16. Four suspended cuboid perspex phantoms along two perpendicularly placed rulers close to the

intersection point of the two rulers with volume as indicated in figure 5.12.

3-D view of reconstructed image

Top view of reconstructed images of six suspended phantoms
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Figure 5.17. Six cuboid suspended phantoms consisting of four perspex phantoms and two PVC at 1.0cm (of
volume 11.6ml), 1.5cm (of volume 4.26ml ), 1.0cm (of volume 3.95ml), 2.0cm (of volume
4.79ml), 3.0cm (of volume 11.6ml) and 3.0cm (of volume 37.5ml) from the boundary of the vessel

respectively.

In addition to the effect of the two major sources of error such as inappropriate modelling of the
electric flux using the 1st order FEM for the dual models implemented in EIDORS v3.3 and lack of
suitable computing devise to discretise the continuous domain to finite element of the order of 10°
tetrahedra, the effect of variation of density of the mesh is significant in the reconstructed images of
the multiple suspended phantoms. The variation of the density of the mesh from fine to coarse
mesh at the centre in order to preserve accurate measurement of the voltage on the boundary
electrode and reduction of the computation time yield less accurate values for voltage signals
sensed at the boundary for perturbation near and at the centre of the veesel. This error in the
solution of the inverse problem as a result of the distorted signals is equally noticed for multiple
phantom system similar to single phantom system. For multiple suspended phantoms near the
boundary, the detected voltage signals on electrodes are more accurate. Figures 5.13 to 5.17 show
the sensitivity of the electric field flux generated using the best measurement strategy, especially at

detecting the precise degree of perturbation near the boundary of the vessel.
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Furthermore, the lack of feature in the explored EIDORS v3.3 with which researchers can develop
their image prior with earlier measured resisitivity values to form an expectable resistivity
distribution near which the true resisitivity distribution is assumed, was a challenge in this work.
EIDORS v3.3 does not provide means for assessing the code used in developing the image- prior used
in this work. Since the explored image prior was developed from data taken from other laboratories,
the counteraction of the data sets with that of the UCT data contribute to the poor resolution of the
reconstructed images. This can be addressed by a user-written image-prior code developed using
ealier measured resisitivity distribution for the UCT data to form expectable resistivity distribution in
the first iteration. Thereafter, subsequent iterative loop should use the previous solution of the
inverse problem for the next iterative step. Alternatively, the provision of a feature that allows user
of EIDORS library to modify or customise the available image-priors in the later versions of EIDORS

V3.3 to be released will prove useful.

5.2 Analysis of the movement of conductive fluid using the 3-D reconstruction code

In addition to imaging suspended solid phantoms within the discretised domain of bulk mildly saline
homogeneous solution at various position along the diameter of the vessel, the obtained best
measurement strategy requiring voltage data measurement over four rings of electrodes was tested
and applied in visualising the movement of conductive solution. The sets of experiments presented
in table 4.3, 4.4, 4.5 and 4.6 of section 4.7 of chapter 4 were designed to monitor the movement of
conductive fluid through diffusion process in a spherical, radial and planar geometry respectively,
using the visualisation aid provided by the reconstructed image. In order to do so, a point injection
was made into a free bulk solution, a column of more conductive solution was suspeded in the bulk
solution and an injection through the nozzle of a peristaltic pump at the base of the tank were made.
Based on the sequence table, utilising the best measurement sequences established above, voltage
measurements were taken through the periphery electrodes at specific times after injection of the

conductive fluid so as to reconstruct the conductivity distribution in the vessel.

5.2.1 Plot of reconstructed images in studying the movement of conductive fluid due to
spherical diffusion within an unimpeded medium

As detailed in the table 4.3 in chapter 4, the first sets of experiment were designed such that the

measurement were made at various time to visualise the movement of 4ml of 1M NaCl solution

injected into the centre of the tank through a ceramic dispersion head syringe. The plot of the region

of higher conductive solution at various time are displayed in figures 5.18 (a - c).
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Figure 5.18 (a). Tomogram of spherical injection through Figure 5.18 (b). Tomogram of spherical

ceramic head in the centre at 0 sec. injection through ceramic head at 5 sec.

Figure 5.18 (c). Tomogram of spherical injection through

ceramic head in the centre at 10 mins.

The second set of experiments were made by injecting the experimental solution of 4ml of 1M NacCl
solution at the top of the tank to confirm if the movement of conductive fluid through the bulk
solution is influenced by variation of the spot of injection. Figures 5.19 (a - d) highlight the
movement of the conductive experimental solution at the specified time when the spherically
shaped conductive solution was injected at the top of the tank through the head of a ceramic

dispersion syringe.
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Figure 5.19(a). Tomogram of spherical injection through  Figure 5.19(b). Tomogram of spherical injection through

ceramic head at the top at 0 sec. ceramic head at the top at 5 sec.
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Figure 5.19(c). Vertical slice through 3-D tomogram

injection of spherical injection through ceramic head at the top at 10 sec.

Figure 5.19(d). Tomogram of spherical

top at 90 sec.

injection through ceramic head at the

Having observed that the movement of higher conductive experimental solution for the two

mentioned cases were similar, Baxter and Brighton (2010) studied the movement of the fluid by

injecting the same solution at the centre of a sponge suspended at the centre of the tank at

specified time as indicated in third experiment on table 4.3. The plots of the 3-D tomogram

specified time are displayed figures 5.20 (a - d).

Figure 5.20(a). Tomogram of spherical injection into

central sponge at 5 sec.

Figure 5.20(c). Tomogram of spherical injection into

central sponge at 15 sec.

05,
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Figure 5.20(b). Tomogram of spherical injection into

central sponge at 10 sec.

Figure 5.20(d). Tomogram of spherical injection into

central sponge at 30 sec.

at

To confirm the effect of changing the current stimulation strategy on the reconstructed image using

measured voltage data, a sequence of current stimulation through adjacent electrode pairs was

implemented in studying the movement of injected conductive solution at specified time as
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indicated in the fourth experiment on table 4.3. Figures 5.21(a - e) illustrates the use of the 3-D

reconstruction software in imaging the movement of the fluid at various time for a sequence of

current injection through adjacent electrode pairs.

»

-

Figure 5.21(a). Tomogram of spherical injection into

central sponge using adjacent current injection at 5 sec.

B

Figure 5.21(c). Tomogram of spherical injection into

central sponge using adjacent current injection at 30 sec.

Figure 5.21(e). Tomogram of spherical injection into

central sponge using adjacent current injection at 15 mins.

n

Figure 5.21(b). Tomogram of spherical injection into
central sponge using adjacent current injection at 10

sec.

-

Figure 5.21(d). Tomogram of spherical injection into

central sponge using adjacent current injection at 2 mins.
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5.2.2 The Movement of a Conductive Fluid Due to Spherical Diffusion within a Foam and Marble
Impeded Medium

In the first set of experiments (table 4.4), a 10% acetic acid experimental solution was injected into

the centre of a bed of marbles and highly porous foam. Since the 10% acetic acid solution is only

0.5% denser than the bulk homogeneous solution, it was chosen so as to eliminate the rapid

dropping of the conductive fluid due to the difference in density. Using the 3-D reconstruction

software for the four ring of electrodes system, imaging of the movement of the fluid is shown in

figures 5.22 (a - ¢).
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Figure 5.22(a). Tomogram of spherical injection of 10% acetic acid Figure 5.22(b). Tomogram of spherical

into centre foam and marble at 0 sec. injection of 10% acetic acid into the centre

foam and marble at 3 mins.

Figure 5.22(c). Tomogram of spherical injection of 10% acetic acid into the

centre of foam and marble at 17.5 hours.

The movement of the fluid was then monitored in a foam impeded medium only so as to determine
the extent of the resistance to flow that was provided with the marble bed. Figures 5.23 (a - c) show
the region of higher conductivity at various times as indicated in each plot after 1M NaCl solution of

spherical geometry was injected into the centre of the form.
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Figure 5.23(a). Tomogram of spherical injection Figure 5.23(b). Tomogram of spherical injection into

into centre of a foam at 30 sec. centre of foam at 16 hours
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Figure 5.23(c). Tomogram of spherical injection into

centre of foam at 68 hours.

5.2.3 Analysis of the Reconstructed Images to Examine the Spherical Diffusion

of Higher Conductive Solution Injected into a Bulk Mildly Saline Solution
An estimation of the physical phenomena influencing the movement of the fluid in the UCT ERT rig
was acquired from the comparison of the various plots of the tomogram to the model obtained from
the Scilab-based modelling of movement of NaCl ions due to diffusion only in the three geometries
considered - spherical, planar and radial. From the model of spherical geometry of diffusion, a
significant widening of the spherical injection is expected over 10 000 seconds or three hours (Baxter
and Brighton, 2010). However, all the plots of the tomograms in sections 5.2.1 and 5.2.2 displayed
significant dropping of the conductive fluid in less than 10 minutes even with the use of impeded
materials and a less dense solution. This informs that the downward movement of the fluid is
determined largely by gravitational forces due to density differences between the bulk and more

conductive solution, as diffusion has little influence on the movement of the solution.

5.2.4 Plot of reconstructed images in studying the movement of conductive fluid due to radial
diffusion
This set of experiments (table 4.5) was conducted due to a search for an efficient method to provide

a central column of highly conductive solution to diffuse radially into the tank. In the first set of
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experiments, the column of highly conductive solution was created by using a porous rubber tube,
while in the second set of experiments the region of higher conductive solution was introduced
using a perspex tube riddled with small holes which was inserted into a canvas tube (figure 4.15).
Figures 5.24(a- c) shows the reconstructed images of the movement of the column of conductive

solution in the porous rubber tube at respective times.
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Figure 5.24(a). Tomogram of injection into a vertical Figure 5.24(b). Tomogram of injection into a vertical
porous rubber tube at 5 mins. porous rubber tube at 15 mins.

Figure 5.24(c). Vertical slice of tomogram of injection

into a vertical porous rubber tube at 4.5 hours
A set of four measurement were then taken at specified times for a column of 20ml of 1M salt

solution filled into a perspex tube riddled with small holes and inserted into a canvas tube. The

results are shown in figures 5.25 (a - d).
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Figure 5.25(a). Tomogram of injection into vertical Figure 5.25(b). Vertical slice of tomogram of injection into
perspex tube in canvas at 3 sec. vertical perspex tube in canvas at 10 sec.
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Figure 5.25(c). Tomogram of injection into vertical Figure 5.25(d). Tomogram of injection into vertical
perspex tube in canvas at 60 sec. perspex tube in canvas at 3 mins.

5.2.5 Analysis of the reconstructed images to examine the radial diffusion of higher conductive
solution injected into a bulk mildly saline solution

The plots in figures 5.25 (a - d) monitors the movement of the conductive fluid more accurately
than figures 5.24 (a — c). The porous rubber tube proved to be more suitable column of higher
concentration for observing the movement of fluid when compared with the other column. The rate
of movement of the fluid out of the column as shown in figures 5.25 (a - d) differs from the rate of
radial diffusion model, which predicts that the whole conductive fluid should move to the base of
the tank after three hours (Baxter and Brighton, 2010). In addition, figures 5.24a indicate increase in
the radial size minutes after the start of the experiment and dropped completely after fifteen
minutes (figures 5.24b) a time-scale in which limited diffusion effects will be seen (Baxter and
Brighton, 2010). The plots in figures 5.25 (a - d) indicate the movement of the conductive solution is
due to convective effects arising from density differences between the bulk and the more

conductive solution.

5.2.6 Plots of Reconstructed Images in The Study of Movement of Conductive Fluid Due to

Planar Diffusion within A Bulk Mildly Saline Solution

The 3-D reconstruction software was tested through the study of the upward movement of
conductive solution injected at the base of the tomography rig with time. An injection of more
conductive fluid was made at the base to eliminate the effect of gravitational force in the downward
movement, owing to density differences between the injected solution and the bulk solution. Thus,
the upward movement of the fluid with time is suspected to be in response to the planar diffusion
process, or other fluid mixing processes, sustained by initial momentum of the injected solution
released by the pump. The plots of the solution of the inverse problem for the measured voltages at

specified times are shown in figures 5.26 (a - e).
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Figure 5.26(a). Tomogram of injection of 0.5M Figure 5.26(b). Vertical slice of tomogram of injection

of NaCl solution into the base of the tank at 1 min. 0.5M NaCl solution into the base of

the tank at 13 hours.

Figure 5.26(c). Tomogram of injection of 0.5M Nacl solution Figure 5.26(d). Tomogram of injection of 0.5M Nacl

into the base of the tank at 38.5 hours. solution into the base of the tank at 50 hours.

Figure 5.26(e). Tomogram of injection of 0.5M Nacl

solution into the base of the tank at 71 hours.

5.2.7 Analysis of the Reconstructed Images to Examine The Planar Diffusion of Higher
Conductive Solution Injected into A Bulk Mildly Saline Solution

The plot of the tomogram in figures 5.26 (a - e) indicating that there was significant movement and

mixing in the whole tank in less than three days is not in agreement with the planar diffusion model.

The model suggests that the time taken for the diffusion only system to reach a relatively even
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concentration at the middle of the tank is in excess of 300 000 seconds (3.5 days) (Baxter and
Brighton, 2010). The plot of the reconstructed images do not match planar diffusion models in which
the movement of the conductive fluid due to concentration difference is expected along the vertical
direction only. This support the observation that the fluid movement being imaged at various times
is not due to diffusion process but convective effects that are enhanced by initial momentum of the
injected solution released by the pump. The larger size of the volume of reconstructed image
relative to the actual injected solution is related to the highlighted three major sources of error as
well as the limitation in the reconstruction code in term of use of image-prior that is inconsistent

with the UCT data sets, as discussed in section 5.1.2.

5.2.8 Studying the Flow of Conductive Solution through A Packed Bed.

The 3-D reconstruction software was applied in visualising the movement of fluid within packed beds
made from a collection of marbles enclosing a sponge core. The experimental procedure required
the injection of 0.1M NaCl solution fed in from the top at the same rate as the liquid was removed
through the base of the tank filled with marbles around a sponge core. The experiment is designed
to test the effectiveness of the software in analysing flow of conductive solution in processes such as
heap leaching and dump leaching, but also any type of hydrological process. The tomogram of the
movement of the conductive fluid through the marbles and sponge, constituents of the packed bed

at various times are highlighted in figures 5.27 (a - d).
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Figure 5.27(a). Tomogram of flow of 0.1M NacCl Figure 5.27(b). Tomogram of flow of 0.1M NaCl
solution at 1.82ml/min at 3 mins. solution at 1.82ml/min at 10 mins.
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Figure 5.27(c). Tomogram of flow of 0.1M NacCl Figure 5.27(d). Tomogram of flow of 0.1M NaCl solution

at 1.82ml/min at 15 mins. at 1.82ml/min at 5.5 hours

5.2.9 Analysis of the reconstructed images to examine the flow of conductive solution through a
packed bed
The plot of the tomogram for the movement of the fluid through packed marbles enclosing a sponge
core after 3 minutes shows there is downward movement of the high conductivity fluid through the
central injection point onto the surface, as in figure 5.27 (a). It was noticed 10 minutes after the
start of the experiment that the region of higher conductivity widens with phantoms, as shown in
figure 5.27(b). Figure 5.27(c) is the 2-D slice of the tomograms plot after 15 minutes showing a high
conductivity region at the centre of the tank and a low conductivity region above and below it. After
five and a half hours, there is a high conductivity region which spread across the top and narrows
down towards the nozzle in the centre of the bottom of the tank through which the fluid was
pumping as shown in figure 5.27(d). The movement of the conductive solution could be visualised by
the ERT technique, though the resolution of the images are distorted by the highlighted errors. An
improved resolution of the images will be achieved if the sources of error are addressed as

recommended in the conclusion.

5.2.10 Analysis of movement of conductive fluid using the 3-D reconstruction code

A study of change in a region of high conductivity within the homogeneous domain in both vertically
downward and upward direction for all the conducted experiments is in agreement with the
movement of the fluid due to either gravitational force or frictional force or fluid mixing processes.
The tomogram from the loaded measured voltage shows that the 3-D reconstruction software
provides a practical means of visualising the movement of conductive fluid with time. It was noticed
in the plot of the tomogram for various experiment that the volume of the reconstructed image is
much larger than the injected conductive solution using either needle or pump (Baxter and Brighton,

2010).This is due to the increase in the coarseness of the mesh towards the centre, the use of much
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less dense mesh relative to that recommended for 3-D imaging (150,000 tetrahedra elements), as
well as the mentioned error of the solution of the inverse problem with regards to the UCT voltage
data sets, resulting in less accurate sensed voltage at the boundary. The less dense mesh provides an

inefficient discretised domain to solve both the forward and the inverse problem.

In summary, considering the rate of movement of the conductive experimental solution in all the
experimental design to visualise the movement of fluid due to spherical, radial and planar diffusion,
it may be said that the movement of the of the more conductive solution is due to convective effects
as the movement cannot be accounted for by the diffusion model. Thus, the ERT technique is
suitable to visualise the migration of the conductive solution due to convective effects in both

impeded and unimpeded media.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

An open source free library of MATLAB functions, EIDORS 3D, has been explored, modified and
customised for imaging the resistivity distribution within a conductive saline solution in three
dimensions contained in the UCT tomography rig, fitted with two, three and four rings of sixteen
electrodes. This led to the development of six reconstruction software codes for reconstructing
images from a sequence of voltage measurement through periphery adjacent electrode pairs due to

a sequence of current stimulation through both opposite and adjacent electrode pairs.

The six reconstruction codes were used to image the position of a region of low conductivity ( solid
suspended phantoms ) within a more conductive solution along the diameter of the vessel in order
to determine the best measurement strategy. A sequence of voltage measurements through
adjacent electrode pairs due to a sequence of current stimulation through opposite electrode pairs
in a four rings electrode system was observed to the best measurement strategy for the UCT
tomography rig. The best measurement strategy was employed to image two, four and six distinct

solid suspended phantoms within the rig

A comparative study of the reconstructed images with the suspended phantom using the volume
and coordinate of the centre of gravity (PAS) facilitate the measurement of the resolution of the
reconstructed images. For the best measurement strategy, the plot in figure 5.10 (a) comparing the
volume of suspended phantom and reconstructed image shows that the resolution of the images
reduces towards the centre of the vessel. The percentage error in the calculated volume of the
image relative to the suspended phantom is observed to increase from 15% at the boundary to
853% at the centre from one end of the vessel ( table 5.5 ). However, the reduction in resolution of
the reconstructed images was observed not to reduce the precision of the PAS significantly as shown

in figure 5.10 (a).

In the best measurement strategy obtained, likely sources of error such as an insufficient data set
for 3-D reconstruction and less sensitive Jacobian matrix owing to electric field lines resulting from
current injection through adjacent electrode pairs were eliminated since data sets measured over

four rings were induced from current stimulation through opposite electrode pairs.
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However, three sources of errors distorted the accuracy of the measured voltage at the boundary in
the solution of both the forward and the inverse problem. This lead to increase in volume of
reconstructed images toward the centre. In the explored public domain library function written with
MATLAB syntax (EIDORS), first-order FEM based on the dual model approach were implemented in
solving the forward and the inverse problems. Due to this, the electric field lines, which are curves in
2-D, particularly towards the centre are not appropriately modelled. In modelling the UCT rig, an
automatic 3-D mesh generator (NETGEN) was explored. NETGEN discretised the domain of the rig
with varying mesh densities from fine mesh near the boundary to coarse mesh toward the centre.
The increase in coarseness of the mesh towards the centre yields less accurate voltage values at the
boundary for a phantom suspended near the centre of the vessel. Furthermore, the limitation in the
memory and processing power of the computer system used for reconstructing the images restrict
the generation of number of element to less than 16,000 as compared to 150,000 elements
recommended for high resolution 3-D imaging. The inconsistency in the inherent noise associated
with the data collected from the UCT vessel added to the that of solution of the forward problem,
affects the quality of the reconstructed images. Moreover, the image prior developed by Nick
Polidorides (2002) included in the open source code was explored in the defining the image-prior in
the implemented algorithm. This image-prior was developed from data sets from other laboratory.
The use of this image-prior rendered the resolution of the images imperfect as the image prior was
not developed with data sets from UCT laboratory. These sources of error in both the forward and

the inverse problems are noticed to reduce the resolution of the images towards the centre of the

rig.

The developed signal analysis software from the best measurement sequence for static phantom
was used to investigate the flow of conductive solution within a bulk saline homogeneous solution,
in order to visualise fluid movement due to spherical, radial and planar diffusion or other physical
phenomenon in an undergraduate project work (2010) in the department of Chemical Engineering,
University of Cape Town. Analysis of the tomograms reveals that the developed reconstruction code
is efficient at reconstructing images through which the movement of the conductive fluid due to
convective effects, can be visualised. The convective movement of the solution was noticed to be
sustained by the initial momentum with which the conductive fluid was injected at the base of the
solution in some experiments. Further analysis of the tomograms informs that the movement of the
conductive fluid was not due to diffusion processes alone. However, this does not establish the
unsuitability of the ERT technique to visualise the movement of the conductive solution due to
diffusion as the experimental design needs to be appraised to ascertain the design is adequate for

diffusion of the injected solution to be observed.
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6.2 Recommendations

The error in the solution of the inverse problem (reconstructed image) due to inaccuracy in
reproducing the tank phantom measurements can be eliminated by developing a 3-D algorithm with
a second-other FEM and availability of a computer system of much larger memory and high
processing power with which 150, 000 finite elements can be obtained (as recommended by Adler et

al, 2008).

In order to eliminate the error in the solution of the forward problem due to increase in degree of
coarseness of the mesh towards the centre of the vessel, the use of fine mesh in the entire domain
or an adaptive mesh that automatically generates finer mesh over the region of a target phantom
will prove useful. This can be achieved by exploring other automatic 3-D mesh generators or a user-

developed 3-D mesh.

Furthermore, the inconsistency in the inherent noise associated with the data collected from the
UCT vessel to that added to the solution of the forward problem ( 25 decibel signal to noise ratio)
can be addressed by adequate measurement of the noise level from every source within the

laboratory, and adding this to the solution of the forward problem.

It is proposed that significant improvement in the resolution of the reconstructed images will be
achieved if a user-written image-prior code is developed using earlier measured UCT resistivity data
in the first iterative loop and the solution of the inverse problem of this loop should be used as the
initial guess in the next iteration. In addition, since the performance of the regularization method is
closely related to the smoothening coefficient, the development of an algorithm that automatically
determines a good coefficient depending on the experimental data will improve the resolution of

the reconstructed images.
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APPENDICES

APPENDIX A
Basic Step for Running of UCT ERT Set-up

The following basic steps are required for smooth running of the hardware set-up in order to generate
three dimensional data sets for offline reconstruction are as follow:

Step 1: Initiating the starting screen
(a) The user needs ensure that the tomography instrument is switched on.
(b) that the tomo USB cable is plugged into a USB port on the PC

(c) that the USB serial adapter is plugged into the tomography instrument "comms port" and a PC USB
port.

When these are done, user need locate and run the executable program file called
UCT_Tomography.exe and screen display should be as that in Figure 3.11.
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Figure Al: The initial start screen

Step 2: Setting up the measurement sequences and testing the serial comms that enables
communication between the software and the tomography instrument.

(a) User needs select Hardware Options >> Select Hardware and choose the appropriate instrument
connected to the computer. The system should prompt the user to select two files. One of the files is a
download file, which is a binary file that runs on the tomography hardware. This should be chosen by
selecting ' Download Files\download _file.bin '. The second files is the measurement sequence file. There
are six measurement sequence files specifying the current injection sequences and voltage

A-1
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measurement sequences for two, three and four rings based on adjacent and opposite current injection
respectively. Clicking on two_rings_netgen_injection_adjacent or two_rings_netgen_injection_opposite
or three_rings_netgen_injection_adjacent or three_rings_netgen_injection_opposite or
four_rings_netgen_injection_adjacent or four_rings_netgen_injection_opposite by the user informs the
PC measurement sequence table to load into the data acquisition device. A progress bar as in Figure
should appear signifying that the file is being downloaded to the instrument if the instruments are
connected properly.

Resetting hardware

Downloading file to tomo instrument.

Remaining time : 0:00:09

Figure A2: Downloading measurement sequences table

If error message as in Figure is displayed it may be that the program is using the wrong comm port, thus
the downloading was not successful.

UCT Electrical Resistance Tomography 2006 Error

6 Unable to rezet tomography ingtrument

aUnable ko open comm park 2 0211006 11:39:56
ﬁUnable to download files 02/10/06 11:39:56
ﬁcheck the serial cable is connected 02/10/08 11:39:56
aUnable ko reset tomography instrument 02710006 11:39:56

Save..

Figure A3 : An expanded error message box

In order to specify the correct comm port, user should select Hardware Options >> Change Comm Port,
and repeat step 2. The instrument may, then, be started in the data capture mode by clicking on the
start Capture button on the menu bar (Figure ). The 'running with current' LED (the bottom one) should
be lit if the device is in a proper working condition. User should press 'Stop Capture' botton when this
has been established.
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Figure A4 : The Start Capture botton

Before the description of steps required in setting the injected current level into the conductive medium
(saline solution) through peripheral electrode system, it is appropriate to define some measured data
set recovered from the tomography rig. The raw tomography voltages for homogeneous solution graph
is a plot of the voltage measurements taken

by the tomography instrument when a non-zero magnitude of current is injected into a homogenous
solution without any processing. The calibration offsets are obtained when no current is injected into a
homogeneous solution. The processed tomography voltages for homogenous solution is the plot of the
data sets obtained from the difference between raw tomography voltages and calibration offsets about
each data point. The Scaling factors voltages is the ratio of the simulated homogeneous voltage data
sets to the measured processed tomography data set.The calibrated tomography voltages graph is a
plot of the voltages once the calibration offsets and scaling factors have been applied. These are the
values that are used in the reconstruction algorithm.

Step 3: Setting the current level

For the purpose of this experiment, the current level was adjusted manually by clicking on Hardware
Options >> Adjust current. This selection should prompt open an interface where the slider can be
moved to the right so as to increase the current level. To ensuring that the appropriate magnitude of
current is input into the medium, one needs to select View Options >> Add new graph or click the 'add
new graph' button. This allows the raw voltage measurement to be visualised in a graph window and as
such it possible to obtain suitable current level while the instrument is running. It is noteworthy that the
number of frame to average should be kept at one (1) owing to manual calibration the algorithm
employed. To set this, user should click 'Reconstruction Option' >>' Number of Frame to average' and
enter 1 in the provided space. Furthermore, clicking on Hardware Options >> Start Capture or clicking
the 'Start Capture' button on the menu bar starts the instrument. If the current level was set to zero,
the graph window displayed is Figure 3.16, while if the slide was moved to a level, the graph window
obtained is similar to Figure 3.17 and Figure 3.18 for adjacent and opposite respectively. It should be
noted that the extent of sliding is not the magnitude of the current introduced into the domain, though,
there is a linear relationship between this and the value of current injected.
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Each "U" curve or "horseshoe" shaped data plot of Figure 3.17 is the selected thirteen of the sixteen
measured voltage data set from a ring for each current injection.

Step 4: Calibration of measured voltages for inhomogeneous solution with current applied to the
medium using measured voltages for homogeneous solution with current applied and offsets voltage

voltages.

Although the automatic calibration data sets saved into the hard drive is not used in the image
reconstruction algorithm, it is necessary that the user clicks "Calibrate" on the menu bar to prompt an
interface where the value of the number of frame to average and the number of seconds to count

before averaging are entered.
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Figure A8: The 'Calibrate' button

With a view to calibrating the measurement from inhomogeneous saline solution with the introduction
of an object of higher resistivity than the surrounding medium within the domain of the solution or by

A-4
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injecting some hyper-saline solution into a region of the domain, the raw tomography homogenous
voltage with no current applied, the raw tomography voltages for homogeneous solution with current
applied and the simulated measurement for homogeneous solution with same amplitude of current
applied are needed. In this experiment, the offset voltages are the raw tomography voltages for
homogeneous solution with no current applied. The offset data sets were deducted from the data sets
of both the homogeneous solution with current applied and the inhomogeneous with current applied in
order to derive processed data sets for both. Accordingly, scaling factor data sets were derived from the
ratio of simulated homogeneous data with current applied to the processed homogeneous voltage data
with same current applied about each data point. Thus, the calibrated data set used in the
reconstruction was obtained from the product of the inhomogeneous data sets with the scaling factor
data sets about each data point.

Step 5: Saving the voltage data via quick record

The moment the 'Record' button on the menu bar is clicked the system starts saving the measured
voltage values to disc and when 'Stop Capture' is clicked, the system prompt up an interface where the
name with which the file containing the data will be saved (Figure 3.20).

B UCT Electrical Resistance Tomography 2006
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Figure A9: The record button



B1

L - I S N N

WO W NN NN NN NN NN e e e e e e e
N O WD 3 e W N O W@ W N O

- Appendices -

Appendix B
Six 3-D Reconstruction Codes for Both Opposite and Adjacent Current
Injection Strategy in a Two, Three and Four Rings Electrode System

Reconstruction Code for A sequence of Current Stimulation through Adjacent Electrode Pairs
and A Sequence of Voltage Measurement through Adjacent Electrode Pairs in a Two Rings of
Electrode System

tic;

%%%% A different way to place 16 electrodes on a 32 electrode phantom.
% 3D Model

sim_img.calc_colours.clim= 1;

$imdl_3d= wk_comwon model('n3r2',16);

frdl= ng wk_cyl wodels([0.7,1.1],([16,0.3,0.7],[0.1,0.22]);

%We have a 16 electrode EIT wmachine with adjacent drive
adjdrv= mk_stim patterns(16,2, [0,1],[0,1],{'no_meas_current',6'do_redundant'},2.0 ); % 0.2 current is applied on all electrodes

% Arrange 16 electrodes in a zigzag
zigzag mdl= frdl; zigzag mdl.stimulation= adjdrv;
zigzag pat= [1:1:16;

17:1:32] '
zigzag mdl.electrode= fmdl.electrode( zigzag pati:) );
%%% COMPARISON OF ALGORITHM FOR FORWARD COMPUTATION
s USING NICK POLIDORIDES FORWARD SOLVER

zigzag_wdl.stimulation=adjdrv;

zigzag mdl.solve= 'np fwd solve';

zigzag mdl.system wat='np cal
c

c
a

system mat';
acobian';

zigzag_wdl.jacobian='np cal
zigzag mdl.type='fwd model';
zigzag wdl.np_fwd solve.perm sym='{n}';
mat= ones{ size(zigzag mdl.elews,1) ,1);

'

sinm img= eidors obj('image', 'homogeneous i ¥

D
-
o

oy

'elem data', mat,
'fwd wodel', zigzag wdl );

% Simulate homogeneous neasurenents
gim_img.fwd model= zigzag mdl;
gim_img.fwd solve.get_all weas = 1;
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% Homogenous
zigzag_data_h= fwd_solve( zigzagy_wdl,sim img ) ;

[INhomodata] =meas_inhomoZrg adjacent (' C:\Usersibode’\ DeskoopiNOV_19TH 2ADJY pve 19cm. tomo');

% [howodata] =meas_howoZrg adjacent ('C:\Progream Files\NATLAB\R2006k\work\ july Sth Adjacent single object)homogensous.tomo!')

[turrentdata)] =getcalibrationdataZry adjacent_current (' Ct)Users)bode)Desktop\NOV_19TH 2ADJ\homo with current.tomo')

[nocurrentdatal =getcalibrationdataZry_adjacent_nocurrent (' C:h\Users\bode\Deskoop\NOV_L3TH 2ADJ\homo _no_current.tomo');

% OFFSET (nocurrentdata) IS SUBSTRACTED FROM THE CURRENT DATA

{ourrentdata) : HOMOGENEOUS 30LUTION

§MEASURED DATAL FOR HOMOGENEOUS Opp_homugeneuu53_54.cal
Heas HOMOdata=currentdata-nocurrentdata;

%% Div i3 the scaling constant

JohnF= zigeay_data_h.meas; YHomogeneous_adjacent ('1')
% where JohnF is the modelled homogeneous daca needed,
tScaling factor is Homo Fuwd mdel/Homo measured data

Soa Fac=JohnF./Neas HOMOdata;

$MEASURED DATA FOR INHOMOGENEOUSZ
% offset i3 decducted from the INhomodata
Heas INHOMOdats=INhomodata-nocurrentdata;

jealibrated data for inhomogeous is

Calib_Inhomo=Meas_INHOMOdata.*Sca_Fac;
seigeag_data_h.meas=Johnk;

% Create targets in image

$oim dimg.elem data([541:552])=10.0;

YPHANTON I3 NEAR THE BOUNDARY

% OBTAINING THE SCALING CCNESTANT FOR EACH HOMOGENEOUS SOLUTION
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% Blue ecolour

sim imy.elem data([277:307,309:312,421:436, 438, 444,499, 5001510, 5561560, 5621564, 5661 588, 658, 7001704, 706
5 Brown colour

gim_imy.elem data([37:67,69:72, 1631166, 168: 176, 180:1683,2321235,240:243,316:344] |= 1.15;

% @inulate inhowogensous measurements

sim_img. fvd model= zigzag mdl;

zigeag_data_i= fud solve( sim_img );

zigeag data_i.meas=Calib_Inhomo;

wlf;

ax(5) =aubplot(2,3,1, 'replace');

xax= liwax(size(zigzag data h.meas)):

hh= plotyy(xax, [zigzag data h.meas, zigeag data i.weas], ...
xax, zigezag data h.meas - zigzag_data i.meas |;

get (hh, 'Xliw', [1,max (xax)] )

hdd 25dB ENR noise to data

noise= std(zigzay data i.meas - zigzag data h.meas) ...
/ 10%(25/20) * randn(size(zigeay dats h.meas));

zigzay data i.meas= zigzag data i.meas + noise;

fimdl Sd.fwd wodel= zigzag mdl;
SRERRY
%%% CONPARISON OF ALGORITHM HERE

%%% NICK POLIDORIZES SOLVER ALGORITHN  %%%%%
inv3d= eidors_ohi('inv model', 'EIT inverse')
invid.reconst_type= 'difference';

invid. jacobian bkond.value = 1;
invid. fud model= zigzag mdl;

invid. fwd model.np fud solve.perm sww= '(y)';
4 Nick Polydorides' Gauss-Newton Solver
invid, hyperparameter ., value = le-3;

1714])= 0.8;
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98 = invid.=olves= @np_inv_snlve:

a9 4 Nick Polydorides' Prior (Laplace) £&&###H (produced a much better result)#f##ess
10 - inv3d,R_prior= Bnp cale_ image prior:

a0l - invid.np cale image prior.paraweters= [3 1];

102 - invid,parameters.max_iterations= 1;

103

104 $%%%%% LELLE(| ([ (CHANGE OF VARIABLE HERE)) ) ) &&&&&

s % Tikhonow prior

106 inv3d.R prior=Atikhonov image prior:

107

108

109 %%%%% TIME PRICR SOLVER ALGCORITHM

110 - inv= eidors okj('inv model', 'EIT inverse');%EIDORS common model cicr');
50 i inv.reconst type= 'difference’;

Llai— inv.jaccbian_hkgnd.value = 1

113 = inv.fwd wodel= zigzay wdl:

114 - inv.fwd wodel.np fwd solve.perw syw= '{y}':

1 inv. hyperparameter.value = 0.0300;%1e-3;

118 = inv.solve= Btime prior solve

UL = inv.time smooth prior.space_prior= Bnusar_imaga_priar;
o] inv.time*smooth"prior.time_weight=0;

118 = inv.time prior solve.time steps= 0;

120 L4ty

Lale= img= inv_solve( invid,zigzag data h ,zigzag dates 1 )¢
122

1 B ax(6) =subplot(2,3,6, 'replace');

124 % shov 3d slices({img, g-axig, y-axig,x-axiz)

125 %show 3d slices(img, 0.57,[]1,[]1)¢

126 ¥show 3d slices(img,; [1,1.9], [0.5],[0.5]):

127 vyien(=14,13) ; axis tight; axis equal; =zlim([0,1.5]):
128 = hold on:

129 %t parallel to w-axis

130 - ax(5) =subplot(2,3,3, 'replace');
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Show fem(img)

hold on;

ax(3) =subploti(2,3,4,'replace');

show_ fem [ img)

hold on;

3ghow_3d slices(iwg, [],[0.01,[]1):

5show 3d slicesiimg, [1,1.2], [0.53],[0.5]);:

S¥riem=1a ATy Heds tdghts axistecpund: AR o8]

ax(l) =subploti2,3,1,'replace'];

show_ Tfem | img)

hold on;

ax(4) =subplot(2,3,2,'replace');

rgh = imreadi'C:/users/bode/desktop/bode/ ING 1329.jpg'):

image (rogb) ;

title (' Top View of Phantom Suspended at 0.5dm on y—axis')
tparallel to x-axis

tshow 3d slices(img, []1,[]1.[0.0]});:

Sxriew(—14,13): axis tight; axis egual: =2lim([0,1.5] )3

hold on;

ax(2) = subplot(2,3,5, 'replace' ) ;

rgh = imread('cC:/users/bode/desktop/bode/ ING 1335.jpg'):

image (rgh) ;

title ('Right side wiew of Phantom 3uspended at 0.4dm on y—axis')
axis(ax,'image')

% Lowest limit
dadada=img.elem data;

1 liw=minidadada) ;5-0.6300;
% highest element walues

high wvalue elem data=max (dadada) ;30.2778;
Ylowest element wvalues

low walue elem datsa=min(dadadsa);%-0.6300;

&

% step change



164 = delt={high value elem data-low value elem data) fa0;

1EE = [gav]=3orting elemindex (dadada);

Bh= [imggge] =Sorting resistivity(dadada);

16 - colour map=[];

168 — sav_new=[];

169 = [for uu=1:max(size(inggge(:,1)));

170 - gad= [ imggye (uu) -1 lim)/delt;

LTk colour map=[colour wap;gad?®10, imgyge (w) ]

12 - sav_new=[sav_new;sav(uu)];

itk if colour map (uu,1)>40

174 - hreak

135 = end

176 - end

177 5 SUMMATION OF VOLUNE OF TETRAHEDRAL OF HIGHER RESISITIVITY VALUES

178

179 = VVVOLUNE=(] ;add volume=0;sel ele=[];sel resisc=[]mass phanc=[];

180 5 BAV denotes indexes of the elements

181 = [lfor w=l:max(size(sav_new(:,1)));

182 taal,bbl,eel,ddl are nodal points of an element,

TEE= eletn index=sav_new (| ;

184 - aal=fndl.elews (elem index,1):

185 5p=1097(0.8744,0,1186,2.0), 1360

186 = | bbl=frdl . elews(elem index,2);

187 $2=436(1,0985,0.0828,2.0), 348

188 = cel=fmdl. elems(elem index,3);

189 5d=1080(0.9291,-0.0481,2.0) 1959

190 - ddl=fmdl.elems(elem index,4);

191 % CALCULATING THE VOLUME OF L TETRAHEDRAL

192 t volume in meters

193 5 V=| (a=d) . { th=d) X{c=d)) /6

194 - | al=fidl.nodes (b1, 1)-frdl.nodes (aal, 1) ; aZ=fwdl.nodes (bbl,2)-fndl. nodes (aal,2) ;e3=fudl.nodes (bhl,3) -fudl, nodes (sal,3);
195 = bi=fwdl.nodes (cel, 1) ~fwdl.nodes (aal, 1) ;h2=fwdl. nodes (cel, 2) ~fwdl nodes (aatl, 2) ;h3=fwdl. nodes (cel, 3) -fundl, nodes (aal, 3) ;
196 = | cl=fwdl.nodes (ddl, 1) -fudl.nodes (aal, 1) ;c2=fidl,nodes (ddl, 2) -fodl, nodes (aal, 2) ;c3=fndl, nodes (ddl, 3) -fndl, nodes (aal,3) ;
197 — wvol=[al a2 af; bl bi b3; cl c2 c3]:

195 — volume=abs (det (vol))/6000.0; % we divided by 6000 because of the conversion of dimension in decimeters to mecersy
193 add_wolume=add wroluwe+vro Luoe ;

200 — sel ele=[sel ele;sav new(m)]:

20 = sel resist=[sel resist;imggge (m)]:

ana = WEYOT THE = [VUVOLTTME svn T awme]

203 sphanz=den cub¥volume;

204 swass_phant=[mass_ phant; phant]:

205 — end

206 tMas_pha t=sum(msss_phant]:

207 — vol san=sumw (VWWOLUNE) ;

208 — disp ('5UN OF VOLUME OF RECONSTRUCTED TETRAHEDRALS ):dispivol sum):

209

210 % COMPUTATION OF THE CENTER OF MAZ5S OF THE REGICN OF HIGHER RESISTIVITY

211

il welghzed pos masss||:ooordinates=[]:

R -] for tI=l:maxisize (sav_new(:.1)]):

214 — elem index=sav_new(tt):

BES aal-fmdl.clowo (clom index, 1)

216 $h=1097 (0.8744,0.1186,2.0), 1980

217 — bbi=fmdl.elems (elem index,Z);

218 ¥o=435{1.0985,0.0326,2.0) . 348

2105 cel=fimdl.elems (elem index,3):

220 sd=1080(0.89291,~0.0481, 2.8} 1958

2zl — ddl=fmdl.elems (elem index,4);

i ¥ _wal=(fmdl.nodes (aal, 1) +fmwdl.nodes (bbl, 1) +fmdl. nodes (ccl, 1) +£fmdl. nodes (ddl, 1)) F4:

223 - v_wval=(fmdl.nodes (aal, 21 +fmdl.nodes (bbl, 2] +fmdl. nodes (cel, 2 ) +fmdl. nodes (ddl, 2) ) F4a:

z24 — z_val=(fmdl.nodes [aal, 3 +fwdl . nodes (bbl, 3) +fwdl. nodes (ccl, 3) +fmdl. nodes (ddl, 3) ) Fa:

225 — al=fmdl.nodes (bbl, 1) -fmdl.nodes (aal, 1) aZ=fmdl.nodes(bbl,Z)-fmdl.nodes (aal,2) ra3=fmdl.nodes(khbl,3)-fmdl.nodes (aal,3):
226 — bil=fmdl.nodes (cel, 1) —fmdl.nodes (aal, 1) ;b2=fmdl.nodes iccl,2) —fmdl.nodes (aal,2) ;b3=fudl.nodes (ool 3) —fwdl.nodes (aal, 3)
227 — cl=fmdl.nodes (ddl, 1) -fmdl.nodes (aal, 1) ;cZ=Ifmdl.nodes ddl, 2] -frwdl.nodes (aal,2) ;o3=fodl.nodes (ddl, 3) -fwdl.nodes (aal, 3) 2
2z3 — wul—[al a2 =%; b1 bZ bL3: ol cz e3];

229 — volume=abs{det {vol))/6000.0;
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230 - weighted pos wass=[weighted pos wass; x_val®voluwe,y val®volume,z val*volume];

231 (= coordinates=[coordinates; x val,y val,z val]:

232 - “end

R = X CM= swn(veighted pos wass(:,1))/vol sun; ¥ CH=swn{veighted pos wass(:,2))/vol swn; Z_CM=sum{weighted pos mwass(:,3))/vol swu;
234

23] = disp('img elem datl');disp('colour_scale - resistivity values') ;

236 - disp (colour map)

Fa = disp (' COORDINATES') ;disp (mean(coordinates(:, 1)) ) disp (nean(coordinates(:,2))) disp (vean {coordinates(:,3)));
238 - disp('Z CH'):disp(X _CM);disp('Y CH'):disp(Y CN) disp('Z CH');disp(Z_CH);

239

240

241 - toc;

B2: Reconstruction Code for A sequence of Current Stimulation through Opposite Electrode Pairs
and A Sequence of Voltage Measurement through Adjacent Electrode Pairs in a Two Rings of
Electrode System

1 tic;

7 %%%% A different way to place 16 electrodes on a 32 electrode phantom.
3 % 3D Model

4 $calc_colours('greylev',-.1) mk image

5 %$8im_img.calc colours.clim= 1;

6 %imdl 3d=wk common model('n3rz',16):

7 fradl= ng wk cyl wmodels([0.7,1.1],[16,0.3,0.7],([0.1,0.22]):
g

9 % We have a 16 electrode EIT machine with adjacent drive
10 adjdrv= mk stim patterns(16,2,'{op}','{ad}',{'no_meas current', 'do redundant'},2.0);
11 % 0.2 current is applied on all electrodes [0, nelec/2][0,1]
12 % Arrange 16 electrodes in a zigzag

13 zigzag rmdl= fmdl; zigzag mdl.stimulation= adjdrv;

14 zigzag pat= [1:1:16;

15 b b o B g PUS

16 zigzag mdl.electrode= fmdl.electrode( zigzag pat(:) ):

17 %%% COMPARISON OF ALGORITHM FOR FORWARD COMPUTATION

18 %%% USING NICK POLIDORIDES FORWARD SOLVER

19

20 zigzag rmdl.stimulation=adjdrv;

21 zigzag mdl.solve= 'np fuwd solve';

22 zigzag mdl.system mat='np calc system mat':

23 zigzag mdl.jacobian='np calc jacobian';

24 zigzag mdl.type='fwd model';

25 zigzag mdl.np fwd solve.perm sym='{n}':;

26 mat= ones( size(zigzag mdl.elems,1) ,1);

27 sim img= eidors_obj('image', 'homogensous image',

28 'elem data', mat,

29 'fwd model', zigzag mdl ):

30

31 % Sirmulate homogeneous nmeasurements

32 sim_img.fwd model= zigzag mdl;
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sim_img.fud solve.get_all meas = 1;

% Homogenous
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zigazag data_h= fwd solve( zigzag wdl,sim iwmg ):

[ INhowodata] =weas_inhowmoZrg opp('Ci)Users\bode) Desktop\NOV_19TH 20PFY pve 19cm. tomo');

% [homodata] =meas howoZrg opp (' C\Program Files)MATLAB)RZ006b) workl july 9th ppposite single object)homogeneous.toma');

[currentdata) =getcalibrationdata2rg opp current (' C:)Users)bode)Desktopt\NOV 19TH 20PPYhomo_with current.tomo'):

[nocurrentdata) =getcalibrationdatadry opp no_current (' C:\Usersibode\Desktop\NOV 19TH ZOPPhomo no eurrent.tomo');

% OFFSET (nocurrentdata) IS SUBSTRACTED FRON THE CURRENT DATL (currentdata):HOMOGENEOUS SOLUTION

YMEASURED DATA FOR HOMOGENEQUS
Heas HOMOdata=currentdat&-nocurrentdata;

% OBTAINING THE 3CALING CONSTANT FOR EACH HOMOGENEOUS SOLUTION

4%% Div is the scaling constant
JohnF= zigeay data h.meas;

% vhere JohnF is the modelled homogeneous data needed.
$8caling factor is Homn_Fmd_delfHomn_measured_data

Soa Fac=Johnf./Meas HOMOdata:

YMEASURED DATA FOR INHOMOGENEQOUS

% offset 13 deducted from the INhomodata
Heaz INHOMOdata=INhomodata-nocurrentdata;
toalibrated data for inhomogeous is
Calib_Inhomo=Meas_INHOMOdata.*Sca_Fac;

% Simulate inhowogensous measurements

gim img. fwd model= zigzag mdl;
zigzag_data_i= fwd_solve(zigzag ndl,sim img
zigzag_data_i.meas=Calib Inhowo;

clf:
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a3

94 - ax (6) =subploti(2,3,6,'replace');

a5 $show 3d slices(img, =Z-axiz, y-axiz x-axizg)

95 $ghow 3d slices(iwg, 0.57,[]1,.[1):

a7y $zhow 3d slices(iwg, [1,1.2], [0.5]1,[0.5]1):

a3g Srriew—l4d.33 e quig vights axiaregual) slaml G151
99 — hold on:

100 L parallel to y-axis

Al By ax(5) =subploti(2,3,3, 'replace!'):

afhEHE show fem|img)

1nas — hrald mn:

l04 — ax (3) =subplot(2,3,4,'replace'];

TS show fem | img)

TEE: = hold on:

107 $ghow 3d slices(iwg, []1.,[0.0]1.[1);

108 $ghow 3d =lieces(iwg, [1,1.2], [0.5]1,[0.51):

109 Fview{-14,13): axis tight: axis egual; =slim({[0,1.5]}:
HEiH ax (1) =subploti(2,3,1,'replace'):

A= show fem | img)

il b e hold on:

A s ax(4) =subploti(2,3,2, 'replacs'];

114 — rgbh = imread('C:/users/bode/desktop/bode/ING 1329.jpg'])
B image (rohb) -

A e title('Top View of Phantom Suspended at 0.8dm on yv—axis')
117 jparallel to x-axis

118 $show 3d slicea(iwg, [1,[]1,.[0.0]);

119 Tien =T oI0 ) Sxis-tight: akis egial: =limiTo, L.573:
T~ hold on:

el s ax(2) = subplot(2,3,5, 'replace');

Tad= rgbh = imread('C:/users/bode/desktop/bode/ING 1331.3pg' ) :
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image (rghb) ;
title('Front wview of Phantom Suspended at 0.0dm on y-axis')
axis(ax, 'image')
% Lowest limit
dadada=img.elem data;
1 liw=min(dadada);%-0.6300;
%2 highest element wvalues
high wvalue elem data=max (dadada) 30,2775
$lowest elewment wvalues
low wvalue elem data=minidadada) :%-0.6300;
% step change
delt=ihigh_value_elenLdata—lDw_value_elem_data]KED:
[zav]=Sorting elemindex (dadada) ;
[imgyge] =3orting resistivity (dadada) ;
golour map=[]:
sav_new=[];
for nu=l:imax (size(imggge(:,1)1):

gad=(imggge(uu]—l_lim]fdelt;

colour map=[colour map; gad® 10, imgoge (wu) ] ;

sav_ new=[sav_new:saviuu)];

if colour mwapiuu, 1) >40

hreak

end
end
5 SUMMATICN OF VCLUME OF TETRAHEDRAL OF HIGHER RESISITIVITY VALUES

VWWOLTUNE=[] ;add volume=0;3el ele=[]:z3el resist=[];mwas3 phant=[]:
% 3LV denotezs indexes of the elements
for w=l:maxi(sise(sav newi:,1111:
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saal,bbl,ccl,ddl are nodal points of an elenent,
elem index=sav_new(m|;
aal=fmdl.elems {elem index,1);
%p=1097 (0.8744,0,1186,2.0) , 1960
bbl=fmdl,elews (elew index,2);
¥c=436(1.,0995,0.0328,2.0), 348
cel=fmdl.elems (elem_index,3);
£d=10801(0,9291,-0.0481,2.0) 1959
ddi=fmdl.elems (elem index, 4);
% CALCULATING THE VOLUME OF & TETRAHEDRAL
% wvolume in meters
% V= ja=d). | Th=d] Xic=d)i| L6
al=fmdl,.nodes (bhil, 1) -frdl, nodes (aal, 1) ; a2=fmdl.nodes (bbi,2) -fmdl,.nodes (aal,2) ;ai=fmdl.nodes (bbi,3) -fwdl,.nodes (aal, 3) ;
bl=fmdl.nodes(ccl, 1) -fmdl. nodes (aal, 1) h2=fmdl.nodes (col, 2) -fmdl. nodes (aal, 2) thi3=fmdl.nodes (col, 3) -fmdl . nodes (aal, 3)
cl=fwdl.nodes (ddl, 1) -frdl.nodes (aal, 1) ;c2=fmdl.nodes (ddl, 2) -fwdl.nodes (aal, 2) ;ei=fwdl.nodes (ddl, 3) -frdl . nodes (aal,3) ;
vol=[ml a2 a3; bl b2 b3; el c2 c3):
volume=absa (det (vol) ) /6000.0; % we divided by 6000 hecause of the conversion of dimenzion in decimeters to meters:
add volume=add vo lume+vo lume;
sel ele=(sel_sle;sav_new(m)];
sel resist=[sel resist;imggge (m))]:
VVVOLUME= [VVVOLUNE : vo Lume] ;
Sphant=den cuwd ™o lume;
smass_phant=[mass_phant; phant];
end
sMas_pha_ t=sum(mass_phant);
vol_sum=sum (VWWOLUNE) ;
disp('8UN OF VOLUME OF RECCNSTRUCTED TETRAHEDRALS'):disp(vol sum):

% COMPUTATION oF THE CENTER OF MASE OF THE REGION OF HIGHER RESISTIVITY

weigkted pos_mass=[];coordinates=[];

Jfor teelimax (size(sav_new(:,1)));

elen index=sav new(tt);
gal=fwdl.el=ms (elem_index,1);
$h=1097(0.8744,0.1186,2.0; , 1960
kol=fmdl.el=ms (elem index,2):
%ep=436(1.0995,0.0328,2.0); 3486
cel=fwdl.el=ws (elem index,3);
4d=1080(0,9291,-0,0481,2.0) 1958
cdl=fmdl.el=ws (elem_index,4):
x_val= {fwdl. nades (aal, 1)+fmdl.ncdes (bhi, 1) +fwdl . nodes (cel, 1) +fnd L. nodes (ddl, 1) /4;
§_wval= (fwdl,nades(aal, 2)+fwdl.ncdes (bhl, 2) +Encdl . nodes (o, 2) +fwdl. nodzs (ddl, 2] ) Ty
z_val= (fwdl.nodes(aal, 3)+imdl.nedes (bbl, 3] +fndl. nodes (ccl, 3) +fwdl. nod=s(ddl, 3, ) /4,
gl=frrdl.nod=s(bbl, 1 -Zmdl.nodes (asl,1); aZ=fmdl.nodes (bbl,2)-frdl.nodzs(aal, 2 ;af=fmdl.roces(bbl, 3) -fwdl. nodes aal,3);
El=frdl.nodzs(cel, 1) -Imdl.nodes (aal, 1) ;bi=frdl.nodes jceol,2) -fwdl nodes (aal,2) bi=fmdl.nodes (eel, 3) -fudl. aodes (aal, 2) 2
cl=frwdl,nodzs({ddl, 1, -Zwdl.nodes (aal, 1) jei=fmdl.nodes ddl,2)-Iwdl, nodes (aal,2) (ci=Ifmdl.nodes (ddl, 3) -Lodl, aodes (aal, 2) ;
vol=[al a2 a3; bl bl b3; cl o2 c3):
vo luwe=abs (det (vol) ! /6000.0;
veighted pos wass=[weighted pcs mass; x val*voluwe y val?veclume, 2 val*voliwe]:
ccordinates=[ciozdinates; » val,y val,z val];
end
I o= :urr(weighte:l_pos“massj:,l]],-’vcl_sum: Y_CM-sumt\reighted_pcs_mass[:,2]]fvnl_sum: i_CM=avw(weighted pis mass(:,3) ]f\'al“slm:

disp|'img elew dacl'):disp('colour_sesle ~ rssistivivy values')

disp (eclour tep)

disp ' COCRDINATES') tdisp (meanicoordinates (:,1)) ) :disp(mean icoordinates (:,2)) ) rdisp (mean icoordinates(:,3)) )
disp('¥ CH');disp(X_CH) jdisp ('Y _CE');disp (Y _SM) ;ddsp(' 5 _CM');disp (2 _CH);
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- Appendices -

Reconstruction Code for A sequence of Current Stimulation through Adjacent Electrode Pairs
and A Sequence of Voltage Measurement through Adjacent Electrode Pairs in a Three Rings of

Electrode System

i

INDL_3D=mk_common_model {'cicc', [16,3]):

nelec= 16; nrings= 3;

ring vert pos = [0.3,0,7,1.05]; %[0.15,0.5,0.87]

extra={'ball','solid ball = sphere(-0,15,-0,1,0.5:0.1);"}
[fmdl]=ng wk cyl models{[1.1,1.1], [nelec,ring vert pos],[0.1,0.2]);

stim = wk stim patterns(16,3,(0,1],[0,1],{'no weas current','do redundant'},2.0); %[0, nelee/2] (0,1

fwdl,stimmlation = stim;

%% COMPARIZON OF LLGORITHM FOR FORWARD COMPUTLTICN
%%% USING NICK POLIDORIDES FORWARD SOLVER

fiocdl, stimulation=stim;

frdl,solve= 'np fud solve';

fmdl, system mar='np calc system mat';

fmdl. jacobian='np calc jacobian';

frodl. type=s'fud model';

frwdl np fud solve.perm sym='(n}';

mat= ones( size(fmdl.elems, 1) ,1);

sim img= eidors obj('image', 'howogeneous image', ...

'glem data', mat, ...
"fud model', fmdl ):

% Simulate homogeneous measurements
sim_img. fud wodel= frdl;
sim_img. fud solve.get all meas = 1;

Sin_img. fud model= frdl;
shov_fem(sinm_img)

Sim_img.elem data(mat) = 1; % Homogenous
vh = fwd solve [fmdl,sim img) !

[INhomodata] =weas_inhowo 3rings adjacent('Ci\Users\bode)Desktop\NOV_19TH 3ADJ\pve 19cm,towo');

% [homodata] =meas_howo 3rings adjacent('C: \Program Files\MATLAB\RZ006k) work)d une o 'j_data'\. jun 23 adj homo 2.0current.tomo');
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[currentdata] =getealibrationdatadrings adj_current('C:\Usersibode!Deskeop\NOV 19TH 3ADJY howo with current.tomo');
[nocurrentdata] =getcalibrationdatadrings adj no_current('C:)\Usera\bode) Deakcop\Noy 19TH 3ADJY homo no current,tomo');
% OFFSET (nocurrentdata) IS SUBSTRACTED FROM THE CURRENT DATA (currentdata) :HOMOGENEOUS SOLUTION

$NEASURED DATA FOR HOMOGENEOUS
Neas HOMOdata=currentdata-nocurrentdata;

% OBTAINING THE SCALING CONSTANT FOR EACH HOMOGENEOUZ SOLUTION

%% Div is the svaling constant
JohnF= vh.meas;

% where JohnF iz the modelled howogenecusg data needed.
%8caling factor is Homo_Fwd_mdel/Homo_measured_data

Sca_Fac=JohnF./Meas HOMOdata;

YMEASURED DATL FOR INHOMNOGENEOQUS

% offset iz deducted from the INhomodsta
Meas INHOMCdata=INhomodata-nocurrentdata;
4jealibrated data for inhowmogeous is
Calib_Inhowo=Neas_ INHOMOdata.*Sca_Fac;

aim img.elem data(mat) = 0.95; FNon-conductive
vi = fud solve (fmdl, sim img) ;
vi.meas=Calib_Inhom0;

clL;

ax(5) =subplot(Z,3,1, 'replace');

xax= limax(3ize(vh.meas));

hh= plotyyixax, [vh.meas, vi.meas], ...
xax, vh.meas - vi.meas );

zet (hh, '¥lim', [1, max (xax)]):

% COMPUTATION CF THE NOISE
noise= std(vi.meas - vh.meas)

J 107 (25/20) 7 randn(size(vh.weas)):

vi.meas= vi.meas + noise;

inelusion
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IMDL 3D.fwd model=s fmdl;

%%

%%

5%
inv3ds eidors obj('inv model', 'EIT inverse

COMPARIZCON OF ALGORITHHM HERE

NICE FPOLIDORIZES 3IOLVER ALGORITHM 2%
I:I'l

invid.reconst type= 'difference';

invid. jacobian bkgnd.wvalue = 1;

invid.fwd model= fmdl;

invid.fwd mwodel.np fwd solve.perm syw= '{7}';
% Nick Polvdorides' Gauss-Newtcon Solwver
inwvid. hyperparameter . .value = 1e-3;

invid.=olve= @np_inv_solve;
% Nick Polydorides! Prior (Laplace) S£8H## (produced a much bettcer result) ##fece

inv3dd.R_prior= @np_calc_image_prior;
invid.np calc image prior.parsmeters= [3 1]:
invid. parameters.max_ iterations= 1;

¥5%%% &&&&&( [ (CHANGE OF VARIAELE HERE)]) ) ) &&&&&
Tikhonowv pricr
inde.R_priDr=@tikhonov_image_prior;

%%%%% TIME FRIOR SOLVEER ALGORITHHM

inv= eidors obj|'inv mwodel',

inw
irwe

inw

.reconst types 'difference’:
.Jacobian bkgnd.wvalue = 1;
fud model= fmdl;

finv.fwd model.np fwd solve.perm sym= '{¥}':

ir
inw
inw
inw
i

hyperparameter.value = 0.0300:%1e-3;

Solves @time_priur_snlve H

.time smwooth prior.space priors @noser_image_prior:
.time smooth prior.time weight=0;

«time prior solve.time steps= 0;

'"EIT inverse') ;3%EIDCRS common model cicr');
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5%5%%

img= inv_solve (inv3d, vh, vi); % or use [inv) sSame a3 IHDL 3D
ax(6) —=subploti(Z,3,6, 'replace'] >

*show 3d slices{img, =z—axiz, y-axiz,.x—axiz)
*show 3d slices{img; 0.45.[1.[1}):

*show 3d =slicesiimg, [1,1.9],. [@.5],[0.5]):
fawriew(—14,13); axis tight:; axis egual; =lim{[D.1-511};
hold on;

% parallel to yv—axis

ax(5) =subploci(Z,;3,3;'replace'])

show_Temimng)

hold on;

ax(3) —=subplotiz2,3,;4, 'replace']:

show femiimg]

hold on:

$show 3d =slicesiimg, [1.[0.0].[1):7

*show 3d slices{img, [1,1.9], [0.5].[0.5]):
swiew(—13;13) > axis tight: axis ecual; zlim([0,1.5]]):
ax(l}) =subploti(Z,3,1, 'replace')

show_ ferm(img)

hold on;

ax(4) =subploci(2,3,2, 'replace'] >

rgb = imread('cC:/users/bode/desktop/bode/ING 1329.3pg')
image (rgh) ;

title('Top View of Suspended Phantom at 0.8dm on yv—axis')
sparallel to X—axis

¥show_3d slices(img, []1.[].[0-0]):

Pwiew(—-14,13); axis tight; axis egual; =Ilim([D,1.5]1)
hold on:

ax{2) = subploti(2,3,5, 'replace'] ;

rgb = imread('cC:/users/bode/desktop/bode/ING 1335.3pg') 7
image (rghb) ;

title (! Front wview of Phantom Suspended at O0.4dm on v—axis')
nxiafnx, ' dmage )
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%d=1080(0.9291,-0.0481,2.0) 1958

ddl=fmdl.elems (elem index,4):

% CALCULATING THE VOLUME OF A TETRAHEDRAL

5 volume in meters

% V=] (a-d) .| (h-d) Kie-A)) | /6

al=fmdl.nodes (bhl, 1) -fmdl nodesiaal, 1); s2=ifmdl.nodesibbl,2)-fmdl.nodes (aal,2) ;ad=fmdl.nodes (bbl,3) -Lfmdl, nodes (aal, 3);
bil=fmdl.nodes (col, 1) -fmdl. nodes (aal, 1) ;bh2=fmdl, nodes (ccl, 2) -fwdl.nodes (aal, 2) ;b3=fmdl.nodes (ccl, 3) -fmwdl . nodes (aal,3) )
cl=fmdl.nodes (ddl, 1) -fmdl, nodes (aal, 1) jea=£fmdl , nodes (ddl, 2) -fwdl . nodes (aal, 2) ;ed=fmwdl .nodes (ddl, 3) -fmdl . nodes (aal, 3) ;
vol=[al a2 a3; bl b2 b3; cil c2 c3];

volume=abs (det (vol))/6000,0; % we divided by 6000 because of the conversion of dimension in decimeters to meterss
add_volune=add_volume+volume;

sel ele=[sel ele;sav_new(m)];

sel resist=[sel resist;imggge (m)];

VVVOLUME= [VVVOLUME; volume] ;

sphant=den_cub®volume;

5MASE phant=[w&ss phant; phant];

end

slas pha t=sumimass_phant);

vol_suw=sum (VWWOLUNE) ;

disp('5UN OF VOLUME OF RECONSTRUCTED TETRAHEDRALS');dispivol_ sum);

% COMPUTATION OF THE CENTER OF MASS OF THE REGICN OF HIGHER RESISTIVITY

weighted pos mass=[]:coordinates=[]:

Jfor tt=l:imax(size(sav new(:,1)));

elem index=sav_new(tt];
aal=fwdl.elews (elen_index,1);
%b=1087(0.8744,0.1186,2.0), 19860
bhl=fmdl.elems (elem index,2);
¥e=436(1.,0995,0,0328,2.0); 348
col=fwdl.elemws (elem_index,3);
%¥d=1080(0.9291,~0.0481,2.0) 1959
ddl=fmdl.elems (elem index,4):

x_val={fmdl ncdes (aal, 1) +fndl.nodes (kb1, 1) +fndl.nodes (cel, 1) +Endl . nodes (4d1, 1) ) /4
y val=(fwdl .ncdes (aal, 2) +fmdl.nodes (kh1, 2) +fndl. nodes (cel, 2) +iwdl nodes (Adt, ) ) /4;
2_val=(fidl.ncdes (aal, 3) +fndl . nodes kb1, 3) +Exdl. noces (eel, 3) +fndl . nodes (4dL, 3) )/ 4;
al=Imdl nodes (bbi, 1) -£adl.nodes (aal, 1) s2=fndl.nodes(bhl,2)-fudl.nodes (aal,2)  ad=fmcl nodes (bhbl,3)-fod., wodes (sal, 3] ;
bi=2mdl nodes (cel, 1) -fadl. nodes (aal, 1) ;b2=fwdl. nodes (ccl, 2) -fudl, nodes(aal, 2! ;h3=fmdl, rodes(cel, 31 -frdl nodes (asl,3);
e1=2mdl nodes (ddl, 1) -£adl, nodes (aal, 1) je2=fmdl, nodes (dd-, ) -fodl, nodes (aal, 2 sed=fndl, rodes (ddl, 3 -fmdl, nocles (asl,3);
vol=[al aZ &3; bl b2 h3; el ¢2 ei];
volume=absa (det (vol) ) /6300.0;
weighted pos nass=[w2iyhied pos wass; x_valtviluwe,7 va *volune,z val®volume: ;
coordinates=[ccordinates; x val,y val, 2 val]:
end
X = swn weightec_pos wass(:, 1)) /vol swm; ¥ CM=sum(weighted pos mass(:,2))/vol_sun; Z_Cl=sur|veighted pos_nassi:,3))/vol sw;

cdizy('img e em catl') disp('colowr scale - resistivity values') ;

dizy(eolour wap);

digy (' COORDINATES') rdisp (mean(coordinates (i, 1) )] sdisp(wean (coordirates(:,2))) disp mean (cocrdinates|:, 31)
diga ("% CH ) diep (X CM) pdisp('7 CH') pdisp (Y CM)disp('2 CH');disp (2 CM);

toe:
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Reconstruction Code for A sequence of Current Stimulation through Opposite Electrode Pairs
and A Sequence of Voltage Measurement through Adjacent Electrode Pairs in a Three Rings of

Electrode System

o
INDL 3D=mk_common model('cicr', [16,3]);
nelec= 16; nrings= 3;
ring_vert pos =[0.3,0.7,1.05]; %[1.0,1.4,1.75,2.1]1% [0.3,0.7,1.05]
extra={'ball','solid ball = sphere(-0.15,-0.1,0.5:0.1):"'}:
[frdl] =ng_mk cyl models([1.1,1.1],[nelec,ring vert_pos],[0.1,0.2]):

stim = mk_stianatternstls,S,[D,nelec!Z],[D,l],{'no_meas_current','do_redundant'},Z.DJ: :[0, nelecf2][0,1]

fwdl.stimulation = stim:
%%% CCMPARISCN OF ALGORITHM FOR FORWARD COMPUTATICN
%%% USING WNICE POLIDORIDES FORWARD SOLVER
frdl.stimulation=stim:
fmdl.solve= 'np fwd solwe';
fmdl.system mat='np calc system mat':
fmdl.jacobian='np calc jacchian':
fwdl.type='fud model';
frodl.np_ fwd solve.perm syw='{n}':
wat= ones( size(fmdl.elems, 1) ,1j:
gim img= eidors_obj{'image', 'homogensous image!,
'elem data', mat,
‘T model', fmdl )
% Simulate homogensous messurements
Zim img.fwd model= frmdl;
Sim img.fwd solve.get _all meas = 1;

% Simulate homogeneous messSurelments
Sim img.fwd model= frdl;
show fem(sim img) ;

Sim img.elem data(mat] = 1; % Homogenous
vh = fwd solveifmdl,sim img);

[IFhercdsts] smeas Irginhers (' C:h Usersibode' Desktop MOV _19TH 30PP, pve 19cm. zomo'):

[currertcatal =cetcalibrationdatafrings opp_currrent | C:)Usersibode’Desztopi MOV 10T 302Piyhomo_with curcent. tomo!'):
[ncourrertdata] =getcalibrationdatalrings opp nocurrent('C:' Users)bode’ deskzonyNOU 19TH 30PPYhomo_na_ Zurrsnt.tomo') ;

% OFFSET (rocurrentdata)l IS SUB3ITRACTED FROM THE CURRENT DATL (currentdacal: JOMOFENEOUS JOLUTIIN
SMELSUREL TATL FoOR HOMOGENECUS

oco HOMCdotc—currcentdata nocurrcntdatar

% OBTAINING THE SCALING CONITANT FOR EACH HOODOGENEQUR JOLUTICON
%%% [iw is thke scaling constant

JoknF= vk.ness:

%2 where JoknF is the modelled homogenecous data needed.
tScalirg fector is Homo_Fwd mdel/Homo measured data
SrE_Far=lnknF . /Meas HONOAata:

*MEASUEEL LATA FOR INHOMOZEMECUS

% cffset iz ceducted frowm the INhomodata

Fess INHOMOASTES=INhOMOQaTa-noCUrrentdats;

soelibratec cata for inhomogeous is

Calik Inkomo=HMeas INHONOdata.*5ca Faci

sim_img.elem dstaimat) = 0.95: 3Non-conductive inclusion
wi = fwd sclwve (fmdl, sim drg) :

wi.mcac—Calik Inhomo:

CLI; $3FrraldesrlsddrrsrdddidC{<dad<C<Cg<<<CL<
ax(E)=subplco(2,3,1, 'teplace! ) ;

Exsx= l:max(sizevh.meas)):

$hk= plotyyvixax, [vh.meas, vi.ameasl, ...

whomeas — Wi weas )

%z HAaR,

Szet (hl, ' ¥lim! , [1,max (zax)] )

% COFFUTATIOW OF THE MOISE
rojse= std(vi.neas — vh.neas) ...
F 10" (2Efz0) * randn(sizevh.meas)) .
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Vi.meas=s vi.meas + noise;

IHDL 3D.fwd mwodel= fmdl;

£%% COMPARISCN OF ALGORITHM HERE

£%% NICK POLIDORIZIES SOLVER ALGCRITHH %
invid= eidors obj('inv model', 'EIT inwverse

-

ey
1l

inv3id.reconst_type= 'difference':

invid. jacobian bkgnd.valus = 1;

invid. fwd wodel= fmdl:

invid.fwd wodel.np fwd solve.perm sym= '{¥}';

% Nick Folvdorides' Gauss-Newtfon Solwer

invid.hyperparaweter . value = 1lg-3;

invid.solve= @np_inv_solve;

% Nick Polydorides' Prior (Laplace) Le&#fiff(produced = much better result)###ec

invid.R prior= Bnp calc image prior:
invid.np cale image prior.parameters= [3 1]:
invid.parameters.max_iterations= 1;

£%%% CLLLL({(CHANGE OF VARTABLE HERE)) )] E&&&E
Tikhonov prior

aAE -k

%inv3d.R_priDr=@tikhonov_image_prinr;

s
UL

S
ot ahE
EULE

TIME PRIOR SOLVER ALGORITHM

inwv= eidors _obj(!inv model'; 'EIT inwverse'):%*EIDORS comwmon model c3cr!):
inv.reconst type= 'difference’;

inv. jacobian bkgnd.value = 1;

b3

inv.fwd model= fmdl;

$inv.fvd model.np fwd solve.perm syw= '{y}':
inv.hyperparaweter.value = 0.0300;%1e-3;

inv.solve= @time_prior_solve o

inv.tcime swooth prior.space pricr= Bnoser image prior:
inv.time swooth prior.time weight=0:



101
1oz
103
104
105
1log
107
103
102
110
111
112
113
114
115
11a
117
113
112
1z0
121
122
123
124
125
126
127
123
1z9
130
131
132
133

- Appendices -

inv.time prior zolve.time steps= 0;
EiyL

img= inv_ solwve(invid, wvh, vi]:
ax(6) =subplot(2,3,6, 'replace');

% show 3d slices(imy, =z-axi=, y-axiz,x-axiz)
Tshow 3d slices(img, O0.57,.[1,01);

Tshow 3d slices(img, [1,1.2], [0.5].[0.5]):
Fwiewl—14 5 axds vight: axds egualy slimt[0:1:58) 12
hold on:

¥ parallel to yv-axis

ax[b) =subplot(2,3,3, 'replace');

show_fem | img)

hold on:

ax(3) =subplot(2,3,4,'replace');

Show_ Tfem( img)

hold an;

$show 3d slicesiimg, [1,[0.01,[1):

sohowr. 3l gldces fdime,. [L.3:97,. [0-5] Q.51

Fwiew (=14 ,13) axis tight: axis equal; =2limi{[0,1.5]);
axll) =subplot(2,3,1,'replace!');

show fem( img)

hold on:

ax(4) =subplot(2,3,2, 'replace');

rgb = imread('C:/users/bode/desktop/bode/ING 1371.3pg'):
image (rob) ;

title|'Top View of Suspended FPhantowm at 0.5din on y—-axis')
Fparallel to x-axia

$show 3d slices(iwmg, [1,[]1,[0.0]1);

Rwview(—14,13): axis tight: axis egqual; =limi[0,1.5]1)1:
hold on:

ax(2) = subplot(2,3,5, 'replace'];

rgh = imread|'C:/users/bode/desktop/bode/ING 1334.ipg');
image (rob) ;
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title(!Front wview of Suspended Phantom at 0.8dm on y-axis')

axiz (ax, ' image')

% Lowest limit
dadada=img.elem data;

1 lim~minidadada) ;5-0.68300;
% highest element values

high wvalue elem dats=max(dadadsa);s0.2778;

% lowest element wvalues

low_wvalue elem data=winidadada);s-0.6300;

% step change

delt=[high_value_elenLﬂata—low_value_elenLdataJKZD;

[sav]=Sorting elemindex (dadada) ;
[imggge] =Sorting resistivicy(dadada):

colour map=[]:
sav_new=[];

-l for uu=l:imax(size (imggge(:,11)):

gad= (irmgogge (uu) -1 lim) /delt;
colour map=[colour_map;gad¥10, imggoe (uu) ] ;

Zav ney=[sav new:sawviuu)];

if colour wapiuu,l)>40
break
end
end

% SUMNATION OF VOLUME OF TETRAHEDRAL OF HIGHER RESISITIVITY VALUES

VVWWOLUME=[] ;add volume=0;sel ele=[];:;zel resist=[];mass phant=[]:

2

for w=l:iwax(size(sav_newi:,1))):
taal,bhl,cel,ddl are nodal points of an slement.

elem index=sav newim):

aal=fmdl.elems (elem index,1):

$h=1097 (0.8744,0.1186,2.00,

15960

% 54V denotes indexes of the eleéments
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bhbi=frdl.elems (elew_index,2);
%o=436(1,0995,0,0388,2.0), 348
cel=fmdl,elews (elem index,3);
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+d=1080(0,9291,-0.0481,2.0) 1959

ddi=fmdl.elems (elem index,q);

CALCULATING THE VOLUME OF A TETRAHEDRAL

% volums in meters
% V=| (g-d). | (h-d)X(c-d])|/6

al=fmdl.nodes (bbl,1)-fmdl.nodes (aal,1); az=fmdl.nodes (bbl,2)-fwdl,nodes aal, 2);ad=~fwdl.nodes (bbl,3) -fwdl.nodes (aal,3) ;
bl=fmdl.nodes (col, 1) -fmdl.nodes (aal, 1) ;h2=fmdl . nodes (ccl,2) -Ifmdl.nodes (aal, 2) ;h3=fmdl.nodes (col, 3) -fwdl. nodes (aal,3)
cl=fwdl.nodes (ddl, 1) -fwdl.nodes {aal, 1) ;e2=findl.nodes (ddl, 2) -fmdl . nodes (aal, 2) ;e3=fwdl.nodes (ddl, 3] -fwdl.nodes (aal, 3] ;
vol=[al a2 a3; bl b2 b3; cl c2 c3];

volume=abs (det (vol))/6000.0; *
add_volume=add wvolume+volume:
sel ele=[sel ele;aav nevim)];

sel resist=[sel resist;imggge (m)];

VVWVOLUME=[VVVOLUME; volume] ;
sphant=den_cub?volume;

tmass phant=[mass phant; phant]
end

tMas_pha_t=sum(mass_phant):

vol sum=sum(VVVOLUNE) ;

disp('3UM OF VOLUME OF RECONSTRUCTED TETRAHEDRALS'):disp(vol_sum);

% COMPUTATION OF THE CENTER OF MA3S OF THE REGION

wE 1ghuedﬂp03“maas= []1:coordinaces=[];

|for tt=l:max (size (2av_new(:, 1))

elem index=sav new(tt);

Jiy

aal=fwdl.elems (elem_index,1);
*b=1097 (0.8744,0.1186,2.0), 19560

hhl=fmdl.elems (elem_index,z
te=436(1.0995,0,0328,2.0), 348
col=fundl, elems (elew index,3);
k=1080(0,9291,-0,0461,2,0) 1958
ddl=frdl.elems (elew index, 4);
x_val={fmdl.nades (gaal, 1) +fwdl
y_val= (fmdl,nides (aal, 2) +Emdl
g_val=(fmdl.nodes (aal, 3] +fwdl

)¢

hodes(bhl, 1) +fmdl.
. nodes (khl,2) +fmdl,
cnodea(bbl,3) +fndl.

al=Zmcl,aodes(bhl, 1) -fndl.nodes (aal, 1) ; aZ=fmdl.
il.aodesioel, 1) =fodl. nodes (aal, 1) ;k2=frwdl.nodes (cel, 2) -fwdl. nodes (aal, 2) ;h3=frdl .nodes (oel,3) -frdl.nodes (aad, 3) ¢
cl=Zmcl.aodes(ddl, 1) -frodl.nodes (aal, 1) ;c2=fmdl.nodes (ddl,2) -fmdl, nodes (aal, 21 ;c3=fwdl.nodes (ddl,3) -fndl. nodes (aad, 37 ;

vol=[sl a2 a3; bl b2 b3; el ez ci];

voluwe=aba idet (vol) )/ 6C000.0;

OF HIGHER RESISTIVITY

nodes (ccl, 11 +fwdl .,
nodes (eel, 20 +fmdl .
nodes (eed, 31 +fmdl .
nodes (b1, 21 -1imdl.

nodes(ddl, 1))/ 4;
nodes(dal,2) )/ 4;
nodesiddl, 3))/4;

we divided by 6000 because of the conversion of diwension in decimeters to meterss

nodes(asl, i) ;ai=fndl, nodes (bhi,3) ~fmdl.noces (aal, i),

weighted pos wass=[weighted pos pass; x val®volumwe, 7 val*volume,z val*volume] ;

coordiratess[coordinates; x val,y val,z vall;

end

£ CM= swn(weighted pos_mass(:, 1)) /vol_sum; ¥ CH=sum{weighted pos mass(:,2))/vcl_sum; Z_CM=sum(veighted pos wass(:,3))/val_sum;

disp (' img elem dacl');disp('colour seale -

digp{colove map);

disp (' COORDINATES' ) ;disp(mean(coordinates|:, 1)) ;disp mean(ccordinatza ) :,2) ) jdispimean coordirates i, 3)));

resiativity values'] ;

disp('X CE')idisp(X CH) sdisp ('Y CH' ), disp (Y CMi;disp('Z CH );dispiZ _CH);

coc;
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Reconstruction Code for A sequence of Current Stimulation through Adjacent Electrode Pairs
and A Sequence of Voltage Measurement through Adjacent Electrode Pairs in a Four Rings of
Electrode System

nigs

$IMDL_3D=mk comwon model ('c3er!, [16,3]);

nelec= 16; nrings= 4;

ring vert pos =(0.3,0.7,1.05,1.4]; %[0.15,0.5,0.67) [1.0,1.4,1.75,2.1]
extra={'ball','solid ball = sphere(-0.15,-0.1,0.5;:0.1):'};

(fwcdl])=ng wk eyl models([1.5,1.1,0,15], [nelec, ring vert_pos], (0.1,0.22,0.19]);

stim = mk stim patterns{16,4,[0,1],[0,1],{'no meas_current',6'do redundant'},2.0); %[0, nelec/2][0,1]

frdl.stinulation = stim

44%% COMPARISCON OF ALGORITHM FOR FORWARD COMPUTATICHN

b%% USING NICK POLIDORIDES FORVARD SOLVER

fidl, stinulation=atin;

fwdl.solves 'np Zwd solve';

fdl.system mat='np calc systenm mat';

frdl, jacobian='np cale jacohian';

fmdl, type='fud model';

frdl.np fud solve.perm sme'(n}';

mat= ones( size(fmdl.elems, 1) ,1);

gim_irmg= eidors_obj['lmage', '"howogeneous image', ...
'elem data', wat, ...
"fod model', fmdl );

§ Simulate homogeneous measurenents
gim_img. fyd model= fmdl;
sim_img, fud solve, get_al l_meas

1

gin_img.fud solve.get all weas = 1;

gim_img.elem data(mat) = 1; % Homogenous

vh = fud solve(fwdl,sim img) ;

[ Whorodata) =reas_4RINGShomo ADJ (' C:) Useralbode) Deskeop\NOV_19TH 44DJY inhowa 15cw, toma' ) ;

[nocurrentdata] =getcalibrationdatadrings adj no current('C:\Users)bode) Desktop\NOV 19TH 44DJ\howo no current.toma');
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[currentdata] =getealibrationdatadrings adj_current('C:iUsers\bode\Desktop\NOV_19TH 4ADJY\howo with current.towo');
% OFFSET (nocurrentdata) IS SUBSTRACTED FROM THE CURRENT DATA (currentdate):HOMOGENEOUS SOLUTION
4MEASURED DATA FCR HOMOGENEOUS

Neas_HONOdata=currentdata-nocurrentdata;

% OBTAINING THE SCALING CCONSTANT FOR EACH HOMOGENEOUS SOLUTION

5%% Div is the scaling constant

JohnF= vh.neas;

% where JohnF is the modelled homogeneous data needed,

$8caling factor is Howo Fud mdel/Howo measured data

dea_Fac=Johnf./lNeas HOMOdata;

$MELSURED DATA FCR INHOMOGENECUS

t offset 1s deducted from the INhowodata

Heas INHOMOdata=INhomodata-nocurrentdata;

fealibrated data for inhowogeous is

Calih Inhowmo=Meas INHOMOdata.*Sca Fac;

sim_img.elew data(mat) = 0.95; $Non-conductive inclusion
vi = fud solve(frdl,sim img)
vi.meas=Calib_Inhomo;

olf;

ax(5) =subplot(2,3,1, replace');

xax= limax (aize(vh.weas)) )

hh= plotyy(xax, [vh.weas, vi.meas], ...
xax, vh.meas - vi.meas )

get (hh, "Zlim', [1,max (xax)]);

% COMPUTATION OF THE NOISE
noise= atd(vi.mess - vh.meas) ...
/ 10%(25/20) * randn(aize(vh.meas));

vi.meas= vi.neas + noise;

IMDL 3D, fwd model= frdl:
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INDL 3D.fwd model= fmdl;

thold on:

IMDL 3D.fwd model= fmdl:

$%% COMPARIZCON OF ALGORITHM HERE | 10 parsameters)
$%% NICE POLIDCRISES SOLVER ALGORITHM 555%%
inv3d= eidors obhj('inv mwodel', 'EIT inwverse'):
inv3id.reconst_type= 'difference’;
inwid.jacobian bkgnd.valae = 1:

invid.fwd wodel= fmdl;
inv3d.fud_wodel.np fwd solve.perm syw= '{¥i':
%%% Nick Polwdorides' Gauss-Newton Solwver
invid.hyperparameter.valie = 1g-3;
invid.=solve= @np_inv_snlve;

% Nick Polydorides' Prior (Laplace) L£&ffi# (produced a wuch better
invid.R prior= @np_calc_image_prinr;

invid.np calc image prior.parameters= [3 1] :

invid.parsmweters.max iterations= 1;

FESETL LEELL (| ((CHANGE OF VARIABELE HERE)) ) ) EL£&&E
% Tikhonowv prior
%inde.R_priDr=@tikhnnov_image_prior;

*%%% ANDBREXA BORSIC' SOLVIR ALGORITHM
% Andrea Borsic'!s FPDIPH TV solwver
inwvdd= eidors obj('inv model', "EIT inverse']:
invdd.reconst type=s 'difference’;
inwvdd. jacobian bkgnd.wvalae = 1;
invdd. fvd wodel= fmdl;
inv4d.abh_calc tv _prior.alphas = 1le-5;
inwvdd. parsmeters.max iterations= 1;
inwvdd. parsmeters. term tolerance=s le-3;
inwv4d.R prior= @ab_calc_tv_prior;
invdd.solve= fah try diff =solve:;

result) #Hfcce
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invdd.hyperparameter.value = le-3;

LiLny

%%%%% TIME PRIOR SOLVER ALGOEITHM

inv= eidors_obj('inv model', 'EIT inverse'):3EIDORS common model cder');
inv.reconst types 'difference';

inv. jacobian bkgnd.wvalue = 1;

inv.fwd model=s fmdl;

inv. hyperparsmeter.value = 0,.0300:%1e-3;

inwv.solve= @time_prior_solve ;

inv.time swooth pricr.space prior= @noser_image_prior:
inv.time_smooth prior.time_weight=0;

inv.time pricr solve.time steps= 0O;

5%5%3

img= inv_solve(inv3d, vh, vi});

ax (61 =subplot(z,3,6, 'replace'):

% show 3d slices(img, z-axiz, y-axiz, x-axiz
¥show 3d slicesiimg, 0.57,[]1,[1):

$ghow_3d slices(img, [1,1.8], [D0.5],[0.5]1):
fwiew(—-14,13); axisz tight; axis equal; =lim([0,1.3]):
hold ong

% parallel to y—axis

ax (5) =subplotc(2,3,3, 'replace'):

shom_femi(imog)

hold on:

ax(3) =subplotc(2,3,4, 'replace'):

show_Tem(img)

hold on;

%ghow_3d slices(img, [1,[0.0]1,[1):

¥show 3d slices(img, [1,1.9], [D.51,[0.5]1):
wiew(-14,13); axis tight; axis equal; =lim([0,1.5]):
ax (1) =subplot(z,3,1, 'replace');
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show_fem[img]

hold on:

ax (4) =subplot(2,3,2, 'replace');

tgh = imread|'C:/users/bode/desktop/bode/ING 1329, jpy');
image (cgh) ;

ticle('Top View of Fhantom Suspended at 0.86cdm on y-axia')
sparallel to x-axis

$show_3d slices(img, [],[],[0.01);

sview(-14,13);: axis tight; axis equal: =zlim([0,1.5]):
hold on;

ax({2) = subplot(2,3,5, 'replace');

rgh = imread('C:/users/bode/desktop/bode/ING 1334, ipg' )
iwage (rgh)

title('Front view of Phantom 3uspended at 0.8dm on y-axis')
axis (ax, ' image')

% Lowest limit
dadada=img.elewm data;

1 lim=minidadada);%-0.6300;
% highest elenent values

high value elem data=max (dadada);s0,2778;
flowest element values

low value elem data=min(dadada);%-0.6300;
£ atep change

delt=(high value elem data-lov_value elem data)/20:
[#av] =Sorting elemindex (dadadsa);

[imggge] =Sorting resistivity(dadada);
culour_map=[];

sav_new=[];

;?Inr uu=1imax (size (imggoe (i, 1))

gad= {imggge (uu) -1 lim) /delt;
colour map=[colour_wap;gad* 10, iwggge (ua) ] ;
Fav new=[sav new;saviuu)];:
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167 - 1f colour_map [uu, 1] >40

168 - hreak

169 = end

170= “end

111 % SUMMATION OF VOLUME OF TETRAHEDRAL OF HIGHER RESISITIVITY VALUES
172

173 = VWOLUME=(] ;add volume=0;sel ele=[];sel resist=(];mass_phant=(];
174 % 34V denotes indexes of the elements

175 = [for m=limax(size(sav_new(:,1)));

176 taal, bbl,col,ddl are nodal points of an elewent,

177 = | elem index=sav_nevin);

178 = | aal=fmdl.elems elem index,1);

179 £h=1097(0,6744,0,1186,2.0), 1960

180 = | hbi=inmdl.elews (elem index,2);

181 %e=436(1.0995,0.0328,2.0), 348

A cc1=fmdl.elems{elem__index,S);

183 $d=1080(0,9291,-0,0481,2,0) 1959

184 = | ddl=frdl.elems(elem index,4);

185 & CALCULATING THE VOLUME OF L TETRAHEDRAL

186 Y yolwee in weters

187 § V=| (a=d) . (b=d) Z(e=d))|/6

188 - al=fndl,nodea (bhl, 1) -fudl nodes (aal, 1) ; a2=fwdl,nodea(bbl,2)-fwdl, nodea(aal,2);a3=fmdl. nodes (bb1,3) -fndl, nodes (aal,3);
189 = | bi=fmdl.nodes(cel, 1) -frdl. nodes (aal, 1) jb2=fndl . nodes (eel, 2) -fxdl . nodes (aal, 2) shi=fndl.nodes (ccl, 3) -fmdl nodes (aal, 3) ;
190 = cl=fwdl.nodes (ddl, 1) ~fmdl. nodes (aal, 1) ;eZ=fmdl . nodes (ddl, 2) -fwdl . nodes (aal, 2) ;ed=fndl.nodes (ddl, 3) -fmdl . nodes (aal, 3) ;
191 = | wvol=[al a2 a3; bl b2 b3; cl c2 c3);

192 = | volume=eha(det (vol))/6000.0; % we divided by 6000 hecause of the conversion of diwension in decimeters to wetersh
193 = | add volue=add volume+volume;

184 = | sel ele=[gel ele;sav_newin)];

185 = | sel resist=(sel resist;imggge n)];

196 = | VWVOLUME=[VWVOLUNE; volume)] ;

197 fphant=den_cuh¥volune;

188 | %mass_phant=[mass_phant; phant]:
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end

200 %Mas pha t=sum(mass phant);

201 - vol_suw=sum(VVVOLUNE) ;

202 - disp('SUKE OF VOLUME OF RECONSTRUCTED TETRAHEDRALS'):disp(vol suw);

203

204 % COMPUTATION OF THE CENTER OF MAZ3 OF THE REGICON OF HIGHER RESISTIVITY

205

206 = weighted pos mass=[]:coordinates=(];

207 = [ for tt=limax(size(sav_new(:,1)));

208 - elen_index=sav_new(tt);

208 - aal=fucll.elens (elen index, 1)

2lo $h=1097(0.8744,0.1186,2.0), 1960

2l - bibl=frdl.elews (elen index,2);

al2 $e=436(1,0995,0,0328,2.0), 348

R s ccl=fmdl.elems (elem index,3);

214 4d=1080(0,9291,-0.0481,2.0) 1959

alE= ddl=fmcl.elens (elen index,4);

e %_val=|frdl.nodes{aal, 1) +fwdl. nodea(bbi, 1) +fmdl. nodes (ecl, 1) +fwcdl . nodes (ddl, 1) ) /4;

217 - y_val=(frdl.nodesaal, ) +fwdl. nodea(bbl,2) +fmdl. nodes (ecl, 2) +fidl. nodes (ddl, &) 1/4;

CAReR 2 val=(fmdl.nodes(aal,3) +fwdl.nodes (bbl, 3) +fmdl. nodes (ecl, 5] +fndl. nodes (ddl, 3) 144

218 = al=fmwdl.nodes (bbl, 1) -fwdl.nodes (aal, 1) ; a2=imdl.nodes (bhl,2)-fmdl.nodes (aal,2) jad=tmdl nodes (bbi,3) -fndl.nodes (aal,3);
220 = bi=fmdl.nodes {cel, 1) -fmdl.nodes (aal, 1) ;b2=fmdl.nodes {cel, 2) -frdl  nodes (aal, 2) ;b3=fmdl.nodes (cel, 3) -fmdl.nodes (aal, 3) ;
Al el=fmdl.nodes (ddl, 1) -fmdl.nodea(aal, 1) ;c2=fmdl. nodes (ddl, 2) -fwdl .nodea (aal, 2) ;ed=fmdl. nodes (ddl, 3) -fmdl . nodes (aal,3);
Zhe vol=[al a2 a3; bl b2 h3; cl ci ci]:

223 = volume=aha jdet (vol) ) /6000.0;

224 = weighted pos wass=[weighted pos wass: x_val¥voluwe,y val*volume,z val®volume] ;

285 = eoordinates=[coordinates; x val,y val,g val]:

226 - end

s i CH= sum(weightedﬁpus“mass(:,ljNvul_sum; ¥ _CM=sum{weighted pos mass(:,Z) ]/vul“sum; I_CM=sum(weighted pos mass{:,3) )fvulnsu.m;
228

288~ disp('img elem datl')disp('colour_scale - resistivity values')

230 - disp(eolour wap);

23 = disp (' COORDINATES') ;disp (mean(coordinates(:,1))) sdisp (mean{coordinates(:,2)));disp (wean(coordinates(:,3))):
232 = disp('X CN') ;disp (X CM);disp('V CH'] ;disp(Y CHM);disp('Z CN'];disp(Z _CH);

233

234 - toc:
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Reconstruction Code for A sequence of Current Stimulation through Opposite Electrode Pairs
and A Sequence of Voltage Measurement through Adjacent Electrode Pairs in a Four Rings of
Electrode System

tic;

nelee= 16; nrings= 4;

ring vert pos = [0,3,0,7,1,05,1.4]; [0.15,0,5,0,87]

extra={'ball','solid ball = sphere(-0,15,-0,1,0,5;0.1):'};

[fwdl]=ng wk cyl wodels([1.5,1.1,0.,13], [nelec, ring vert pos),[0.1,0.22,0.09]);

atim = mk_stimwpatternstls,‘l,[D,nelec/Z],[D,l],('nu_meaa_current','dn_redundant‘},2.0]; 5[0, nelec/2][0,1)
frdl, stimulation = stim

4%% COMPARISON OF ALGORITHN FOR FORWARD COMPUTATION

£4% USING MNICK POLIDORIDES FORWARD SOLVER

fidl, stinulation=stin;

frdl.solve= 'np fvd solve';

fidl,gystem mat='np calc systen wat';

fwdl, jacobian='np cale Jjacobian';

frdl, type='fud model';

frdl.np fwd solve.perw sym='{n}';

wat= ones( size(fuwdl.elems, 1) 1))

sim_img= eidurs_uhj{'image‘, "homogeneous image‘,'elem_data', mat,'fwdwmadel', fwdl ),

% Simulate howogeneous measurenments

gim inmg.fud model= fdl;

§ Simulate homogeneous measurements

gim img.fvd solve.get all meas = 1;

aim_img. fud model= fudl;

gim_img.elewm data(mat) = 1;

vh = fud solve(fwdl,sin ing); %% PLEASE GET REAL DATE FRON THE LAB%

-

[ INhomodata) =ueas 4RINGShoma OPP('C:\Users)bode)Desktop\NOV 18 4RINGS OPPY inhomo 19w, toma'):

[nocurrentdata] =getcalibrationdatadrings opp ho current('C:iUsers)bode)Deskeop\NOV 18 4RINGS OPFYhomo no current.towo');
[eurrentdata) =qetcalibrationdataflrings“upp_current {'Ci\Ugers)\hode) Desktap\I\IOU_lB_'}RINGS_OPP\hnmo_with_current.tomo' Ja

% OFFSET (nmocurrentdata) I8 SUBSTRACTED FROM THE CURRENT DATA [currentdata):HOMOGENEOUS SOLUTION

YMELASURED DATA FOR HOMOGENEOUS

Neas HOMOdatascurrentdata-nocurrentdata;
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% OBTAINING THE SCALING CCMNSTANT FOR EACH HOMOGENEOUS SOLUTICN
%% Div is the scaling constant
fu]

Y
JohnF= vh.weas;

% where JohnF 15 the modelled homogensecous data needed.
FEcaling factor i3 HDmD_Fwd_mdelfHDmD_measured_data
Sca Fac=JohnF./Meas HOMOdata:

(tMEAZURED LATA FOR INHOMOGENEOQDS

% offset 1s deducted frow the INhomodata

Meas INHOMOdata=INhomodata-nocurrentdatar

tealibrated data for inhomogeous is

Calib Inhomo=Meas INHOMOdata.*3ca Fac:

gim_img.elem datafimat) = 1.0; %Non-conductive inclusion
vi = fwd solve (fwmdl,sim img) ;

vi.mweas=Calib Inhomo;

clf;

noize= stdivi.meas - vh.wmeas)

/10" (25/20) * randni(size (vh.meas)):
vi.meas= vi.meas + noise;
INDL 3D.fwd model= fmdl;

£g
%% COMPARTISON OF ALGORITHM HERE
old onr

$%% NICK POLIDORIDES 30LVEER ALGORITHM LR
inv3id= eidors obj('inv model', 'EIT inverse')

r

invid.reconst type= 'difference’;
inwvid.jacobian bkgnd.wvalue = 1;

invid.fwd model= fmdl;

invid.fwd wodel.np fwd solve.perm syw= '{7}':
% Nick Polydorides' Gauss-Newton Solwver
inwvid.hyperparameter.value = 1le-3;
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inwid.solve= Bunp inv_solve;

£ Nick Polydorides! Prior (Laplace)] &££&### produced a much hetter result) H##cce

inv3d.R_priDr=@np_calc_image_prior;
invid.np cale image prior.parameters= [3 1] ;
invid.parameters.max iterations= 1;

FEEE

img= inwv solwve(invid, vh, vi):!

ax(6) =subplot(2,3,6,'replace']:;
% gshow 3d slices (imy, =2-8axiz, y-axiz,x-axiz)
$8how _3d slicesiimg, 0.57,[1,[11:
$show 3d slices(img, [1,1.9], [0.5],[0.5]1):

fview(—14,13) ; axis tight; axis ecgual; =lim([0,;1.571;:

hold on;
L parallel to y-axis

ax (5] =subplot(2,3,3,'teplace'];

show fem(img)

hold on:

ax (3] =subplot(Z,3,4,'replace']:
Show_fem | img)

hold on:

$ghow 3d sliees(img, [].[0.0]1:[1);

$show_3d slices{imy, [1,1.9], [0.5],[0.51):

swisw(-14,18)r axis tight: axis equsl; slim{[0;31.5]]:

ax(l] =subplot(Z,;3;1;'ceplace'];
show_fem| img)

hold on;

ax (3] =subplot(Z,3,2,'teplace'];

rgh = iwread|'C:/users/bode/desktop/hode/ING 1396, 3pg');

image (rghb) :

title('Top wview of six suspended phantoms')
$patallel Eo X-axis

Fahon 3d slicesdimge [Te[] #0000
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for w=limax (size(sav new(:,1}]];
taal,bbl,cel,ddl are nodal points of an element.
Elemﬁindex=savﬂnewtml:
aal=fmdl.elems (elem index,1):
£h=1097(0.8744,0.1186,2.0), 1960
bhi=fudl.elews (elew index,2);
%o=436(1,0995,0,0328,2.0), 348
col=fndl.elems (elem index,3);
$d=1080(0.59251,-0.0481,2.0) 1959
ddl=frodl.elemsielew index,4q);
% CLLCULATING THE VOLUME OF A TETRAHEDRAL
% wvolume in meters
% V=| ta=d) . ( (b-d) X{e-d)) [ /6
al=fmdl.nodes (bbl, 1) -fwdl, nodes (aal, 1); a2=fmdl.nodes (bbl,2)-fmdl.nodes(aal,2) ;a3=fmdl.nodes (bbi,3) -fwdl, nodes (aal, 3);
bl=fndl,nodes (ccl, 1) -fmwdl, nodes (aal, 1) ;b2=fwdl, nodes (cel, 2) -fmdl . nodes (aal, 2) ;h3=fmdl,nodes (ccl, 3) -fdl, nodes (aal, 3) ;
cl=fmdl.nodes (ddl, 1) -frdl, nodes (aal, 1) ;e2=fiwdl, nodes (ddl, 2) -frdl. nodes (aal, 2) ;e3=fmdl. nodes (ddl, 3) -frdl. nodes (aal, 3) ;
vol=[al aZ a3} bl b2 h3; ¢l ¢2 c3]:
volume=aba (det (vol) ) /6000.0; % we divided by 6000 bhecause of the conversion of dimension in decimeters to meterss
add_wvolume=acd volume+volume;
sel _ele=[sel ele;sav_new(nm)]:
gel resist=[sel resist;imggge(m)];
VVWOLUME= [VVVOLUNE; vo lume] ;
iphant=cen cub™volume;
imass_phant=[mass_phant; phant]:
end
4Maz_pha t=sum(mass_phant);
vol_su=aum (VWVOLUNE) ;
disp|'3UN OF VOLUME OF RECONITRUCTED TETRAHEDRALS'):disp(vol sum);

% COMPUTATICN OF THE CENTER OF MASSE OF THE REGICN OF HIGHER RESISTIVITY

wveighted pos mass=[];coordinates=[];
for tt=limax(size(sav nev(:,1)));
elex index=sav_iew(tt):
aal=fndl.elews (elew index,1);
$h=1097 (0.8744,0.1186,2.0), 19¢0
blhl=fndl.elems (elem index,2);
se=436(1,0995,0,0328,2.0), 348
cel=fndl. elems (elew index,3);
5c=1080(0,929:,-0,0481,2.0) 1959
ddl=fndl.elems (elew_index, 4] ;
®_val={fmdl nodes(aal, 1) +fndl.nodes (bb1, 1) +fndl . nodes |cel, 1) +Exdl. noces (dd:, L) 1/4;
y_val=(fmdl noces(aal,2) +indl, vodes (bhi, 2] +iwdl . nodes eel, 2) +Euell, noces {dd., 2) 1/4;
2_val=(fmdl, nodes(aal,3) +ndl. nodes (bbl,3 ) +fwdl . nodes \cel, 3) +Endl. nodes (dd:, 3) 1 /4;
al=fmcl.nodes(bbl, 1j -frcdl.rodes (aal, 1) al=fmdl.nodes bhl, 2)-fmdl, noces (aal,l) rad=frdl, roces (bb2,3) -fadl.nodes (aal, 3);
bi=fmcl.nodes(cel, 1) -frdl. rodes (aal, 1) ;h2=frdl.rodes (ccl, i) -fodl.nodes 1aal, 2 ;b3=fadl.nodes cel, 3 -fidl, nodes (sa1,3) ;
cl=fmcl.nodes(ddl, 1) -frdl, rodes (aal, 1) ;ei=frdl, rodes (ddl, 2) -fodl.nodes 1aal, 2 ;e3=fwdl.ncdes ddl, 3 -frdl, nodes (sal, 3) )
vol=[sl al a3; bl b2 b3; cl ¢ e3);
volume=aha (det (val)) /6000.C;
veighted pos mass=[weightec_pos mass: x val®™volume, v val®voluwe,z wal®volune: ;
coordirates=[coozdinates; x val,y val z wval]:
end
% CM= sumweighted pos wassa(:, 1) )."vo'._swn.' ¥ CH=sum (weighted jos _mesa(:,2) ]fvn‘._su.m; Z_CM=zum(weighted jos_ness(:, ) ]/vul_su.m;

disp('ing elen datl'):disp({'colouwr scale - rasistivicy va.uea') ;

disp(colove map);

disp('CCORDINATES ) rdisp (wean{coordinates(:,1)) ) digpimean (coordinates [:,2)) ) disp (mean (coordinates &, 31)):
dizp ('3 CH') idisp (X CH) disp ('Y CN') disy (¥ _2M)sdisp('2 CH' ) ;disp(Z_CM);

03
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APPENDIX C
Measurement Sequence Table for Opposite and Adjacent Current Stimulation Strategy
for Two, Three and Four Electrodes System

Cl: Sequence Table for Two Rings Adjacent Current Injection and Adjacent Voltage Measurement
Sequence

I1V1: db (current injection on first ring and voltage measurement on first ring)
#500,#S0F,#S00,#S00,#510,#S00,#S00,#521,#S00,#500,#532,#500,#500,#543,#500,#500,#554,#500,#50
0,#565,#500,#500,#576,#500,#S00,#587,#S00,#S00,#598,#500,#S00,#SA9,#500,#500,#SBA,#500,#500,#
SCB,#500,#500,#SDC,#500,#S00,#SED,#S00,#S500,#SFE,#S00

11V2: db ( current injection on first ring and voltage measurement on second ring)
#S00,#SOF,#511,#S00,#510,#511,#500,#521,#511,#500,#532,#511,#500,#543,#511,#S00,#554,#511,#S0
0,#565,#511,#500,#576,#511,#500,#587,#511,#S00,#598,#511,#500,#SA9,#511,#500,#SBA #511,#500,#
SCB,#511,#500,#SDC,#511,#S00,#SED,#511,#S00,#SFE,#511

I12V1: db (current injection on second ring and voltage measurement on first ring)
#511,#SOF,#500,#511,#510,#500,4511,#521,#500,#511,#532,#500,#511,#543,#500,4#511,#554,#500,#51
1,#S565,#S00,#511,#576,#500,#511,#587,#500,#511,#598,#500,#511,#SA9,#S00,#511,#SBA #S00,#511 #
SCB,#500,#511,#SDC,#S00,#511,#SED,#5S00,#511,#SFE,#S00

I12V2: db (current injection on second ring and voltage measurement on second ring)

#S11,HSOF, #S11,#S11,#510,#511,#511, #5211, #511,#511,#532,#S11, #5311, #543,#511,#511, #3554, #511,#51
1,#S65,#511,#511,#576,#511,#511,#S87 #511,#511,#598,#511,#S511 #SA9,#511,#511,#SBA #511,#511,#
SCB,#511,#511,#SDC,#511,#511,#SED,#511,#511, #SFE,#511.

C2: Sequence Table for Two Rings Opposite Current Injection and Adjacent Voltage Measurement
Sequence

I11V1: db (current injection on the first ring and voltage measurement on first ring)
#500,#S08,#500,#S00,#519,#S00,#500,#S2A,#500,#500,#S3B,#500,#S00,#S4C,#500,#500,#S5D,#500,#S
00,#S6E,#500,#S00,#S7F,#S00,#500,#580,#500,#500,#591,#500,#S00,#SA2,#500,#S00,#SB3,#500,#500,
#SC4,#S00,#S00,#SD5,#S00,#S00,#SE6,#500,#500,#SF7,#S00

11V2: db (current injection on the first ring and voltage measurement on second ring)
#500,#508,#511,#500,#519,#511,#500,#52A,#511,#S00,#S3B,#511,#500,#54C,#511,#500,#55D,#511,#S
00,#S6E,#S11,#S00,#S7F,#511,#500,#580,#511,#S00,#591,#511,#S00,#SA2,#511,#500,#5B3,#511,#500,
#SC4,#S511,#S00,#SD5,#511,#S00,#SE6,#511,#500,#5F7,#511

I2V1: db (current injection on second ring and voltage measurement on first ring)
#S511,#508,#500,#511,#519,#500,#511,#52A,#S00,#511,#S3B,#500,#511,#S4C,#500,#511,#55D,#500,#S
11,#S6E,#500,4#S11,#S7F,#S00,#511,#580,#$00,#511,#591,#500,#$11,#SA2,#S00,#S$11,#SB3,#300,#511,
#SC4,#500,#511,#SD5,#500,#511,#SE6,#S00,#511,#SF7,#S00

I12V2: db (current injection on second ring and voltage measurement on second ring)
#S11,#508,#511,#511,#519,#511 #511 #52A #511,#511,#53B,#511,#511,#S4C,#S11,#511,#S5D,#511,#S
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11,#S6E,#S11,#S11,#S7F #S11, #5171, #580,#5 11, #S11,#S91,#S11,#S11 #OA2, #S11,#S511 #SB3,#S11, #8511,
#SCA,H#S11,#S11,#SDS, #S11,#511 HSE6, #S11,#511,#SF7,#$11.

C3: Sequence Table for Three Rings Adjacent Current Injection and Adjacent Voltage
Measurement sequence

I1V1: db (current injection on first ring and voltage measurement on first ring)
#S00,#S0F,#S00,#S00,#510,#500,#500,#521,#500,#500,#532,#500,#500,#543,#500,#500,#554,#500,#50
0,#565,#500,#500,#576,#500,#S00,#587,#500,#S00,#598,#S00,#S00,#SA9,#500,#500,#SBA, #500,#500,#
SCB,#500,#500,#SDC,#500,#S00,#SED,#S00,#S500,#SFE, #S00

11V2: db (current injection on first ring and voltage measurement on second ring)

#S00,#S0F, #511,#S00,#510,#511,#500,#521,#511,#500,#532,#511,#500,#543,#511,#500,#554,#511,#50
0,#565,#511,#500,#576,#511,#500,#587,#511,#S00,#598,#511,#S00,#SA9,#511,#S00,#SBA #511,#500,#
SCB,#511,#500,#SDC,#511,#S00,#SED,#511,#S00,#SFE,#511

11V3: db (current injection on first ring and voltage measurement on third ring)
#S00,#SOF,#522,#S00,#510,#522,#500,#521,#522,#500,#532,#522 ,#500,#543,#522,#500,#554,#522,#S0
0,#565,H#522, #500,#576,#522,#500,#$87,#522,#500,#$98,#522, #S00,#SA9,#5$22, #S00,#SBA, #522,#$00 #
SCB,#$22,#500,#SDC,#522,#S00,#SED,#$22,#500,#SFE,#$22

I12V1: db (current injection on second ring and voltage measurement on first ring)
#S11,#S0F,#S00,#511,#510,#500,#511,#521,#S00,#511,#532,#500,#511,#543,#500,#S11,#554,#500,#51
1,#565,#500,#511,#S76,#500,#511,#587,#500,#511,#598,#S00,#511,#SA9,#500,#511,#SBA #500,#511,#
$CB,#500,#511,#SDC,#500,#511,#SED,#3$00,#511,#SFE,#500

I12V2: db (current injection on second ring and voltage measurement on second ring)

#S11,#S0F #5511, #511,#510,4511,#511, #521,#511,#511,#532, #5111, #511,#543 #511,#511,#554,#511,#51
1,#S65,#511,#511,#576,#511,#511,#S87 #511,#511,#598,#511, #5111 #SA9,#511,#511,#SBA #511,#511,#
SCB,#511,#511,#SDC,#511,#511, #SED,#511,#511 #SFE,#511

I12V3: db (current injection on second ring and voltage measurement on third ring)

#S11,#S0F #522 #511,#510,4522,#511,#521,#522 #511,#532,#522 #511,#543 #522,#511,#554,#522 #51
1,8565,#522,#511,#576,#522,#511,#S87,#522,#511,#598,#522 #5111, #SA9,#522, #S11,#SBA #522,#511,#
SCB,#522,#511,#SDC,#522,#511,#SED,#522,#511,#SFE,#522

I3V1: db (current injection on third ring and voltage measurement on first ring)

#522,#S0F, #S00,#522,#510,#500,#522,#521,#500,#522,#532,#500,#522,#543,#500,#522,#554,#500,#52
2,#565,#500,#522,#576,#500,#522 #587,#S00,#522,#598,#500,#522, #SA9,#500,#522,#SBA #S00,#522,#
SCB,#500,#522,#SDC,#S00,#522, #SED,#S00,#522,#SFE, #S00

I3V2: db (current injection on third ring and voltage measurement on second ring)

#$22 HOOF, HS11,#522, #S10,#511,#S22,#521 #S11,#522, #S32, #511,#S22, #543 #S11,#522 HS54 #511,#S2
2,#S65,#511,#522 #576,#511,#522 #S87 #S11,#522,#598,#511,#522, #SAQ #511,#522 #SBA #511,#522,#
SCB,#S511,#522,#SDC,#511,#522 #SED,#S11,#522, #SFE,#511

I13V3: db (current injection on third ring and voltage measurement on third ring)
#S522 #SOF #522,#522 #510,#522,#522 #521,#522 #522, #532 #522 #522 #S43 #522,#522 #554,#522 #S52
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2,H$65,8522,#522 #576,#522 #$22 #S87 #522 #S22 HSO8 #$22 #522 #SAQ,#S$22 #522 #SBA HS22 #$22 #
SCB,#$22,#$22,#SDC,#$22,#522 #SED,#$22,#$22 #SFE,#$22

C4: Sequence Table for Three Rings Opposite Current Injection and Adjacent Voltage
Measurement Sequence

I1V1: db (current injection on first ring and voltage measurement on first ring)
#500,#508,#500,#500,#519,#500,#500,#52A,#500,#S00,#S3B,#500,#500,#S4C, #S00,#S00,#S5D,#S00,#S
00,#S6E,#500,#500,#57F,#500,#500,#580,#500,#500,#591,#500,#500,#SA2,#500,#500,#SB3,#500,#500,
#SC4,#500,#500,#SD5,#500,#S00,#SE6,#S00,#S500,#SF7,#S00

11V2: db (current injection on first ring and voltage measurement on second ring)
#S00,#508,#511,#500,#519,#511,#500,#52A,#511,#500,#53B,#511,#500,#54C,#511,#500,#55D,#511,#S
00,#S6E,#511,#500,#57F,#511,#500,#580,#511,#500,#591,#511,#500,#5A2,#511,#500,#5B3,#511,#500,
#SC4,#511,#S500,#SD5,#511,#S00,#SE6,#511,#500,#5F7,#511

11V3: db (current injection on first ring and voltage measurement on third ring)
#S00,#508,#522,#500,#519,#522,#500,#52A,#522,#500,#53B,#522,#500,#54C,#522,#500,#55D,#522,#S
00,#S6E,#522,#S00,#S7F,#522,#500,#580,#522,#500,#391,#$22, #S00,#SA2,#$22,#S00,#$B3,#522,#300,
#SCA,#522,#$00,#SD5,#$22,#500,#SE6, #3522, #$00,#SF7,#522

I12V1: db (current injection on second ring and voltage measurement on first ring)
#511,#508,#500,#511,#519,#500,#511,#S2A,#S00,#511,#S3B,#500,#511,#S4C,#500,#511,#S5D,#500,#S
11,#S6E,#500,#511,#S7F,#500,#511,#580,#500,#511,#591,#500,#511,#SA2,#500,#511,#5B3,#500,#511,
#5C4,#500,#511,#SD5,#500,#511,#SE6,#500,#511,#SF7,#500

I12V2: db (current injection on second ring and voltage measurement on second ring)
#511,#S08,#511,#511,#519,#511, #5111 #52A,#511,#511,#53B,#S11, #5311, #S4C, #S11,#511,#55D,#511,#S
11,#S6E,#S11,#S11,H#S7F,#S11,#511,#580,#511,#511,#591, #511,#S11, #SA2, #511,#511,#5B3,#511,#511,
HSCA,#S11,#511,#SD5,#511,#511,#SE6,#511,#511 #SF7,#511

I12v3: db (current injection on second ring and voltage measurement on third ring)
#HS11,#508,#522,#511,#519,#522 #511 #S2A,#522,#511,#S3B,#522,#511,#S4C,#522,#511,#55D,#522,#S
11,#S6E,#522, #5111, #S7F,#522,#511,#580,#522,#511,#591,#522,#511,#SA2,#522,#511,#SB3,#522,#511,
HSCA,#522,#511,#SD5,#522,#511,#SE6,#522, #5111, #5F7,#522

I3V1: db (current injection on third ring and voltage measurement on first ring)

#522,#S08,#500,#522 #519,#500,#522, #S2A #500,#522,#S3B,#500,#522,#S4C,#500,#522,#55D,#500,#S
22 #S6E,#500,#522 #S7F,#500,#522,#580,#500,#522,#591,#500,#522 #5A2,#500,#522 #5B3,#500,#522,
#SC4,#S500,#522,#SD5,#500,#522,#SE6,#500,#522,#S5F7,#S00

I3V2: db (current injection on third ring and voltage measurement on second ring)

#$22, HS08,#S11,#S22,#519,#S11,#522 HS2A #S11,#$22, #S3B, #S11,#522 HSAC, #S11, #3522, #S5D,#511,#S
22 #S6E,#511,#522 #S7F,#S11,#522,#580,#511,#522,#591,#511,#522, #SA2, #511,#522 #SB3,#511,#522,
#SCA,#S11,#522,#SD5,#511,#522 #HSE6,#511,#522, #SF7,#511
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I3v3: db (current injection on third ring and voltage measurement on third ring)

#5522, #S08,#522,#522 #519,#522 #522 #S2A #3522, #$22 #S3B,#522,#$22 #SAC, #S22 #3522 #S5D #522 #S
22, HS6E, #522,#522 #STF #3522, #522 #580,#522, #3522, #$91 #3522 #$22 #SA2 #522,#522 #SB3,#522,#$22,
HSCA,#522,#$22, #SD5,#$22,#522 HSEG, #3522, #$22 #SF7,#522

C5: Sequence Table for Four Rings Adjacent Current Injection and Adjacent Voltage Measurement
sequence

I11V1: db (current injection on first ring and voltage measurement on first ring)
#S00,#S0F,#S00,#S00,#510,#500,#500,#521,#500,#500,#532,#500,#500,#543,#500,#500,#554,#500,#50
0,#565,#500,#500,#576,#500,#S00,#587,#S00,#S00,#598,#500,#S00,#SA9,#500,#500,#SBA #500,#500,#
SCB,#500,#500,#SDC,#500,#S00,#SED,#S00,#500,#SFE,#S00

11V2: db (current injection on first ring and voltage measurement on second ring)

#S00,#S0F, #511,#S00,#510,#511,#500,#521,#511,#500,#532,#511,#500,#543,#511,#500,#554,#511,#50
0,#565,#511,#500,#576,#511,#500,#587,#511,#S00,#598,#511,#S00,#SA9,#511,#S00,#SBA #511,#500,#
SCB,#511,#500,#SDC,#511,#S00,#SED,#511,#S00,#SFE,#511

11V3: db (current injection on first ring and voltage measurement on third ring)
#S00,#S0F,#522,#500,#510,#522,#500,#521,#522,#500,#532,#522,#500,#543,#522,#500,#554,#522,#50
0,#565,#522, #500,#576,#522,#S00,#587,#522,#500,#598,#522,#500,#SA9,#522,#S00,#SBA, #522,#500,#
SCB,#522,#500,#SDC,#522 #500,#SED,#522,#S00,#SFE,#522

I1V4: db (current injection on first ring and voltage measurement on fourth ring)
#S00,#S0F,#533,#500,#510,4#533,#500,#521,#533,#500,#532,#533,#500,#543,#533,#500,#554,#533,#50
0,#565,#533,#500,#576,#533,#500,#587,#533,#S00,#598,#533,#S00,#SA9,#533,#500,#SBA #S533,#500,#
SCB,#533,#500,#SDC,#533,#500,#SED,#533,#S00,#SFE,#533

I12V1: db (current injection on second ring and voltage measurement on first ring)
#S11,#SOF,#500,#511,#510,4500,#511,#521,#S00,#511,#532,#500,#511,#543,#500,#511,#554,#500,#51
1,#S565,#S00,#511,#576,#500,#511,#587,#500,#511,#598,#500,#511,#SA9,#S00,#511,#SBA #500,#511 #
SCB,#500,#511,#SDC,#S00,#511,#SED,#500,#511,#SFE,#500

I12V2: db (current injection on second ring and voltage measurement on second ring)
HS11,#SOF,#S11,#511,#510,#511,#511,#521,#511,#511 #532,#511,#511,#543,#511,#511,#554,#511,#S1
1,H#S65,#511,#511,#S576,#511,#511,#587, #511,#511,#598, #511,#511,#SAQ, #5111, #5111 #SBA#S11,#511,#
SCB,#511,#511,#SDC,#511,#S11,#SED,#511,#511,#SFE,#511

I12V3: db (current injection on second ring and voltage measurement on third ring)
HS11,#SOF,#522,#511,#510,#522,#511,#521,#522, #5111, #532,#522,#511,#543,#522,#511,#554,#522,#S51
1,H#S65,#522, #511,#S576,#522, #511,#587, #522,#511,#598,#522, #5 11, #5A9,#522 #5111, #SBA #522 #5111 #
SCB,#$22 #S11 #SDC,#S22,#S11, #SED, #5$22 #5511 HSFE, #5$22
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I12V4: db (current injection on second ring and voltage measurement on fourth ring)

#S11,#S0F, #533,#511,#510,#533,#511,#521,#533,#511,#532,#533,#511,#543,#533,#511,#554,#533,#51
1,#S65,#S533,#511,#576,#533,#511,#587,#533,#511,#598,#533 #5111, #SA9,#533,#511, #SBA #533 #5111 #
SCB,#533,#511,#SDC,#533,#511,#SED,#533,#511,#SFE, #533

I3V1: db (current injection on third ring and voltage measurement on first ring)

#522,#S0F, #S00,#522,#510,#S00,#522,#521,#500,#522,#532,#500,#522,#543,#500,#522,#554,#500,#52
2,#565,#S00,#522,#576,#500,#522 #587,#500,#522,#598,#500,#522,#SA9,#500,#522, #SBA,#500,#522,#
SCB,#500,#522,#SDC,#S00,#522, #SED,#S00,#522 #SFE,#500

I3V2: db (current injection on third ring and voltage measurement on second ring)

#522,#SOF #511,#522,#510,#511,#522,#521,#511,#522,#532,#511,#522, #543 #511,#522 #554,#511,#52
2,#S65,#511,#522 #576,#511,#522 #S87,#S11,#522, #5908, #S511,#522, #SAQ, #S511,#522 #SBA #S511,#522,#
SCB,#511,#522,#SDC,#511,#522 #SED,#S511,#522, #SFE,#511

I3V3: db (current injection on third ring and voltage measurement on third ring)

#522,#SOF, #522,#522, #510,#522, #522 #5211, #5822, #522,#532,#522, #5522, #SA3, #5222 #522 #554,#522 #52
2,#565,#522 #522 #576,#522,#522,#587 #522,#522,#598,#522,#522 #SA,#522 #522 #SBA#522,#522 #
SCB,#522,#522, #SDC,#522,#522 #SED,#522,#522 #SFE,#522

I3V4: db (current injection on third ring and voltage measurement on fourth ring)

#S522,#SOF #533,#522,#510,4#533,#522, #521,#S533,#522,#532,#533,#522,#543 #533,#522 #554,#533,#52
2,#565,#533,#522,#576,#533,#522, #587 #533,#522,#598,#533,#522, #SA9,#533,#522, #SBA #533,#522 #
SCB,#533,#522,#SDC,#533,#522,#SED,#533,#522 #SFE,#533

14V1: db (current injection on fourth ring and voltage measurement on first ring)
#S33,#S0F,#500,#533,#510,4500,#533,#521,#500,#533,#532,#500,#533,#543,#500,#533,#554,#500,#53
3,#565,#500,#533,#576,#500,#533,#587,#S00,#533,#598,#500,#533,#SA9,#500,#533,#SBA #S00,#S533,#
SCB,#500,#533,#SDC,#500,#533,#SED,#500,#533,#SFE,#500

14V2: db (current injection on fourth ring and voltage measurement on second ring)
#S33,#SOF,#511,#533,#510,#511,#533,#521,#511,#533,#532,#511,#533,#543,#511,#533,#554,#511,#S3
3,#565,#511,#533,#576,4#511,#533,#587,#511,#533,#598,#511,#533, #SA9,#511,#S533,#SBA #S11,#S533,#
SCB,#511,#533,#SDC,#511,#S33,#SED,#511,#533, #SFE,#511

14V3: db (current injection on fourth ring and voltage measurement on third ring)

#S33,#S0F, #522,#533,#510,4#522,#533,#521,#522,#533,#532,#522 #533,#543,#522,#533 #554,#522 #S53
3,#565,#522,#533,#576,#522,#533 #5587, #522 #533,#598,#522,#533, #SA9,#522,#533, #SBA #522,#S533,#
SCB,#522,#533,#SDC,#522 #533,#SED,#522,#533 #SFE,#522

14V4: db (current injection on fourth ring and voltage measurement on fourth ring)
#S33,#S0F,#533,#533,#510,#533,#533,#521,#533,#533,#532,#533,#533,#543,#533,#533 #554,#533 #53
3,#565,#533,#533,#576,#533,#533,#587,#533,#533,#598,#533,#533,#SA9,#533,#533,#SBA #S33,#533,#
SCB,#533,#533,#SDC,#533,#533,#SED,#533,#533,#SFE, #533
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C6: Sequence Table for Four Rings Opposite Current Injection and Adjacent Voltage Measurement
Sequence

I1V1: db (current injection on first ring and voltage measurement on first ring)
#500,#508,#500,#500,#519,#500,#500,#52A,#500,#500,#S3B,#500,#500,#54C,#500,#500,#55D,#500,#S
00,#S6E,#500,#500,#57F,#500,#500,#580,#500,#500,#591,#500,#S00,#SA2,#500,#500,#5B3,#500,#500,
#SC4,#500,#500,#SD5,#500,#S00,#SE6,#S00,#500,#SF7,#S00

I11V2: db (current injection on first ring and voltage measurement on second ring)
#500,#508,#511,#500,#519,#511,#500,#52A,#511,#S00,#S3B,#511,#500,#S4C,#511,#S00,#S5D,#511,#S
00,#S6E,#511,#500,#57F,#511,#500,#580,#511,#500,#591,#511,#500,#5A2,#511,#500,#5B3,#511,#500,
#SC4,#511,#500,#SD5,#511,#S00,#SE6,#511,#500,#5F7,#511

11V3: db (current injection on first ring and voltage measurement on third ring)
#S00,#508,#522,#500,#519,#522,#500,#52A,#522,#500,#53B,#522,#500,#54C,#522,#500,#55D,#522,#S
00,#S6E,#522,#500,#57F,#522,#500,#580,#522,#500,#591,#522,#500,#SA2,#522,#500,#SB3,#522,#500,
#SC4,#522,#500,#SD5,#522,#S00,#SE6,#522,#500,#5F7,#522

11V4: db (current injection on first ring and voltage measurement on fourth ring)
#500,#508,#533,#500,#519,#533,#500,#52A,#533,#500,#S3B,#533,#500,#54C,#533,#500,#55D,#533,#S
00,#S6E,#533,#S00,4#S7F,#533,#500,#580,#533,#500,#591,#533,#500,#5A2,#533,#500,#5B3,#533,#500,
#SC4,#S33,#S00,#SD5,#S33,#S00,#SE6,#533,#500,#5F7,#533

I12V1: db (current injection on second ring and voltage measurement on first ring)
#511,#508,#500,#511,#519,#500,4511,#S2A #S00,#511,#S3B,#500,#511,#S4C,#500,#511,#S5D,#500,#S
11,#S6E,#S00,4511,#S7F,#500,#511,#580,#500,#511,#591,#500,#511,#SA2,#500,#511,#5B3,#500,#511,
#SC4,#S00,#511,#SD5,#S00,#511,#SE6,#500,#511,#SF7,#S00

I12V2: db (current injection on second ring and voltage measurement on second ring)
#S11,4508,#511,#511 #519,#511 #5111, #S2A #5111 #511,#S3B,#S11,#511,#S4C,#511,#511 #55D,#511,#S
11,#S6E,#S11,#S11 #S7F,#511,#511,#580,#511,#511,#591,#511,#511,#SA2,#511,#511,#SB3,#511,#S511,
HSCA,#S11,#511,#SD5,#511,#511,#SE6,#511,#511 #SF7,#511

12v3: db (current injection on second ring and voltage measurement on third ring)
#S11,#508,#522,#511,#519,#522 #511 #S2A,#522,#511,#S3B,#522,#511,#S4C,#522,#511,#55D,#522,#S
11,#S6E,#522, #5111 #S7F,#522,#511,#580,#522,#511,#591,#522,#511,#SA2,#522,#511,#SB3,#522,#511,
HSCA,#522,#511,#SD5,#522,#511,#SE6,#522,#511 #5F7,#522

I12V4: db (current injection on second ring and voltage measurement on fourth ring)
#S11,#508,#533,#511,#519,#533,#511,#52A,#533,#511,#S3B,#533,#511,#S4C,#533,#511,#55D,#533,#S
11,#S6E,#S533,#511,#S7F #533,#511,#580,#533,#511,#591,#533, #5111, #SA2,#533,#511,#SB3,#533,#511,
#SCA,#$33,#511,#SD5,#533 #S11 HSE6,#S33,#$11 #SF7,#533
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I3V1: db (current injection on third ring and voltage measurement on first ring)
#522,#508,#500,#522,#519,#500,#522 #52A,#500,#522,#53B,#500,#522,#54C,#500,#522,#55D,#500,#S
22 #S6E,#500,#522 #S7F,#500,#522,#580,#500,#522,#591,#500,#522,#5A2,#500,#522,#5B3,#500,#522,
#SC4,#500,#522,#SD5,#500,#522,#SE6,#S00,#522,#SF7,#S00

I3V2: db (current injection on third ring and voltage measurement on second ring)
#522,#508,#511,#522 #519,#511,#522 #52A #511,#522 #S3B,#511,#522, #S4C,#S511,#522,#S5D,#511,#S
22 #S6E,#511,#522 #S7F,#S11,#522,#580,#511,#522,#591,#511,#522, #5A2, #511,#522 #SB3,#511,#522,
#SCA,#S11,#522,#SD5,#511,#522 HSE6,#511,#522, #SF7,#511

I3v3: db (current injection on third ring and voltage measurement on third ring)

#522,#508,#522,#522 #519,#522 #522 #52A #522 #522 #S3B,#522 #5222 #SAC,#522,#522,#55D,#522,#S
22 #S6E,#522 #522 #STF,#522,#522,#580,#522,#522,#591,#522, #522 #SA2 #522 #522 #SB3,#522,#522,
#HSCA,#S522,#522,#SD5,#522,#522 HSE6,#522,#522 #SF7,#522

I3V4: db (current injection on third ring and voltage measurement on fourth ring)
#522,#508,#533,#522,#519,#533 #522 #52A #533,#522 #53B,#533,#522 #S4C,#533,#522,#55D,#533,#S
22, HS6E,#S33,#522 #S7F, #533,#522,#580,#533,#522,#591,#533,#522 #SA2,#533,#522,#SB3,#533,#522,
#SC4,#S33,#522,#SD5,#533,#522 #HSE6,#S533,#522, #SF7,#533

14V1: db (current injection on fourth ring and voltage measurement on first ring)
#533,#508,#500,#533,#519,#500,#533,#S2A, #500,#533,#S3B,#500,#533,#54C,#500,#533,#55D,#500,#S
33,#S6E,#500,#533,#57F,#S00,#533,#580,#S500,#533,#591,#500,#533,#5A2,#500,#533,#5B3,#500,#533,
#SCA,#500,#533,#SD5,#500,#533,#SE6,#S00,#533,#SF7,#500

14V2: db (current injection on fourth ring and voltage measurement on second ring)
#S33,#508,#511,#533 #519,#511,#533, #S2A #5111, #533,#S3B,#511,#533, #S4C,#511,#533,#55D,#511,#S
33,#S6E,#511,#533,#S7F,#511,#533,#580,#511,#533,#591,#511,#533,#SA2,#511,#533,#5B3,#511,#533,
HSCA,#511,#533,#SD5,#511,#S33,#SE6,#511,#533 #5F7,#511

14v3: db (current injection on fourth ring and voltage measurement on third ring)

#S33,#508,#522 #533 #519,#522 #5533, #S2A #522 #533,#S3B,#522 #533 #S4C,#522,#533, #55D,#522 #S
33,#S6E,#522,#533 #S7F,#522,#533,#580,#522,#533,#591,#522, #S533, #SA2, #522 #533 #5B3,#522,#533,
#HSCA,#S522,#533,#SD5,#522,#533,#SE6,#522,#533 #5F7,#522

14V4: db (current injection on fourth ring and voltage measurement on fourth ring)
#S33,#508,#533,#533 #519,#533,#533,#S2A #533 #533,#53B,#533,#533,#S4C,#533,#533,#55D,#533,#S
33,#S6E,#533,#533 #57F,#S533,#533,#580,#533,#533,#591,#533,#533,#5A2, #533,#533 #5B3,#533,#533,
#HSCA,#S33,#533,#SD5,#S533,#533,#SE6,#533,#533,#5F7,#533
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APPENDIX D

Electrode Select Sequence Table Format for Current Stimulations and Voltage
Measurement in a Two, Three and Four rings Electrode systems

D1:

BYTE1 BYTEZ BYTE3

DRIVE LAYER SELECT DRIVE ELECTRCODE SELECT SENSE LAYER SELECT

3 hits; select 1 of 8 layer 4 bits: select 1 of 16 electrodes 3 bits: select 1 of 8 layer

‘BT ‘56 ‘55 ‘54 B3 |BQ |B’l |BU| ‘BT ‘56 ‘55 ‘54 B3 ‘52 ‘51 ‘BO‘ ‘B? ‘BB ‘55 ‘54 B3 ‘52 ‘51 ‘BO‘

- | |- L || L | I e |
source layer Sink layer sSource Sink Mon-inverting Imverting

Electrode Electrode Input layer Input layer
End of Table Flag (1=E0T) To differential amplifiers

Figure D1: Electrode select sequence table format

D2:

current

current voltage ) voltage )

@

(a) (b) ()

current voltage

(d)

Figure D2. Diagrams (a) - (d) show the implementation figure D1 for sequence of current injections and voltage
measurements to collecting data for 3-D image reconstruction using the two rings electrodes system. (a) Stimulation of
current in first ring and measurement in the first ring, (b) Stimulation of current in first ring and measurement in the

A-46
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second ring, (c) Stimulation of current in second ring and measurement in the first ring and (d) Stimulation of current in
second ring and measurement in the second ring.

D3:

voltage )
voltage )

voltage

(a) (b) ()

voltage >

current

voltage >

(d) (e) (f)

voltage >
voltage

(8) (h) (i)

Figure D3. Diagrams (a) - (i) show the implementation of figure D1 for sequence of current injection and voltage
measurement for collecting data for 3-D image reconstruction for three rings. (a) Stimulation of current in first ring and
measurement in the same ring, (b) Stimulation of current in first ring and measurement in the second ring, (c)
Stimulation of current in first ring and measurement in the third ring, (d) Stimulation of current in second ring and

A-47
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measurement in the first ring, (e) Stimulation of current in second ring and measurement in the second ring, (f)
Stimulation of current in second ring and measurement in the third ring, (g) Stimulation of current in third ring and
measurement in the first ring, (h) Stimulation of current in third ring and measurement in the second ring, (i) Stimulation
of current in third ring and measurement in the third ring.

D4 :

current

voltage >

voltage

7

voltage >

(a) (b) ()

voltage P
voltage

voltage )

voltage )
voltage >
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voltage >
current voltage

() (k) (1)

voltage )

voltage )
voltage >
voltage )

voltage

(p)

Figure D4: Diagrams (a) - (p) show the implementation of figure D1 for sequence of current injection and voltage
measurement for collecting data for 3-D image reconstruction for four rings . (a) Stimulation of current in first ring and
measurement in the same ring, (b) Stimulation of current in first ring and measurement in the second ring, (c)
Stimulation of current in first ring and measurement in the third ring,(d) Stimulation of current in first ring and
measurement in the fourth ring, (e) Stimulation of current in second ring and measurement in the first ring, (f)
Stimulation of current in second ring and measurement in the second ring, (g) Stimulation of current in second ring and
measurement in the third ring, (h) Stimulation of current in second ring and measurement in the fourth ring, (i)
Stimulation of current in third ring and measurement in the first ring, (j) Stimulation of current in third ring and
measurement in the second ring, (k) Stimulation of current in third ring and measurement in the third ring, (l)
Stimulation of current in third ring and measurement in the fourth ring, (m) Stimulation of current in fourth ring and
measurement in the first ring, (n) Stimulation of current in fourth ring and measurement in the second ring, (o)
Stimulation of current in fourth ring and measurement in the third ring, (p) Stimulation of current in fourth ring and
measurement in the fourth ring.
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APPENDIX E: Data Sorting Format for The Required Measured Voltage for Image

Reconstruction

E1l : Table E1: Selection of 13 data per stimulation yielding 208 data out of 256 data from 16 current stimulation
through adjacent electrodes in a ring. Shaded readings are unused leaving out 13 data plotted for each of the
16 "u" curves in figure 2.13

E3/E

E4/E

ES/E

E6/E

E7/E8 | ES/E

E9/E

E10/E

E11/

E12/

E13/E1

E14/E1

E15/ | E16/

E2 : Table E2: Selection of 12 data per stimulation yielding 192 data out of 256 data from 16 current stimulation
through adjacent electrodes in a ring. Shaded readings are unused leaving out 12 data plotted for each of the
16 curves in figure 2.13

s/N | Ex/E | E2/E | E3/E | E4/E | E5/E | E6/E | E7/ES ‘ES/E }i E10/E E11/ | E12/ | E13/E1 | E14/E1 | E15/ \%
1 [ I

2 |

3

4

5 |

6 |

7

8

9
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APPENDIX F

Writing of Measurement Sequence Tables for Two, Three and Four Rings Electrode Systems
Considering a Sequence of Current Stimulations through Opposite and Adjacent Electrode

pairs ( Addressing the Forward Problem of the UCT Tomography Rig)

An understanding acquired from the exploration of the stimulation function, mk_stim_patterns of
EIDORS by studying the format of data in the stim. stim_pattern function lead to the development of
six measurement sequence tables for the two, three and four rings electrode system with regard to
current stimulation through opposite and adjacent electrode pairs. The six measurement sequence
tables were used to investigate the statement by Paivii (1999), who stated that the more independent
measured data are obtained, the better the expected spatial resolution. The sequence tables which
specify the position of the current injection electrode pair, voltage measurement electrode pair, ring of
current injection electrode pair and the ring of voltage measurement electrode pair were developed
from the format shown in figure 3.9. The six measurement sequence tables, three of which are for
current injection through adjacent electrode pairs in two, three and four rings and the other three for
current injection through opposite electrode pairs in two, three and four rings, are displayed in section

2.1.1 to 2.1.6 of the appendix.

Plots of measured voltage data from an array of rings on loading the measurement sequence table into
a C++ code that runs the UCT tomography rig are displayed in figures 5.7 to 5.10. It was observed that
rings of electrodes off the plane of current injection ring detected the electric field signals introduced
into the conductive medium due to current stimulation. This shows that electric field flux is a surfaces
and not curve, thus, disproving the assumption by Barber and Brown (1983) who in early days of

electrical imaging research assumed isopotentials are curves rather than surfaces (Adler et al. 2006).

Plot of amplituda of 256 messured voltags data ets against massursment count
s T T T

Ampltude of Measured Voltage for Sequence of Cument Stimulation ()
. o

L
0 i 100 150 £ 250 30
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Figure F.1. A frame of 256 measured voltage signals made on the first ring due to a sequence of current injections

through opposite electrode pairs in the first ring in a four rings electrode system.

Plot of 256 Measured Valtage data sets against Measured Vahtage Count
3
T T T

Amplitude of Measured Voltage for a Sequence of Gurrent Stimulations (my)

3 I | | | |

150
Valtage Measurement Count

Figure F.2. A frame of 256 measured voltage signals made on the second ring due to a sequence of current injections

through opposite electrode pairs in the first ring in a four rings electrode system.

Plot of Amplitude of 255 Measured Valtage Data sets against Voltage Measurement Count
1
T T T

08— —

032 —

a2 _

04 _

Ampltude of Measured Valtags for a Ssqusnce of Current Stimulation ()

iy _

8 | | | | |
o &0 100 150 200 250 300

“oltage Measurement Caunt

Figure F.3. A frame of 256 measured voltage signals made on the third ring due to a sequence of current injections

through opposite electrode pairs in the first ring in a four rings electrode system.
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Plat of 256 Measured Voltage data sets against Voltage Measurement Count

W
=} =} o o o o o
X 5 =) 8 [N © = n
T T

| | | | | | |

Amplitude of Measured Valtage for & Sequence of Currant Stimulation (i)

&
7]
T
|

1=}
n

=}
@
a3

100 150 200 250 300
Voltage Measurement Count

Figure F.4. A frame of 256 measured voltage signals made on the fourth ring due to a sequence of current injections

through opposite electrode pairs in the first ring in a four rings electrode system.

The plots also confirm the assertion by Jossinet and Kardous (1987) who observed from their work on
multi-electrode phantom study that sensitivity out of plane containing the injection electrode is far from
being negligible. More importantly, the plots inform that the reconstruction of a complete 3-D image
requires measurement of voltage on all planes, even if currents are only driven through one plane at a
time for a system with several planes of electrodes as the flux spread out in all direction. This agrees

with the suggestion of Polidorides et al (2002) for voltage measurement to reconstructing 3-D images.

Relative to the maximum amplitude of measured voltage signal in the current injection ring (the first
ring), the maximum amplitude of measured voltage signals in the second, third and fourth ring
decreases progressively from the first ring to the fourth ring. The maximum amplitude in the first,
second, third and fourth ring are 4.3274mv, 2.5232mv, 0.8112mv and 0.4083mv respectively. The trend
of progressive decrease in the maximum amplitude of the measured voltage signal from a set of rings at
various distances from the current injection ring is in good agreement with the physical relationship
between electric field potential at a point and the mean distance of the ring of electric charges from that
point. That is, the magnitude of electric potential at a point is inversely proportional to the distance of

the source of the electric field (rings of charges) from that point.
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APPENDIX G
Writing of MATLAB Function Code to Load the Measured Voltage Signals from the
Boundary of A Two, Three and Four Rings Electrode System Considering a Sequence of
Current Stimulation through Opposite and Adjacent Electrode pairs

(Addressing the Inverse Problem of the UCT Tomography Rig)

Following the analysis of the sequence of simulated measured voltage data sets as contained in the
stim.meas_pattern function included within the mk_stim_pattern function of EIDORS, eighteen
MATLAB loading functions were developed. For each of the six reconstruction codes written, three
loading functions were written for loading measured voltage data from the boundary of the UCT rig
containing a homogeneous solution with no current stimulation, a homogeneous solution with fixed
magnitude of current stimulation and an inhomogeneous solution with a fixed magnitude of current
stimulation respectively. The eighteen loading functions are highlighted in table 3.3. The three loading
functions for each of the six reconstruction codes were written the same way, though each code for the
loading of different measured voltage data sets. The six distinct loading functions for each of the six

reconstruction code are written in appendix H1 through to H6.
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APPENDIX H

MATLAB Functions for Loading Data to the Reconstruction Codes of the Two,
Three and Four Rings Electrodes System

Loading Function for Adjacent Voltage Measurement Resulting from Stimulation through

Opposite Electrode Pairs in A Two Rings Electrode System (i.e. "meas_inhomo2rg opp",
" getcalibrationdata4rings_opp no_current " and
getcalibrationdatad4rings opp_current " were written the same form)

%3 LOAD MEASTURED DATA OF INHOMOGEMEODTS ZIOLUTICIH
function [INhomodata] =meas_inhomozZrg opp(infilename)
% MO CURRENT DATL FOR HOMOGENECOUS ZSOLUTICN

[no_cur data] = LoadDataFrame (infilenawe,1,1):
kK1=[]:k2=[1:K3=[]1:k4=[]:
w=1;

for i=1:leDrtlengthtno_cur_datajf(4*4));
kEl=[kl:no cur dats(v,:])]:
Ki=[ki:no cur data(v+l,:]]:
ki=[ki3:no_cur data(v+Z,:)]:
ki=[kd4:no_cur dataiv+3,:)]:
=g

enc

INHl=mean(kl) ; INHZ=mean (k2| ; INHI=mean (k3) ; INHd=mean (k4] ;

% Reordering of the woltage measured data such that for each current
% injection 32 data sets of wvoltages were measured.
k=1:
T=1:
IHrgl=[]:;IHrgz=[]:
for i=1:1a;
IHrgl (v:314+7)=[INH1 (k:15+k), INHZ {k: 15+k) ] ;
IHrog2 (v:314%) =[INH3 (k:15+k), INH4 (k:15+k)] :
k=k+16a:
T=v+3Z;
end

%z Merging of ordered measurement from the first ring (laver) and =second ring| layer)
THring=[IHrgl, IHrgz] :

% displays the data in a matrix form of 32E3Z2 = 1024 data
w=1:

IH3=[]:

for i=1:3:2



33
33
55
36
37
fei=)
39
40
41
4z
43
42
45
46
a7
48
49
=0
51
52
53
5
55
56
57
58
59
&0
&1
62

a3
(=13
55
(=11
a7
[=1=]
(==
70
i
7z
73
7
75
e =]
7
78
=]
a0
S1
8z
83
(=5
a5
E=1
a7
88
(==
p=lu]
a1
az

hh=THringi{w:314%w) 7

IHj=[IH3j:hh]:
w=wH3Z2

end

% Removing corrupted samples
S IMNMhomodaca=[] 7

$for u=1:2

&

Zend

Ii=[IHj(1,2:7),IHi(1,10
Iz=[IHj(2,3:8),IHi(=2,11

w=Ea¥r =g 5

INMhodatc=[IH]j {u,at+l:ut+s6)
% IMNhomodata=[ INhomodata:
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Y =

:15) , ITHF(1,17:321] 2
:16), THI(2,17:321] =

% INhodatl=[IHj {u;1z1u—2)
% ITNhomodata=[ INhomodatas: TNhodatl] »
Tend

IS=[IHj (3,1} ,IHi(3,42:2)

I4=[IHj(2,1:2),IHi(4,5:10)
IS=[IHj(S5,1:3),IHi(5,6:11)
Is=[IHj(6,1:4),IHi(6,7:12)
I7=[IHj(7?,1:5),IHi(7,8:13)

FFfor w=8:1:10

FHy (w,mt1lzuade),, THY (u,at8:

#IHF (M AAC arda) THY fa; IRFEs82) 17
INhodat] :

LIH3(3,12:16) ,IHI(3,17:32}7 :

SIHJ(2,13:16) ,IHI(2,17:32)] ¢
,IHj(5,14:16) ,IH} (5,17:32)] :
,IHj(6,15:16) ,IHj(6,17:32)] :
LIH3(7,16) ,IH3 (7,17:32)1:

% INhodatZ=[IHj(u,u—7:u—2) , IHj(u,ud+l:u+6) , IHj(u,17:321];
= INhomodata=[ INhomodata: INhodat2] ;
=

end

IS=[IHj(S,1:6),IHi(S,2:14) ,IHI(8,17:321]:
I9=[IH3j(2,2:7),IH3({2,10:15),IHI(2,17:321] ;
I10=[IHj(10,3:58),IHj{10,11:16) , THI(10,17:32)7 :

%¥for wm=11:1:15

% INhodat3=[IHj (u;1l:u—10) ,IH8] (u,un—T:ua—2) ,THj{(u,;,n+1:216) ; TE] (m,; 177z

% INhomodata=[ INhomodatcas: INhodat3] -

Zend

T11=FIH9(11,1),IHj(11,4:9) ,IHI(11,1=2:
Iiz=[IHj(12,1:2),IHj(12,5:10),IHj (12,
T13=[IH3 (13,1:3),IHI(13,6:11)1 , IHI (15,
IT14—[TH) (14,1:4) , TH3{14,7:12) , TH) (14,
I15=[IH3j(15,1:5),IH3 (15,8:13) , IHj (15,

Ffor u=1s6

&

&

T end

IMhodatcd4=[IHj (u,1: 6}
INhomodata=[ INhomodata: INhodat4] ;

v THg A, S A4y

Iis=[IHj(l16,1:6) , IHj(16,9:149) , TH3j (16,

SEe a=sdToEs

&

Fend

THhodacS=[THEj{u,1:16} , TH]j (ua,wa+1L:
% ITMhomodata=[ INhomodatas: INhodat

5]

163, IHA (11.17:32311
13:16) ,IHI (12,17:32) 1]
14:16) ,TH3 (13,17:3211

15:16) , ITH) ) (14,17:32)7] =

16) ,IHJ (15,17:32)1] :

LIHI(u,17:32)] ;

17:3217 :

uH6) , THI(u,a+9zu+1494) ] ;

I17=[IHj (17,1:16),IH3(17,18:23) ,IHI(17,26:3111] :
T18=[TH3 (18, 1:16) , TH3 (15, 19:24) , THI (18, 27:3211 =

SFEe, U391 TES

124 datg Set are reduaced th 4498

data—setcs)

16) , IHI (u,17:32)7 ;

% INhodate=[IHj(u,1:16) , ITHj(u,17:u—2) ., IHj{u,u+l:ua+6) ., IHj(u, u+92:=3211] :
% INMhomodata=[ INhomodata: INhodats] ;
Zend

I19=[IHj (12,1:16]

IZ20=[IHj (20,1:16) , IHj(20,17:128) , ITHj (20,21
IZi1=[IHj(21,1:16) ,IHj(21,17:12) ,IHj(21,2=2
IZ2=[IHj(22,1:16) , IHj (22,17:20) , IHj (22,23
IZ23=[IH] (23,1:16)1,IH3(23,17:21) ,IHj (23,24
SEeEE =R cds@ns

% INhodat7=[IHj{u,1:16) ., THj(n, u—"7:ua—2]
% INhomodata=[ INhomodata: INhodat?7] ;

F

IH7 (12,17),IHj (12,20:25) , IH) (19,25:3211] ;

:26) ,THI (20,29:327]
271 ,IH3({21,30:32)1]
z28),IH3(22,31:32)1]

29),IHI (23,3211

IHY (u,va+rlzu+si]l
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100
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10z -
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107
108
109
110 -
111 -
112
113 -
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send

I24=[IHj(24,1:16)  IHj(24,17:22) , IHj(24,25:30)];
I25=[IHj(25,1:16) , IHj(25,18:23) , IHj(25,26:31)];

I26=[IHj(26,1:16)  IHJ(26,19:24) , IHj(26,27:32)];

sfor u=27:1:31

3 INhodat&=[IH] (u, 1:16), IH3 (u, 17:u-10), IH] fu, u-Tiu-2), IH] (u,utli32) ]
5 INhomodata=[ INhowodata: INhodatd] ;

send

I27=[1Hj27,1:16) , IHj(27,17), IH}{27,20:25),IH) (27,268:32)];
I28=[IHj(28,1:16)  IHJ(28,17:18), IHJ(28,21:26) , IH](28,29:32)];
129=[IHj(29,1:16) ,IHj(29,17:19) , IHj(29,22:27) , IHj(29,30:32)];
I30=[IH3(30,1:16) , IH3(30,17:20), IHJ(30,23:28) , IHJ(30,31:32) ]
I31=[IHj(31,1:16) ,IHj(31,17:21) , IH (31,24:29) ,I03(31,32)];

sfor u=il

H INhodat9=[IH]{u, 1:16) , IH] (u, 17:u-10), IH] (u,u-7:u=2)];

4 INhomodata=[ INhowodata: INhodatd) ;

send

I32=[IHj(32,1:16)  IHj(32,17:22) , IHj(32,25:30)];
INhomodata=[I1,I2,13,14,15,16,17,18,19,110,111,112,113,114,115,116,117,118,119,120,121,122,123,124,125,126,127,128,129,130,131,132]";

end

Loading Function for Adjacent Voltage Measurement Resulting from Stimulation through
Adjacent Electrode Pairs in A Two Rings Electrode System (i.e. "
meas_inhomo2rg_adjacent", "getcalibrationdata2rg adjacent current " and
" getcalibrationdata2rg_adjacent nocurrent" were written the same
form)

%5 LOAD MELSTURED DLTL OF IMNMHOMOGENEOTS SOLTTT IO
Ffunction [INhomoadjacent] =meas__inhomozZrg adjacent (infilensme])

% MNO CURRENT DATL FOR HOMOSENEOQTZ ZIOLUTTION

[no_cur_dats] = LoadbataFrsaons (infilensons, 1,1) 7
kKi=[1:k2=[]1:k3=[]1:ka=[]:
w=1:

for i=1i:floor (length(no_cur_data) SraTvan g
kKili=[kl:no_cur_dat=ai(wv, )]
kz=[kZ;no_cur_data(wv+1l,:1] 7
ki=[kI;no_cur_datsi(v+zZ,:1]7:
kd4=[k4; no_cur_data(w+3,:1]1 7
W=
[=% 1=}
IMNHl=mean (kl) » INHZ=mean (K2 ) : INHI=mean (k3 ) : INMHd=m=ean (k4) »
% Reordering of the woltage messured dacs such that for emch current
% dnjection 32 data sSets of wvoltadges wWere measured.
k=1:
¥=1:
ITHrgl=[] = THrg=2=[] =
for i=1:16:
THrgli(w:31+%)=[INH1 (k:15+k) , INH= (k:15+k) ] :
THrgz (w:31+%) =[ INHS (k: 15+k) , INH4 (k: 15+k) ] :
kE=k+16:
=432
=1l
% Merging of ordered messursement from the first ring (laver)] and second ringl laver)
ITHring=[IHrgl, THrg2]

%Z displays the data in = matrix form of 16XH32 = 512 data
w=1:
IHI=I[]:



for 4di=1:32:
hh=IHring (w:314w) =
IHA=[IHI:-hh] -
=32 2

=nd
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% Remowving corrupted samples (4

Ti=[IH3 (1,5

I==[IH3
IS=[IH3
Ia=[IHI
IS=[IHI
Is=[IHI
Iv=[IH3
IS=[IHI
I=S=[IH3

Ii10=[IH]
I11=[IH]
Il=z=[IH]
I1s=[IH]
I1a=[IH]
I1S=[IH]
I1ls=[IH]

I17—[IHS
IisS—[IHS
Iio—[IHS3
Izo—[IHS
I=Z1=[IH3

end

(3.
[
(S,
(5.
(7
(=
(=

ES
1=
i
i
i
1z
i

(17,
(15,
(19,
(20,
(21,

15y, IH3 (1,17:=32117 =
(2, =: :

16) , IH3I(2,17:32)1] =
SIHI(3,S5:16) , ITHI (3
{4,5:16) , THI

=)

=3)
T 2]
:5)

=]

= 7)
(10,
(11,
(1=,
(13,
(13,
(1S,
(15,

NHHHHMEE

HHHHR

» IHI
-~ IHI
- IHI
- ITHI
- IHI
- IHI

(S, 7:16)
(5,5:16)
(7,2:16)
(S,10:16
(9,11:16

S) ,IHI (10,12
9} ,IH3 {11,113

1)
11
1z
13
14)

DRI

16 -
181 .
1&) .
16 ,
16) .

IH3 (12,14
IH3 (13,15
IH3 (142,16
IH3 (15,17
IH3 (16,17

IH5 (17,19
IH5 (15,20
IH5 (19, 17
IH5 (20, 17
IH (21,17

TR ]

THS
THS
THS

fn SR — [ i10z4

L e T
i2,17:3211
(5,17:3211
(6,17:32)1
(F,17:3211

S IHI (S5,17:32)
S IHI (2,17:32)

15) , ITHA (10, 1733231
151 , ITH3(11,17:3231]
IHJ (12, 17:=32)
IHI (13, 17:=32)
(12, 173217 =

i
B

T

1s) -
15 .
-~ ITH]

- ITH3
15y .

I
I

111 -

¥1 =

datas

Moy oy

won

(19,21:=32)1] =
ITH3 (20, =Z2:=:32)1]

sec

bl W

£19) ., THY {21, ,23=3231
Izz=[TIHj(22,1:16),IH3(22,17:20),IHi(22,249:32)] ;
I23=[IHj(23,1:16),IH3(23,17:21),IH3(23,25:32)];
Iz4=[IHj(24,1:16),IH](24,17:22),IH(24,26:32)1]:
Iz5=[IHj(25,1:16),IHj(25,17:23), IH] (25,27:321]:
Iz6=[IHj(26,1:16),IHj(26,17:24),IHi(26,28:321] ;
I27=[IHj(27,1:16),IH3(27,17:25),IH1(27,29:32)];
Izs=[IHj(28,1:16),IH](28,17:26),IH(25,30:321]:
Izo9=[IHj(29,1:16),IHj(29,17:27),IH)(29,31:321]:
I30=[IHj(30,1:16),IHj(30,17:28), IHi(30,32)]:
I31=[IHj(31,1:16),IH3(31,17:29)]:
IZz=[IHj(32,1:16),IH(32,18:30)]:
INhomoadjacent=[I1,Iz,I3,I4,15,16,1I7,15,19,I10,I11,I12,T13,I14,I15,I16,117,I18,I19,I20,...
1z1,122,125,I24,125,126, 127, 1268, 129,150,151, I32] "' ;

reduced to
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Loading Function for Adjacent Voltage Measurement Resulting from Stimulation through
Opposite Electrode Pairs in A Three Rings Electrode System (i.e. "meas_3rginhomo", "
getcalibrationdata3rings_opp currrent " and "
getcalibrationdata3rings_opp nocurrent " were written the same form)

S function [INhomodata] =meas_3Jrginhomo (infilename)

[no_cur_data] =LoadDataFramwe (infilenamwe,1,1);
% MEASURED DATA FOR HOMOGEMECOUS SOLUTICON

% measurement of 16X16 from first layer to the last layer based on the
% sequence table that was downloaded into the tomography hard drive in
% order to cbtain the calibration data sets with no current

ki=[]:k2=[]1:k3=[]1:k4=[]1:k5=[]1:k6=[]1:k7?=[]:k8=[]:k5=[]:

v=1;
Jfor i=1:floor (lengthino cur data)/(9%9));

kl=[kl;no cur data(v,:]];

ki=[ki:;no_cur data(v+l,:)]:
k3=[k3;no_cur data(v+i,:)];
k4=[k4;no_cur data(v+3,:)];
k5=[k5;no_cur data(v+d,:)];
k&=[ké:no_cur_data(v+5,:]];
kE?=[k7:no_cur data(v+6,:)]1;
kS=[kS;no_cur data(v+7,:)]1;
k9=[k9;no_cur data(v+d,:]];

w=vEE

rend

INHl=mean (kl) ; INHZ=mean (k2) ; INHi=mean (k3) ; INH4=mean (k4) ; INHS=mean (k5) ; INH6=mean (k6] ; INH7=mean (k7) ; INHS=mean (k3) ;
INHO=tean (k3] 7

% Reordering of the woltage measured data such that for esach current
% injection 32 data sets of voltages were measured.
k=1:

v=1;

IHrgl=[]:;IHrg==[]:IHcg3=[]:

| for i=1:16;

THrgl (v:47+y) =[ INH1 (k: 15+k) , INHZ (k: 15+k) , INH3 (k: 154k) ] ;
THrgz (v:47+7) =[ INH4 (k: 15+k) , INHS (k: 15+k) , INHE (k: 15+k) ] ;
ITHYrgS3 (P:947+7) =[INH7 [(K: 15+K) , INHS (K: 15+K) , INHS (K: 15+K) ] 2

kE=k+16:
T=v+45:
enc
IHring=[IHrgl, IHrgZ, IHrg3] ;-
%¥ displays the data in a matrix form of 48E48 = 23049 data
w=1:
IH3=[]1:>

for i=1:48

hh=THring (w:3274+%w])

IH3=[TIH3:hh] >

=8
end
I1i=[IHj(1,2:7),IH3(1,10:15) ,TIHj(1,17:32),IH3j(1,33:48)] :
Iz=[IHj(2,3:8),IHi(2,11:16) ,IHj(2,17:32),IH3(2,33:48)] :
FFfar W=3T4 7

% IMNhodatl=[IHj{u,1:u—2) ,THj (u,un+l :u+b) ., THI (v, u+=2:16) ., THF(ua, 17:= <
= INhomodata=[ INhomodata: TNhodatl]
Zend

IZ=[IHj(3,1) ,IHj(3,4:9) ,IHI(3,12:16) ,IHI(3,17:32),IHI(3,33:45)] :
I4=[IHj(4,1:2) ,IH3(4,5:10) , IHj(4,13:16) , IHI(4,17:32) ,IHI(2,33:45])]
IS=[IHj(5,1:3),IHi(5,6:11) ,IHj(5,14:16) , IH3I(5,17:32) ,IHI(5,33:45]]
Is=[IHj(6,1:4) ,IH3(6,7:12) ,IHI(6,15:16) ,IHI(6,17:32),IHI(6,33:45]]
I7?=[IHi(7,1:5),IHi(7,58:13) ,IHI(7,16),IHI(7,17:32),IHI(7,33:4948)1] :
Ffer: o=8sia10

LTRRT]

LT

% INhodatZ=[IHj (u,u—7:u—=2), IHj(u,u+l:u+6) , IHj (u,17:3271] =
= INhomodata=[ INhomodat=s: INhodat2] ;2
send

IS=[IHj(S,1:6),IH3(5,9:14) ,IHj(S,17:32),IHj(8,33:48)] :
IS=[IH3(9.2:7).IH3(2,10:15) ., IH3I(S,17:32) ., IH3I(9.33:4517 =
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I10=[IH3j (10,35:5) , IH3 (10, 11:16) , IHj (10,17:32) , IH3{(10,33:45)1] :
Ffor w=11:1:15

2= IMNMhodatc3=[IHj (u,1:u—10) THj(u, u—"7:u—2), ., IHj{u, u+l1216) , IHFJ(u,17=32)7 :
5 IMNhomodata=[ INhomodata: TNhodat3] ¢
Zend

T1i1=[IHj(11,1),ITHI(11,4:9),IHI(11,12:16) , IHI(11,17:32),IH)(11,33:a95)]:

Ii2=[IHj {(12,1:2) ,IHj(12,5:10) ,IH3(12,13:16) , ITHj (12,17:32) , IHI (12,33:48)7 :
T13=[IH3{13,1:3),IHI{(13,6:11) ,IHI(13,14:16) , ITHF (13,17:32) , THI (13,33:48)7] :
T14=[TH3 (14,1:4) , THj (14, 7:12) , THi(14,15:16) , THj (14,17:32) , TH3 (14,33 :48)] :

I15=[IH3(15,1:5),IH3(15,5:13),IH3(15,16) , IH3(15,17:32),IH]j (15,.,33:45)1] >

FEaE W—dh
HNhedata=[ IH] (18 THj (w9 19) THy (u; L?-3I2)r] =
IMhomodata=[ INhomodata: INhodatc4] ;

o

@

ern

Hod

16=[THI (16,1:6) , THI (16,9:14) , THI3 (16, 17:32) , TH3 (16,33 :48)] >
Far wu=417:218
INhodacS=[IH]j (u,1:16) , IHJ (u,u+li:u+6) , IHJ (1, u+9:u+142)] ;
IMNhomodata=[ INhomodata: INhodatc5] ;-

WA

oo

Fend

T17=[IH3 I (17,1:16) , ITHI(17,18:23) , IHj(17,26:31) , THI (17,33 ::458)
IT18=[THj (18,.,1:16) , TH3I(18,19:24) , TH3{({15,27:32),TIH3j (15,33 :48)
Tfor uw=19:1:223

1
1

»

IMhomodata=[ INhomodata: INhodac&] ;

W

Fend

INhodate6=[IHj(u,1:16), IHj(u,17:u—2),IHj(u,u+l:u+6),IH]j(u, u+g:32)]

I19=[IH3{192,1:16) , IHj(19,17) , IH] (19,20:25) , IH3 (12,28:32) , IH3 (19,33 :45)] :

TzO=[TH3 {(20,1:16) , THI (20,17:18) , TH3 {(20,21:26) , TH (20,29:32) , TH3 (20,33 :48) ]
IZ1=[IH3{21,1:16) ,IHI(21,17:19),IHI(21,22:27), IHj(21,30:32),IHj(21,33:48)1]
IZ2=[IHj(22,1:16) ,IHI(22,17:20) ,IHI(22,23:28), IH)(22,31:32) ,IHI(22,33:48)]

LT TR

IZ3=[IH3 (23,1:16) ,IHj(23,17:21) ,THj(23,24:29), IHj (23,32) ,IHi(23,33:48)]:

%for u=2Z4:1:26

% INhodact7=[IHj(u,1:16) , IHj(u,u-7:u-2) , IHj(u,u+l:u+6)] 2
% INhomodata= [ INhomodata: INhodat7] ;

zend

Iz4=[IHj(24,1:16),IHj(24,17:22) ,TIHI(24,25:30) ,IH)(24,33:48)]:
I25=[THj (25,1:16) , IHj (25,18:23) , TH3 (25,26:31) , ITH (25,33:48)] :
IZ6=[IH)(26,1:16),IHI(26,19:24) ,IHj(26,27:32) ,IHI(26,33:48)]:

:for

Send

=z el a3
INhodat8=[IHj (u,1:16), IHj{u,17:u-10) , IH (u,u—7:u—2) , IHj (u,u+1:32) ]
INhomodata= [ INhomodata: INhodatg] ;

Y

I27=[IHj(27,1:16) ,IH]}(27,17),IHj(27,20:25),IH)(27,28:32) ,IHj(27,33:48)]:

Iz8=[IHj(26,1:16), IH]j(28,17:18) ,IHj(28,21:26) ,IH]j(28,29:32),IH](26,33:48)]
129=[IHj (29,1:16),IH3(29,17:19),IH3(29,22:27),IH31(29,30:32),IH1(29,33:48)1]
I30=[IHj(30,1:16), IHj (30, 17:20) ,IHj(30,23:28),IHj(30,31:32), IH3(30,33:48)]

I31=[IHj3(31,1:16),IH3(31,17:21),IH3(31,24:29) ,IH3(31,32),IH3(31,33:48)]:

for u=3z2

% INhodat9=[IHj(u,1:16) , IHj(u,17:u-10) , ITHj(u, u-7:u-2)] 2
% INhomodata=[ INhomodata: INhodat2] ;

Zend

I3z=[IHj(32,1:16),IH3(32,17:22) ,IH3(32,25:30),IH3(32,33:48)]:
I33=[IHj(33,1:16) ,IH3(33,17:32),IH3(33,34:39) ,TIH3(33,42:47)]:
I34=[IHj(34,1:16) ,IHj(34,17:32) ,TH](34,35:40) ,IH](34,4943:48)]:
I35=[IHj(35,1:16) ,IH3(35,17:32),TIH]3(35,33),IH)(35,36:41),IH)(35,494:48)]:

I36=[IHi(36,1:16), IH) (36,
I37=[IHI(37,1:16),IHI(37,
I38=[IHj(38,1:16), IH) (38,

I39=[THj (39,1:16), THj (39, 17:32) , THj(39,33:37) , THj(39,40:45) , THj (39,48)]

17:32),IH](36,33:34) ,IHI(36,37:42),IH](36,45:48)]
17:32),IH1(37,33:35) ,IHI1(37,358:43),IH1(37,46:48])]
17:32),IHj(38,33:36) ,IH)(38,39:44) ,TH) (38,47:48)]

o

TR T
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LEg I40=[IH)(40,1:16),IH1(40,17:32),IH] (40,35:38),IH])(40,41:46)];

124

L2 5= I41=[IH)(41,1:16),TH1(41,17:32),IH](41,34:39),IH)(41,42:47)];

138 I4z=[IHj(42,1:16),IH1({42,17:32),IH](42,35:40),IH)(42,453:48)]:

LEms = I43=[IH)(453,1:16),IH1(45,17:32),IH](43,33),IH](453,36:41),TH)(45,449:48)]:

123 = I44=[IHj(44,1:16),IH)(44,17:32),IH)(44,33:34),IH)(44,37:42),IH)(44,45:48)]:

LAg I45=[IHj(45,1:16), IH](45,17:32),IH](45,33:35),IH](45,38:43), IH] (45,46:48)];

130 = I46=[IHj(46,1:16),IH)(46,17:32),IH)(46,33:36),1H)(46,39:44),IH)(46,47:48)]:

1] I47=[IHj (47,1:16),IHy(47,17:32),IH] (47,33:37),IH) (47,40:45),IH)(47,48)]:

132 = I48=[IHj(48,1:16),IH3(458,17:32),1IH)(48,33:38),1IH)(45,41:46)]:

133

134 = INhomodata=[I1,I2,I3,I4,15,16,17,18,19,I10,1I11,I12,I13,I14,1I15,116,117,1I18,119,120,1I121,122,123,...
135 I124,125,126,127,128,129,130,131,132,133,134,135,136,137,138,139,140,7141,142,143, 144,145,146, I47,148])"';
136

ke iy i end
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H4: Loading Function for Adjacent Voltage Measurement Resulting from Stimulation through
Adjacent Electrode Pairs in A Three Rings Electrode System (i.e. "

meas_inhomo 3rings_adjacent ", getcalibrationdata3rings_adj_current”

and " getcalibrationdata3rings_adj_no_current" were written the
same form)

10 function [INhomoadjacent]=meas_inhomo_ 3rings adjacent (infilename)
2 [no_cur_data] =LoadDataFrame |infilensme,1,1);
3 % MEASURED DATL FOR HOMOGENEODUI IOLUTICN
4 % measurement of 16¥16 from £first layer to the last layer based on the
5 % gequence table that was dowaloaded into the towmography hard drive in
3 % order to obtain the calibration data sets with no current
7
g - Ki=[]:k2=[]:k3=[]:k4=[]:k5=[]:k6=[]:k7=[]1:k8=[]:k9=[]:
e w=1;
10 = ~for i=1:floor(lengthino_cur_data)/(9%3)];
18 == kl=[kl;no_cur data(v,:]];
i) = ki=[kZ;no_cur data(v+l,:)];
1) = k3i=[k3;no_cur data(v+i,:)];
Ak k4=[k4;no_cur_data(v+3,:)];
I76] == k5=[k5;no_cur data(v+d,:)];
i) = ke=[k&;no cur datai(v+5,:)]:
di = E?=[k7;no_cur_data(v+6,:)];
T8 = kS=[k&;no_cur data(v+7,:)];
I k9=[k9;no_cur data(v+d,:)];
20
S v=wts;
T end
23 = INHl=mean (k1) ; INHZ=wean(kZ) ; INHi=wean (k3) ; INH4=mean (k4) ; INHS=mean (k5) ; INH6=mean (k6) ; INH7=mean (k7) ; INHS=mean (k) ;
24 - INHO=mean (k2] ;
25
26 % Reordering of the wvoltage measured data such that for each current
27 % injection 32 data sets of woltages were measured.
20 =5 k=1;
20 = v=1:
20 = IHrgl=[];IHrgiZ=[];IHrg3=[]:
3 = | for i=1:16;
3z - THrogl (7:47+y) =[ INH1 (k:15+%) , INHZ (k: 15+k) , INH3 (k: 15+k) ] ;
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THrgZz (v:47+v) =[ INH4 (k:15+k) , INHS {k: 15+k) , TNHE (k: 15+k) ] :

THrg3 (v:47+7) =[INH7 (k:15+k) , INHS (k: 15+k) , TNHO (k: 15+k) ] :

k=k+16
y=¥+45
end

-

s

IHring=[IHrgl, IHrgz2, IHrg3] ;

w=1;
IHj=[1=-
for i=1:48

% displays the data

in

hh=IHring (v:4274+v]) ;
IH3i=[IHj:hh]:

w=w+18

end

5 e 13

I9=[IHj (9,

I10=[IHj(10,1:8),IHj (10, 12
I11=[THj(11,1:9),IH]j (11,13

T1z=[IHj (1
Ti3=[IHj (1
Ti4—[ TII3
I1S5=[IH]j
I156—TIHI

TL7=[TIHI
Ii1=—[IHI
1TY9=L IH]
I=0—[ IIIj
Iz1=[ IHS
IZZ—[TIH]
Iz==[IHI
ITz4=[IHI
Iz5—[ IHS
12Ah=L IHJ
Iz7—[ IIIj
Iz==[IH;
IZS—TIH]
IZ0=[IH;
IF1=[IHI
Iz=—[IH3

Iao—[ IIIj
Iza=[IH]
ISS—TIH;
I=zs=[IHI
IS7=[IH]
Iz=—[IH3
1H4Y=| I H
I40=[ IIIj
I4ai1=[ IHj

-

1:7)

=5 AR i
s Mg =
(1<,
(15,
(16

CLTT
(1s,
(14,
(=0,
(21,
(22 »
(23,
CZ4E 5
=25,
(Zh,
(=27,
&-2-9
(29 -
(30,
(31~
(2.

(23,
(x4,
(35,
(2e,
(37~
(25,
(HY.
(20,
a1,

to - 45
data sets are each

noving corrupted samples

£48 reduced X 48

i1

a matrix form

ot

2304

15X48 = 230

datc

ctaken from 16
I1=[IHj(1,3:15),IHi(1,17:32),IH3(1,33:498]]:
IZz=[IHj(2,4:16) ,TIHj(2,17:32),IH3(2,33:48)]1:
IS=[IHj(3,11,IHi(3,5:16),IHI(3,17:32),IHj(3,33:98)]:

I4=[IHj(4,1:2) ,IHI(2,6:16) ,IHj(42,17:32),IH3(4,33:48]]1:
IS=[IHj(5,1:3),IHI(5,7:16),IHj(5,17:32),IH3(5,33:48]1]1:
I6=[IHj(6,1:4) ,IHI(6,8:16) . IHj(6,17:32),IHI(6,33:48]1]1:
I7?=[IHj(7,1:5),IH3(7?,9:16) ,IHj(7,17:32),IHI(7,33:48]1]1:
IS=[IHj(8,1:6) ,IHI(S,10:16) ,IH (6, 17:32) ,IHI(5,33:48)]1:% 7,
SIH3(9,11:16),IHI(9,17:32) ,IH3(9,33:481]1:% B,

a S5et

data sSets

* 6,

:16) ,IH] (10,17:32) , THJ (10,3533 :48) ]
:16) ,THI(11,17:32) , THJ (11,3533 :48)]

o =)

LT

10) , TH3 (12,14:16) , THI (12, 17:532) , IH3(12,33:48) ] :
11) , THj (13,15:16) , TH] (13,17:32) , THI(13,33:48)1] :

2l
i
Z

HFHHHRB SR REHRHER SRR

CHH AR R RR R

12y , T3 {14,

139
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1e)
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1s)

r
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(&,
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(Y,
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16) , I3 (14,17
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17329 »
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=20:3227 ,
-~ 1H3

14
17
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1
1

-
bl

,.
R

103
193
zZ03
z1)
zz1
233

)

s25

263
zZ73
ze)
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23 =a2) ] :

334511

33:4511
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421 . 1H]

2202}
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2wz
PR
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-

s

-

x
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o3 - | T42=[IHj(42,1:16), IHj(42,17:32), TH (42, 33:40), IH] (42, 44:48)];
84 - | 143=[IHj(43,1:16),IHj[43,17:32), TH1 (43,33 :41), IH] (43, 45:48)];
95 - | T44=[THj(44,1:16), THj (44, 17:32), TH (44, 33:42) , TH] (44, 46:48)];

96 - | I45=[IH3(45,1:16), IH3 (45, 17:32), IH3 (45,33:43) , IHS (45, 47: 48] 1;
97 - | I46=[IH3(46,1:16), TH3 (46, 17:32), IH1 (46,33:44) , TH3 (46, 48) ) ;

95 - | I47=[IHj(47,1:16), IH3 (47, 17:32), IH1 (47,33:45));

99 - | I48=[IHj(48,1:16), IH3 (48, 17:32), IH3 (48, 34:46)];

100

1l - INhomoadjacent=[11,12,13,14,15,16,17,18,19,110, 111,112, 113,114,115, 116,117, 118,119,120,...

102 121,122,123,124, 125,126,127, 128,129,130, 131,132,133, 134, I35, 136,137,138, 139,140, 141, 142, 143, 144, 145, 146,147, 148]";
103

104 - end

H5 : Loading Function for Adjacent Voltage Measurement Resulting from Stimulation through
Opposite Electrode Pairs in A Four Rings Electrode System (i.e. "meas_4RINGShomo OPP",

getcalibrationdatad4rings_opp no_current" and "
getcalibrationdatad4rings_opp current" were written the same form)

1 function [Howodata]=meas_4RINGShomo OPF (infilensme)
Bl= [rawl] = LoadDataFrame(infilensme,1,1);
3 % MEAIURED DATL FOR HOMOGEMNEQUS 3OLUTICN
4 % measurement of 16E16 frowm first laver to the last laver hased on the
5 % sequence table that was downloaded into the tomography hard driwve.
B[= k1=[1:k2=[]:k3=[]:kd4=[]:k5=[] ;k6=[]:k?=[]1:kB8=[]:k9=[]:k10=[] :k11=[]:k12=[] :k13=[]:k14=[] :k15=[]:k16=[]:
7 - w=1;
g - for i=1:floor(lengthirawl)/(16%16));
= kil=[kl:;rawl(wv,:)]:
10 - kZ=[k2;rawl(v+l,:1]:
11 - ki=[k3:;rawvl(v+2,:1]:
1z — kd=[k4;rawl (v+3,:1];
13 — kS=[kS;rawl (v+4,:1]:
14 — k6=[ko;rawl (v+5,:1]:
15 — E7=[K7;rawvl (v+6,:)]:
la — kS=[kS;rawl (v+7,:1]1:
17 = K9=[k9;rawl (v+5,:1]:
15 — kl0=[kl0:rawl(v+9,:1]:
19 — kll=[kll:rawl(v+10,:)]:
20 — klz=[k1Z:raul{v+il, :1]:
21 — K13=[k13:rawl(v+12, :1]:
2z — kl4=[kil4:rawl(v+1i3, :1]:
23 — K15=[k15;rawl(v+id, :1];
24 — kl6=[kl6;rawl(v+15, :1];
25 — w=v+l6;
26 — end
27 — Hol=mean(kl) ;HOZ=wean (k2) ; HO3=mean (k3| ; HOd=pean (k4) ; HOS=mean (k5) ; HOo=mean (k&) ; HO7=mean (k7) ; HOS=mean (k&) ;
28 — HO9=mean (k2 ; HOl0=mean (k10) ; HOll=mean (k11) ; HOlZ=mean (k1Z) ;HO01l5=mean (k13) ; HOl4=mean (k14) ; HO15=mean (k15) ; H0l6=mean(kla) ;
29
30 % Reordering of the voltage measured data such that for each current
3L % injection 64 data sets of voltages were measured.
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Hrgl=[]1 :HrgzZ=[] ;Hrg3=[] sHrg2=[] -

for i=1:16:

Hrgl(y:53+%)=[HO1l (k:15+k) ,HO2 (k:15+k) , HO3 (k:15+k) ,HO4 (k:15+Kk) ] :
Hrg2 (¥:563+7) =[HOS5 (k: 15+k) , HOS (k: 15+k) , HO7 (k: 15+k) ,HOS (k:15+k) ] :
Hrg3 (¥:63+%) =[HOS (k: 15+k) ,HO10 (k:15+k) ,HO11 (k:15+k) ,HO12 (k: 15+k) ] =
Hrgd (¥:53+%) =[HO13 (k: 15+k) ,HO14 (k:15+k) ,HO15 (k: 15+k) ,HO16 (k: 15+k) ] :

kE=k+16;
T=T+63;
emnd

Hring=[Hrgl Hrgz Hrg3, Hrogd] -

=1z
Hi=IL1]:
For d=116:F

hh=Hring (w: 63 +w]) >
Hi=[Hi:hh] >

et =t 3
end

TAI=[HI(1 2=}y  H3 {1 ,1N=215) H3I (1 17321 _H3 (1. 33:-49483) , H3 {1 . 949: 4] ]
IZ2=[H3 (2,3 :89) ,H3(2,11:16) ,H3(2,17:32),,H3(2,33:4G5) ,H3{2,4949:64)]

Yo

ITa=[H3(3,1),H3(3,4:9) ,Hi({3,12:16) ,Hj(3,17:32) ,H3(3,33:48) ,H3j (3,
T4=[H3 (4,1:2) ,H3(4,5:10) ,H3 (4,13 :16) ,Hj (4,17:32) ,H3(4,33:48) ,H]
IS=[H3(5,1:3),H3(5,6:11),H3(5,14:16) ,Hj(5,17:32) ,H3(5,33:48) ,H3
IG=[H3j(6,1:4) ,Hi({6,7:12),H3(6,15:16) ,Hj(6,17:32) ,H3j(6,33:48) ,H3
I7?=[H3(7,1:5) ,H3{7,8:13) ,Hi(7,.16) ,Hi{(7,17:32),H3 (7,.,33:48) ,Hj (7.,

IS=[H3j(S,1:6) ,Hj(6,9:14) ,H3(S8,17:32) ,Hj(8,33:48) ,H)(&,49:6411] :
I9=[H3j (2,2:7),H3(9,10:15) ,H3(9,17:32) ,Hj (9,33:48) ,Hj(9,49:64)] >
I10=[Hj(10,3:8),Hj(10,11:16) ,Hj(10,17:32) ,Hj (10,33:48) ,Hj(10,49:64)] :

49:54)] :
(4,49:64) ]
(5,49:64)]
(6,49:64)]
49:564)] :

wowowm

T11=[Hj(11,1),HI(11,4:9),HI(11,12:16),HI(11,17:32),HI(11,33:48),HI(11,49:64)1;
I12=[Hj(12,1:2),Hj(12,5:10),H3(12,13:16) ,H3 (12,17:32) ,Hi(12,33:43) ,Hj(12,49:64)]
I13=[H3j(13,1:3),H3j(13,6:11) ,H3j(13,14:16) ,HI (13,17:32),HI(13,33:48) ,HI(13,49:64)]:
I14=[Hj(14,1:4),HI(14,7:12),HI(14,15:16) ,HI(14,17:32),H1(14,33:458) ,H1(14,49:64)1;
I15=[Hj(15,1:5),H3(15,5:13) ,H3(15,16) ,H3(15,17:32) ,H3(15,33:48) ,H) (15,49:64)]:

Ii6=[Hj(16,1:6),H)j(16,9:14) ,H)(16,17:32) ,H)(16,33:48),Hj(16,45:64)]:

I17=[Hj(17,1:16)
I18=[Hj(16,1:16)

I19=[Hj (19,1:186)
IZ0=[Hj(20,1:16)
I21=[Hj({21,1:16)
I2z2=[Hj(22,1:16)
IZ3=[Hj(23,1:16)

I24=[Hj(24,1:16)
IZ5=[Hj (25, 1:16)
I26=[Hj(26,1:16)

I27=[Hj(27,1:16)
IzZ&=[Hj (28, 1:186)

IZZ2=[Hj(32,1:16)

,Hj(17,18:23) ,H3 (17,26:31) ,Hj (17,33:48) ,Hj(17,49:64)] :
,Hi(16,19:24) ,Hj (16,27:32) ,H1(16,353:48) ,H) (18,49:64)1 ;

,Hj(19,17) ,H3 (19,20:25) ,H3 (19,28:32) ,HJ (19,33:48) ,Hj (19,

,HI(20,17:18) ,Hj (20,21:26) ,Hj (20,29:32) ,H) (20,33:48) ,Hj (20,49: 64} ]
,Hj(21,17:19) ,Hj (21,22:27) ,Hj (21,30:32) ,H3(21,33:48) ,Hj (21,49:64)]
,HI(22,17:20) ,Hj(22,23:28) ,H1(22,31:32) ,H3(22,33:48) ,Hj(22,49:64)]

,Hj(23,17:21) ,Hj (23,24:29) ,Hj (23,32) ,Hj (23,33:48) ,Hj (23,

,HI1(24,17:22) ,H)(24,25:30) ,H) (24,33:48) ,H) (24,49:64)]
,Hi(Z5,18:23) ,Hj (25,26:31) ,Hj (25,33:48) ,Hj (25,49:64) ]
,Hi(26,19:24) ,Hj (26,27:32) ,Hj(26,33:48) ,H3(26,49:64)]

RTINS

,Hj(27,17) ,H3j(27,20:25) ,H3(27,28:32) ,Hj(27,33:48) ,Hj (27,

49:64)]

W W

49:64)7 ;

49:64)7 ;

,Hi{28,17:16) ,Hj(28,21:26) ,Hj (26,29:32) ,Hj (26,33:48) ,Hj (26,49:64)] ;
I29=[Hi(22,1:16) ,HI3(29,17:12) ,HI (29,22:27),H1(22,30:32) ,H1(29,33:48) ,H1(22,49:64)]:
I30=[Hj(30,1:16) ,H3(30,17:20),H3 (30,23:28) ,Hj (30,31:32),H3j(30,33:48) ,Hj(30,49:64)7 ;
I31=[Hj(31,1:16) ,Hj(31,17:21),H3(31,24:29) ,H)J(31,32),H)(31,33:48),HI(31,49:64)];

SHI(32,17:22) ,H) (32,25:30) ,H)j (32,33:48) ,Hj (32,49:64)]



I33=[Hj (33,

:16) ,Hj (33,17
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:32),Hj(33,34:

39) ,Hj(33,42:

47) ,Hj (33,49:64)] :

9z — 1
23 — I34=[Hj(34,1:16),Hj({34,17:32),Hj(34,35:40) ,Hj({34,43:48) ,Hj (34,42:64)]:

94 — I35=[Hj(35,1:16) ,H)({35,17:52),H1({35,33),H1(35,36:21) ,H](35,44:458),H1(35,42:64)]:

95 — I36=[Hj (36,1:16) ,Hi(36,17:32) ,HI(36,33:34) ,H](36,37:42) ,Hj (36,45:48) ,Hj(36,39:64)]
95 — I37=[Hj(37,1:16) ,Hj(37,17:32) ,H1{37,33:35) ,H1({37,38:43) ,H) (37,46:45) ,Hj(37,499:64)]:
97 — I38=[Hj (38,1:16) ,Hj (38,17:32) ,Hj (358,33:36) ,H] (38,39:44) ,Hj (35,47:48) ,H]j (35,39:64)]
98 — I39=[Hj(39,1:16) ,Hj{39,17:32) ,H1{39,33:37) ,H)(329,40:45) ,Hj (32,45),H3(32,42:64)]

93 — I40=[Hj (40,1:16) ,Hj (40,17:52) ,Hj(40,33:36) ,H] (20,41:46) ,Hj (40, 42:64)] :

100

101 — T41=[Hj (41,1:16) ,Hj{41,17:32) ,Hj({41,34:39) ,Hj(41,42:47) ,Hj (41,42:64)]:

10z — T4zZ=[Hj (42,1:16) ,Hj(42,17:532] ,H1({42,35:40) ,H]j (42,43:48) ,H) (42,49:64)] 2

103 — I43=[Hj (43,1:16) ,Hj(43,17:32) ,Hj(43,33) ,Hj(43,36:41) ,H] (43,44:45) ,Hj (43,42:64)];
104 — T44=[Hj (44,1:16) ,Hj(424,17:32) ,H7(499,33:534) ,Hj(449,37:42) ,Hj (94,45:45) ,Hj (24,39:64)] :
105 — I45=[Hj(45,1:16) ,Hj(45,17:32) ,H7(45,33:35) ,H] (45,328:43) ,Hj (45,46:48) ,Hj (45,492:64)] =
106 — T46=[Hj (46,1:16) ,H) (46,17:52) ,H1({46,33:36) ,H] (46,39:44) ,Hj (46,47:28) ,HJ (46,499:64)] :
107 — I47=[Hj (47,1:16) ,Hj(47,17:32) ,Hj(47,33:37) ,Hj(47,40:45) ,Hj (47, 48) ,Hj (27,42:64)] :
108 — T45=[Hj (48,1:16) ,Hj(458,17:32) ,Hi{458,33:36) ,H)(45,41:46) ,H (45,49:64)] :

102

110 — I4o=[Hj(49,1:16),Hj(429,17:32),Hi({429,33:48) ,H](42,50:55) ,Hj (42,58:63)]:

111 — IS0=[Hj (50,1:16) ,Hj (50,17:32) ,Hj{50,33:46) ,H)(50,51:56) ,H) (50, 5%:64)]:

11z — IS1=[Hj (51,1:16) ,Hj(51,17:52) ,Hj(51,53:48) ,H](51,49) ,H](51,52:57),H](51,60:64)] :
113 — ISz2=[Hj(52,1:16) ,Hj(52,17:32) ,Hi({52,33:48) ,Hj (52,49:50) ,Hj (52,53:58) ,Hj (52,61:64)] :
114 — IS3=[Hj (53,1:16) ,Hj(53,17:32) ,H1({53,33:48) ,H](53,49:51) ,Hj (53,54:59) ,Hj (53,62:64)]
115 — IS4=[Hj(54,1:16) ,Hj(54,17:32),H7(54,33:48) ,Hj (54,492:52) ,Hj (54,55:60) ,Hj (54,63:64]]
116 — ISS5=[Hj (55,1:16) ,Hj (55,17:52) ,Hj(55,53:46) ,H] (55,42:53) ,H) (55, 56:61) ,Hj (55, 64)] :
117 — IS6=[Hj (56,1:16) ,Hj(56,17:32) ,H](56,33:48) ,H](56,49:54) ,Hj (56,57:162)] 2

118 — I57=[Hj(57,1:16) ,Hj(57,17:32) ,Hi{57,33:46) ,Hj(57,50:55) ,Hj (57,53:63)];

119 — IS8=[Hj (58,1:16) ,Hj(58,17:32) ,Hj (558,33:48) ,H] (58,51:56) ,H) (58, 529:64)] 2

1z0 — ISo=[Hj(52,1:16) ,Hj(52,17:32) ,Hj(59,53:48) ,Hj (52,42) ,H] (52,52:57) ,Hj (52, 60:64)] :
121 — I60=[Hj (60,1:16) ,Hj (60,17:32) ,Hi(60,33:48) ,H] (60,49:50) ,Hj (60,53:58) ,Hj (60,61:64)] :
122 = 161=[Hj(6L,1:15)  HI(61,17:32) 7161, 3%:480 ,E3(61,49:32)  H(61,54:59) B (61, 62:64)];

123 - 162=[Hj162,1:15) Hi(62,17:32) 37162, 3%:480 ,Ej(62,49:32)  Hi(62,55:€0) B (62,63:64)];

124 - 163=[H3j(63,1:15),H9(63,17:32),97 163,92 1461 3 (63,49:33) , H3 (63,56 €1) B (63,64)]:

125 - 164=[Hj(64,1:15) ,Hi(62,17:32),37164,3%:48) ,E](64,49:34) ,H](64,57:€2)];

126 - Eowodata="11,12,13,14,15,106,17,28,13,140,1.1,112,113, 14, 115,116,117,218,119,120,121,122,123,124,125, ...

127 Zi6, 127,126,129, 20,132, 132,133, [24, 135, 136, 137, [3€, 149,140, 241, 147,143, 144, 245, T46, 147, 148, 2¢9, 150,151, 152, ...
128 Z53,15%,155,156,157,138,159,160, 161,152,163, 164)";

129 - end

"
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- Appendices -

Loading Function for Adjacent Voltage Measurement Resulting from Stimulation through
Adjacent Electrode Pairs in A Four Rings Electrode System (i.e. "meas_4RINGShomo_ ADJ",
"getcalibrationdatadrings_adj no_ current" and
"getcalibrationdatadrings_adj current" were written the same
form)

function [Homodats]=meas_4RINGZhowa ADJ(infilename)

[rawl] = LoadDataFrame(infilename,1,1):

* MEASURED DATL FOR HOMOGENEOQD3 JOLUTION

% weasurement of 16X16 from first layer to the last layer based on the

% geguence table that was downloaded inco the tomography hard drive.

kl=[] k=[] ;k3=[];kd=[] ;k5=[] ;k6=[] k7=[] ;kB=[] ; k9=[] ;k10=[] ;k11=[] ;}12=[] ;k13=[] ; k14=[] ;k15=[] ;k1l6=[];
v=1;

for i=1:floor(length{cawvl)/(16%16));

kl=[kl;rawliv,:)]:
k2=[ki;rawliv+l,:)];
K3=[K3:rawvl(v+e, )]
kd=[kd;ravd (v+3, )]
kS=[k5;ravl (v+4,:)];

]

]

]

H

3

k6=[ke6;rawl (v+5, 1)
k7=[k7;rawl (v+6, )
kG=[k&; rawl iv+7, 1)
k9=[k3;rawl (v+3,:)];
k10=[k10;rawl(v+d,:)]:
kil=[kll;rawl(v+10,:)]:
kiz=[klZ;rawl(v+il, :)]:
ki3=[k13;ravl(v+i2,:)]:
kld=[kl4;rawl (v+13,:)]:
k15=[k15;rawl (v+14,:]];
kif=[k16;rawl (v+15,:)]:
vEvEl6;

;

.

end
HO_1=mean (k1) ;HO 2=mean(k2) ;HO 3=mean (k3] ;HO_4=mean (k4) JHO_S=mean(k5) :HO_6=mesan (k6] ;HO T=mean (k7) ;HO 8=mean(k8):
HO 9=mean(k9) ;HO 10=mean(k10);HO 1l=mean(k1l);HO 1Z=wean(k1Z);HO 1i=mean(k13) ;HO l4=wean(k14);HO_15=mean(k15):HO 1f=mean(k1f);
% Reordering of the voltage measured data such that for each current
% injection 64 data sets of voltages were measured.
k=1;
v=1
Hrgl=|l] rHrgZ=|] rHrgs=L]1 rHrgd=L] =
for Hd=1:1&7
Hrgli{iy:s3+y) —[HS 1 ({k:15+k) ,HO 2 (k:15+k) ,HS S (h:15+k) ,HO 2ik:15+k) ] -
Hrog2 (w:RI+FI=[HO_S({k:15+k) HO_A(k:15+k) HO_Z2(k:=154+k)  HO SRi{k:=15+k) ] =
Hrgl (v:63 17) —[HO 2 ({k:151k) ,HO_ 10{lk:151k} ,HO 11 ({lk:1S1l) ,HO 12 {lx:1511x3] »
Hrgydt(lv:SS3+vw)l —THCO_ 13 (k:15+k) ,HO 14 (k:15+k)] HO_ 15 (k:15+k) HO 1S5 (k: 15+k11 7
k=k+1FR:=

w151z
end

Hring— [Hrogl, HrogZ , Hro3 , Hrol]
=1z
IHI3=1[1] -
for i—1:GC41
hh=Hring(w:oS3+w] =
IHS=[IHG-hkhh] -
v+ GE s
endcd
T1=[ITH3 (1,3
I=z—[IHj (2,3
IH=L1H3 (A1
Ia=[IH3j (3.,

15) , IHI(1,17:32) , IHF(1,33:49) ,ITHj(1,49:6411] =
16) , IHI(2,17:32) , IHJ (2,33 :45) ., IH) (Z,49:64)11] &

HI(H_,. 521 Rh), IH3(H, 1°7242) . THI (4,34 29H) . THO (H,. S99 =0<) | =
ITHS (4,17:32) , IH) (4,33:45) , ITHI (4,49: 64) ]

=23, IHA(2, 5:16)

w

]

1= -
IS—[IHjJ(S,1:3) , TH1(S,7T:16) , IHJ(S5S,17:3=2) , IH3J(S5,33:425) , THI1(S5,2F:621] -~
TA=[LTHI (A 1:-4) , THI{(A, F:1/A) . TH3I (A 17:=-537) TH3 (A, 35347 . THaA (A . 49:/4)1] =
I [IHIF(7,1:5) , THJO(7,2:16) , ITH3(7,17:32) , IH3 (7,3 :1S5)1 , IHI3A(7-1D0:611] 7 = &,7
IS—TITHI (§-.1:68) ., TH1(5,10:161  TH1(5,17:321 ,TH1(5,33:4851 ,TH1 (5.2 :6%211:5 7.5
TOA=[THI (S, 1:=7) ., THI (DG 11 =1A/A) . THI {9, 17=52) . THI (D, .F3:=-4R) . THI (9. 49241 ] =% F_,.3
T1Oo— [THI3(10,1:8) , TH3I (10,12 :1&) , THJI (10, 17:32) , TH3I (10,33 :15) , IHI (10, 1D2:513] =
T1LI=TITHN (L1, 1:9) ., THI (11,13 :-265) ., THYI (L1, 17:3Z) ., THI1 (L1 33281 . TH1(LL,.3IF:-53F)1 =
ITiz=[ITH3 (12, 1:10) ., IH3 {12, 14:-16) ., TH3 I {1=Z,17:32) ., IH3 (12,33 :-43), ., IH3 {12, ,4a249:-64)] -
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63 — Ti3=[ITHj {13,1:11) , TH3(13,15:16} , THI (13,17:32) ., IHIJ (13,33 :48) ,THI(13,49:64)] :
54 — I14=[IH3 (14,1:12) , IH3(142,16) ,  IH3(14,17:32) ,IHI(123,33:4948), IH3 (12, 343:62)] =
65 — IT15=[IHJ (15,1:13) , IHI(15,17:32) ,THI (15,33:48) ., IHI(15,49:62]] :
66 — T16=[IH3 (156,2:142) , IHI (16,17:32) ,IHI(16,33:45) , IHI{16,49:63)] >
57
68 — T17=[IHI (17,1:16] , THI(17,19:31) , ITHI (17,.33:48).IHI{(17,4949:62)] :
59 — I1S=[IH] (18,1:16) ,IHI(18,20:32) ,IH] (15,33:45) , IH1(15,429:63)] >
riEille= I19=[IH3j (19,1:15])] ,IHI(19,17) ,IHI(19,21:32) ,IH3I(19,33:48) ,IHI (19, 423:642]] ;
71 — IzO=[IH]) (20,1:16) , TH3I (20,17:18) , THI (20,22:32) ., IHJ (20,33:48) , THI(20,4949:64])] :
Fa| — IZ1=[IH] (21,1:16) ,IH3I(Z21,17:19) ,IHI(ZE1,23:32) ,IHI({Z21,33:48) ,IHJ(21,499:63)] :
| — Izz=[IH3(22,1:15) ,IHI(22,17F:20) , IHI(22,24:32) ,IHI(22,33:945) , IHI(22,49:642])] ;
Tl | IT23=[THI I (Z3,1:16) ., ITH3 (23,17 :21) ., IHI (253,25:32), IH3(23,3533:48) , TH3(253,.45:54)1] :
75 — Iza4=[IHj (29,1:16) , TH3 (24,17:22) , IHI (24,26:32) ,IHJ(22,33:48) , THI(24,4949:64])] ;
e — IZ2S=[IH] (25,1:15) , IHI(25,17:23) ,IHI(E5,27:32) ,IH1(25,33:48) , IHJ(25,429:63]1] :
77 — Izs=[IHj(26,1:15)] ,IHI(26,17F:24) , IHI(26,25:32) , IHI(26,33:45) , IHI(26,45:642])] ;
78 — IZ2?=[IHj(27,1:16) , TH3(27,17:25) , TH) (27,29:32) ., IH3J({27,33:48) , TH3 (27,49:6411] :
P = I2S=[IH] (28,1:16) , IH3 (268,17:26) , IH] (26,30:32) , IHJ (28,33:48) , IHJ (25,29 :63)] :
50 — Izo=[IHj(29,1:15) , IHI (29, 17F:27]) ., IHI(29,31:32) ,IHI (29, 33:25) , IHI) (29,49 :62]1] ;
81 — IZO=[IHj (30,1:16) , IH3(30,17:28) , IH)j (30,32) ,IHj({30,33:48) ,IH) (30,49:64)] =
sz — IZ1=[IH3 (F1,1:16) ,IH3I(31,17:22) ,IHI(31,33:495) ,IHI(31,29:63)] >
83 — IZ2=[IH]j (32,1:16)] , IHJ(32,18:30) ,IHI (32,33:4948) ., IHJ(32,4949:62)] >
84
85 — IZ3=[IH] (33,1:16) ,IH3(33,17:32) ,IH](33,35:4247),IH3(33,429:63)] >
86 — IZ4=[IH] (39,1:16)] , IHI(32,17:32) ,IHI(34,36:45) . IHIJ(332,49:532)7 2
87 — IZS=[IHj (35,1:16) , TH3(35,17:32) ,IH) (35,33) ,IHj(35,37:48) , IH) (35,49:64)] :
88 — IZ6G=[IH] (36,1:16) , IH3I(36,17:32) _,IHI(36,33:342) ,IH3(36,368:48) , IHj(36,329:63])] =
89 — IZ?=[IHI (37.,1:16) , IHJI(37,17:32),THI(37.33:35),IHI(37,39:48) ,THI(37,4949:64]11] :
o0 — IZS=[IH) (38,1:16) , TH3 (38,17:32) ,TH) (38,33:35),IHj{(35,40:48) ,TH)(38,49:64)] :
o IZS=[IH] (39,1:16) ,IH3(39,17:32) ,IHI(39,33:37),IH3(39,4941:48) , IHJ(39,99:63)] >
oz — T40=[IH] (20, 1:16]) , IHI (20, 17F:32] ., IHI (40,33:35),IHI(20,4=:498)] , ITHI(40,49:649]11] :
93 = I41=[IHji(41,1:16) ,IHj(41,17:32),IH)(41,33:39),IH)(41,43:48),IHj(41,49:64)];
94 - I4z=[IHj(42,1:16),IH](42,17:32),IH](42,33:40), IH)(42,44:48), IHj(42,49:64)];
g5 = I43=[IHj(43,1:16) ,IHj(43,17:32),IH)(43,33:41),IH)(43,45:48) ,IHj(43,49:64)];
96 — I44=[IHj(44,1:16) ,IHj(44,17:32),IHj(44,33:42),IH)(44,46:48),IHj(44,49:64)];
97 — I45=[IHj(45,1:16) ,IH)(45,17:32) ,IHj(45,33:43),IH)(45,47:468),IH1(45,49:64)]1:
98 — I46=[IHj(46,1:16) ,IHj(46,17:32),IH)(46,33:44),IH)(46,48) ,IHj(46,49:64)];
99 - I47=[IHj(47,1:16) , IHj(47,17:32),IH)(47,33:45),IH) (47,49:64)];
100 - I46=[IHj(46,1:16) ,IHj(46,17:32),IH)(46,34:46),IH)(46,49:64)];
101
102 - I49=[IH]j(49,1:16) ,IH3(49,17:32) ,IH1(49,33:48),IH](49,51:63)]:
103 - I50=[IHj(50,1:16),IHj(50,17:32),IH)j(50,33:48),IH)(50,52:64)];
104 - I51=[IHj(51,1:16) ,IH)(51,17:32),IH1(51,33:48),IH3(51,49),IH](51,53:64)]1:
105 = Is2=[IHj(52,1:16) ,IHj(52,17:32),IH)j(52,33:48),IH)(52,49:50),IHj(52,54:64)]:
106 - I53=[IH](53,1:16) ,IH)(53,17:32) ,IH1(53,33:48),IH](53,49:51),IHI(53,55:64)]:
107 - I54=[IHj(54,1:16) ,IHj(54,17:32),IHj(54,33:48),IHj(54,49:52) ,IHj(54,56:64)];
108 - IS5=[IHj(55,1:16) ,IHj(55,17:32),IH](55,33:48),IH)(55,49:53),IHj(55,57:64)]:
108 - I56=[IHj(56,1:16),IH])(56,17:3Z),IHj(56,33:48),IH)(56,49:54),IH)(56,58:64)]:
Tl IS7=[IH]j(57,1:16) ,IHj(57,17:32),IHj(57,33:48),IHj(57,49:55),IH)(57,59:64)]:
e 158=[IH]j(58,1:16),IH])(56,17:32) ,IHj(56,33:48),IH)(58,49:56),IH)(58,60:64)]:
1ig = I59=[IHj(59,1:16) ,IHj(59,17:32),IH](59,33:48),IH)(59,49:57),IHj(59,61:64)];
133:= 160=[IH]j(60,1:16),IH](60,17:32),IH3(60,33:48),IH)(60,49:58),IH3(60,62:64)]:
114 - I61=[IHj(61,1:16) ,IHj(61,17:32),IHj(61,33:48),IH)(61,49:59),IH)(61,63:64)]:
115 = I62=[IHj(62,1:16) ,IH3(62,17:32),1H1(62,33:48),IH](62,49:60),IHI(62,64)]:
116 - I63=[IH)(63,1:16),IH)(63,17:32),IH(63,33:48),IH)(63,49:61)]:
sBrieiis I64=[IHj(64,1:16) ,IHj(64,17:32),IHj(64,33:48),IH)(64,50:62)];
118
119 - Homodata=[I1,12,13,14,15,16,17,18,19,110,I11,112,113,T14,115,116,117,118,119,120,121,122,123,I124,1I25;...
120 126,127,128,129,130,131,132,133,134,135,136,137,138,139,140,141,142,143,144,145,146,147,148,149,150,1I51,...
121 I52,153,154,155,156,157,156,159,160,161,I62,163,164]"';
122 = end
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APPENDIX |
Downloading and Installing EIDORS and NETGEN on a MATLAB platform
11: Downloading and Installing EIDORS on a MATLAB platform

EIDORS being a public domain software base can be downloaded and installed properly when the

following steps are followed.

(a) User need type and enter 'http://eidors3d.sourceforge.net/index.shtml' on the address bar of

winodow internet explorer.

(b) In the displayed page, user should click on 'eidors-v3.4.zip (7 July 2010)' under download latest

released version in the Released versions section.

(c) Clicking on this opens the sourceforge page where 6.0MB of the software can be downloaded. It is
recommended that the software should be extracted to the same directory where it was downloaded.
Furthermore, the software is run on the MATLAB window prompt by entrying
'C:/users/bode/desktop/eidors3d/eidors3d/trunk/eidors/startup.m', had the software been
downloaded into the directory "C:/users/bode/desktop/'. This automatically loads all the functions and

returns the statement below indicating that the software has been installed properly.

>> run C:/users/bode/desktop/eidors3d/eidors3d/trunk/eidors/startup.m

EIDORS:[Complete EIDORS (Ver: 3.3+ (SDateS))]

EIDORS:[Parameter: cache_size=100 MB]

EIDORS:[Parameter: mapped_colour=127]

EIDORS:[Default background colour: white]

EIDORS:[EIDORS mex folder: C:\users\bode\desktop\eidors3d\eidors3d\trunk\eidors/arch/matlab]
EIDORS:[New to EIDORS? Have a look at the Tutorials.]

12: Downloading and Installing NETGEN on a MATLAB Platform

Basic steps required to download NETGEN are as follows:

(a) The user types and enters 'http://www.hpfem.jku.at/netgen/' into the address bar of windows

internet explorer.
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(b) Under the News section, user should locate 'NETGEN/NGSolve 4.4 available!' and click on 'Get the

complete NETGEN/NGSolve package here! ', the statement below it.

(c) Clicking on 'here' directs the user to a page where necessary details ought to be submitted before an

access to downloading the software can be gained.

(d) With appropriate details successfully submitted, a page containing 'NETGEN/NGSolve 4.4 (17
November 2004) >> ngs44 rel.zip' should be displayed before the user. User need click on
'ngs44 rel.zip' to prompt a dialogue box through which the user specifies the directory the software
should be downloaded to. It is recommended that the software should be downloaded into the one of
the MATLAB search path or a directory that can be added to the MATLAB search path. When a MATLAB
script of EIDORS containing NETGEN functions is run, MATLAB prompts the user to add the directory into

its search paths should NETGEN be downloaded to a directory that is not one of its search path.

(e) NETGEN may require the MSVCR70.dll and some third party libraries such as tcl8.3.2.tar.gz and
tk8.3.2.tar.gz file in order to optimise the computer's operation. tcl8.3.2.tar.gz and tk8.3.2.tar.gz can be
downloaded from 'http://www.hpfem.jku.at/netgen/' while MSVCR70.dll may be downloaded from
'http://www.dll-files.com/pop.php?dll=msvcr70'. User need ensure that MSVCR70.dll is downloaded
into the directory of the programme requesting it or it should be extracted into the system directory. By
default system directory for windows xp, vista 7, windows 95/98/mac and windows NT/ 2008 are

respectively C:\windows\system 32, C:\windows\system32 and C:\wiNNT\system 32.


http://www.hpfem.jku.at/netgen/download.html
http://www.hpfem.jku.at/cgi/download.cgi?ID=ngs44_rel.zip
http://www.hpfem.jku.at/cgi/download.cgi?ID=ngs44_rel.zip
http://www.sfb013.uni-linz.ac.at/~joachim/netgen/tcl8.3.2.tar.gz
http://www.sfb013.uni-linz.ac.at/~joachim/netgen/tk8.3.2.tar.gz
http://www.sfb013.uni-linz.ac.at/~joachim/netgen/tcl8.3.2.tar.gz
http://www.sfb013.uni-linz.ac.at/~joachim/netgen/tk8.3.2.tar.gz
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APPENDIX J
Implemented Functions in EIDORS Developed from MATLAB Libraries
J1: FEM by EIDORS: Step-wise Approach to Solving the Forward Problem (CONTINUE)

(b) The function, mk_stim_patterns, was used for the stimulation pattern specifying the sequence of
current injection into the domain and the sequence of 3-D voltage measurement over the entire

domain.

(c) The function, np_calc_system _mat, was used for setting up the global system matrix developed from

each tetrahedral element.

(d) In order to Set the Jacobian matrix computation function, the function np_calc_jacobian was

employed
(e) To setting the forward solver function of the forward problem, the function np_fwd_solve was used
(f) Creating an EIDORS-object with appropriate input variables required the use of function eidors_obj

(g) Specifying the conductivity of each element to be homogeneous in the NETGEN mesh, say fixing

the value of conductivity to be 1 for all element in the mesh was made with the function ones

(h) Creating a function that relates the homogeneous property of all element in the NETGEN mesh to the

created EIDORS object;

(g) The function fwd_solve was used to call the set forward solver function to solve for the boundary

voltages arising from injecting current into a homogeneous solution.
J2: Solving the Forward Problem Using EIDORS
J2.1  Three-dimensional Mesh Generation with NETGEN

The first step in addressing the forward problem requires generating a three-dimensional cylindrical

mesh using the NETGEN function ng_mk_cyl_models on line 4 of the code below.

tic:

nelec= 16; nrings= 4;

ring wvert pos = [0.3,0.7,1.05,1.4];

[fwdl]=ng wk cyl models([1.5,1.1,0.15], [nelec,ring wert pos],[0.1,0.22,0.09]);
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Line 1: The statement tic is used to start the time counter in seconds.

Line 2: nelec and nrings are variables specifying the modelled rig to be four rings of sixteen equally

spaced electrodes system in a ring.

Line 3: ring_vert_pos is an array indicating the position of the four rings of electrode begining from the
base, i.e., the first, second, third and fourth ring were placed at 3.0, 7.0, 10.5 and 14.0 centimeters

respectively from the base.

Line 4: ng_mk_cyl_models is the NETGEN function that was called by specifying the array [1.5, 1.1,
0.15 ] to define the height, radius and maximum size of mesh element, [nelec, ring_vert_pos] to define
the number of electrodes in a ring and the respective position of each ring and [0.1, 0.22, 0.09] to

define the electrode shape as in width, height and maximum mesh density on each electrode area.

J2.2 Defining the Stimulation Pattern of Sequence of Current Injections and Voltage
Measurement on the Periphery Electrode
Since the sensitivity of the electric field distribution by the electrode system off the plane through which
the current was injected is far from being negligible, voltage measurement by the boundary electrode
for every injection ought to be carried out in a three dimensional manner, that is around the perimeter
of the domain of the cylindrical vessel. Using EIDORS free library of MATLAB functions, the
mk_stim_patterns function was used to explore various current injection sequences and voltage
measurement sequences to obtain an optimal measurement sequence as in line 6 below.
g - stim = wk stim patterns(nelec,nrings, [0,nelec/2],[0,1],{ no weas current','do redundant'},2.5);

The function requires as input the following notations with the specified definitions as illustrated in the

table J2.2
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Table J2.2.1. Input variables for the current stimulation and voltage measurement pattern function.

Function Notation of Input | Definition of Input Variables
Variables

mk_stim_patterns nelec Number of electrodes in each ring
nrings Number of rings for the modelled vessel

[0, nelec/2] Opposite current injection pattern

[0,1] Adjacent current injection pattern
[0, nelec/2] Opposite voltage measurement pattern
[0,1] Adjacent voltage measurement pattern

no_meas _current | A specification for sequences of voltage
measurement across all periphery electrodes on
all rings for every current injection excluding
measurement across electrodes through which
current is injected

do_redundant | A specification of sequence of voltage
measurement across all periphery electrodes on
all rings with polarity of injected current swopped
over current injection electrode pairs

stim_amplitude | Denotes the magnitude of injected current

The function needs a specification of whether or not the voltage on electrodes, through which current
was injected, should be measured. Entering no_meas_current or meas_current informs the function
not to measure voltage on the injection electrode or to measure voltage on injection electrode,
respectively. Similarly, the function needs to be informed if it is to do a redundant measurement,
involving voltage measurement across electrodes 1 and 2 not being counted independently from voltage
measurement across electrodes 2 and 1. Entering do_redundant or no_redundant enables the detail
of the measurement pattern to be specified. The magnitude of the constant current injected through
boundary electrodes to stimulating the medium is defined as 2.5. In the case of two rings, the input
variables for the mk_stim_patterns function for adjacent current injection and adjacent voltage
measurement sequence with no measurement on injection electrodes and with redundant

measurement were specified as in line 8 below.

8- adjdrv= mk stim patterns (16,2, [0,1],[0,1],1'no meas current','do redundant'}, 2.2 )7
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For the two rings opposite current injection and other input kept the same, the input variables are

specified as in line 10 below.

10- adjdev= wk stim patternsile,2,'{opi', "{ad',{'no weas current', 'do recundant'), 2.0 );

Similarly, for three rings, the input variables for the stimulation function for adjacent current injection

and adjacent voltage measurement sequence were specified as in line 7,

T - stim = mk stim patterns(16,3,[0,1],[0,1],{'no weas current','do redundant'},z.0j;

and opposite current injection and adjacent voltage measurement sequences were specified with

7= Stim = wk_stim patterns(16,3, [0,nelec/2], [0,1],1 'no_meas current','do_redundant'}i,1);

In the case of four rings, the input variables for the stimulation function for adjacent current injection

and adjacent voltage measurement sequence were assigned as in the line below

7- stim = mk stim patterns(16,4,[0,1],[0,1],{'no0 meas current','do redundant'},Z.5);

while for opposite current injection with other input kept the same, the input variables of the

stimulation function were specified with the function

b - stim = mk stim patterns(16,4, [(0,nelec/2], [0,1] (A'no meas current', 'do redundant'},2.5);
The modelled vessel denoted by fmdl is linked to the designed stimulation pattern assigned to stim in
this form
frodl.stimulation=stim;

With respect to the UCT tomography hardware, a measurement sequence was written for two rings
such that a sequence of sixteen (16) current stimulations was made on the first ring and measurement
of 256 data sets were made on the same ring, followed by a sequence of sixteen (16) stimulations on the
first ring and measurement of 256 data on the second ring. Subsequently, a sequence of sixteen (16)

stimulations was made on the second ring and measurement of 256 data sets on the first ring, followed
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by a sequence of sixteen (16) stimulations on the second ring and measurement of 256 data on the
same ring as depicted in the figure D2 (a — d) of appendix D. The measurement sequence tables loaded
into the c++ programme, controlling the data acquisition unit, are written in appendix C1 and C2 for

current stimulation through adjacent and opposite electrode pairs, respectively.

The electrode system, consisting of 16 equally spaced electrodes, formed a ring around the UCT
tomography vessel and produces 256 measured voltage data sets (a frame) for a stimulation through
sixteen adjacent electrodes. That is, for every stimulation through adjacent electrodes, sixteen voltage
measurements were taken. Similarly, for stimulation of current through opposite placed electrodes
involving a redundant stimulation pattern, such as electrode 1 and 9, electrode 2 and 10, electrode 3
and 11, etc. and electrode 11 and 3, electrode 10 and 2, electrode 9 and 1, etc., 256 voltage data sets
were measured for each ring. Three dimensional voltage measurement requires voltage measurements
between adjacent electrode pairs in the two or three or four ring electrodes system for every
stimulation through either adjacently or oppositely placed electrodes in each of these systems,
respectively. In loading the measured data to a reconstruction code, the voltage measurements need to
be sorted for any specified number of rings over which a three dimensional measurement strategy is to
be made. The sorting is such that for every stimulation through any electrode pair, measurements were
taken in all remaining adjacent pairs while excluding some measurements to avoid interference of
current with sensed signals. The selection of 208 measured voltage data sets from a total of 256 sets is
carried out to remove measurement across electrodes through which current was stimulated.
Considering adjacent current injection sequences, for every stimulation through adjacent electrodes in a
ring, thirteen measurement were selected from the sixteen measurements in the same ring. Thus, for
sixteen current stimulation sequences in a ring, 208 (16 times 13) voltage measurements were
measured in the same ring, while all measurements through adjacent electrodes were measured in the
remaining rings. Table E1 in the appendix gives an indication of the selection of thirteen (13)
measurements in a ring for every stimulation in the same ring, yielding 208 measurements from an
injection ring. An illustration of the selection of twelve (12) measurement in a ring for every stimulation
yielding 192 measurements from an injection ring by opposite current injection is presented in table E2
in the appendix. In this way, for a three-dimensional measurement using the two or three or four rings
electrode system, a total of 256 measurement were made in each of the other rings for sixteen
injections in one ring as no selection of measurement was made beacuse current was not injected in any

of the electrode pair.
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Table J.2.2.2. Total data selected from the total measured data for various current injections

S/N | Number of rings Total data selected for various injection | Total data measured
sequences (Adjacent measurement)
Opposite Adjacent

1 2 rings 896 (28 x 32) 928 (29 x 32) 1024

2 | 3rings 2112 (44 x 48) 2160 (45 x 48) 2304

3 4 rings 3840 (60 x 64) 3904 (61 x 64) 4096

From table 3.2, for every stimulation of the 32 stimulations through adjacent electrode pairs in a two
rings system, 29 measurement were made yielding 928 data sets using adjacent measurement
sequences. For every stimulation of the 32 stimulations through opposite electrode pairs, 28
measurements were made yielding 896 data sets using adjacent measurement sequences in a two rings

system.

In the three rings system, for every stimulation of the 48 stimulations through adjacent eletrode pairs,
45 measurements were made using adjacent measurement sequences to obtain 2160 data sets. For
every stimulation of the 48 stimualtions through opposite electrode pair, 44 measurment were made

using adjacent measurement sequences to obtain 2112 data sets.

In the four rings system, for each of the 64 stimulations through adjacent electrode pairs, 61
measurements were made through adjacent electrode pairs, yielding 3904 data sets while for each of
the 64 stimulations through opposite electrode pairs, 60 measurements through adjacent electrode

pairs were made yielding 3840 data sets.

Sequence tables were written based on the architecture of figure D1 (appendix) in order to synchronise
the output of the stimulation pattern (the simulated data sets) with that of the actual measured data
sets from the UCT tomography rig. The sequence table contains details such as position of electrodes in
a ring through which current should be injected and across which voltage should be measured. The
plane of current injection and voltage measurement are also specified in the sequence tables which are

displayed in section C1 to C6 of the appendix.
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J2.3  Setting up the Global System Matrix

In calculating the global sensitivity matrix, Nick Polidorides' function (Polidorides 2002) was explored in
developing the global system matrix from the local matrix system of each tetrahedral for the written

programme in the form of

fmdl.system wat='np calc system mat';

J2.4  Setting up the function for the Computation of the Jacobian Matrix

In the reconstruction programme from the developed algorithm, Nick Poldoride's function (Polidorides
2002) for computing the Jacobian matrix, matrix of the derivative of the measured voltage with respect
to the conductivity distribution, was explored. The Jacobian matrix was computed by linking it to the

modelled vessel in the following form
i fwdl . jacohian='np calc jacobian';
J2.5  Setting the Forward Solver Function of the Forward Problem

Nick Polidorides' function (Polidorides 2002) was again explored in the development of the forward
solver function. Here, the Cholesky method or preconjugate gradient method was employed if the
conductivity values are real and LU or biconjugate gradient method if the conductivity values lies in the

set of complex numbers. The forward solver was set as follows

= frdl.solve= 'np fwd solwve';

J2.6  Creating an EIDORS-object with Appropriate Input Variables

The forward solver function requires an EIDORS object with well-defined properties as an input variable.
Creating an EIDORS object requires the type (image), name (homogeneous image), matrix of
conductivity of finite elements (mat) with name elem_data and the forward modelling mesh associated
with the object (fmdl) with the name fwd_model. In the written code, the EIDORS object was

developed using the lines of code below.

= fmdl.type='fwd model';
= fmdl.np fwd solve.perwm syw='in}';

= wat= ones| size(fwdl.elewms,1] ,1):

= Sim iwg= eidors obj('image', 'homogeneous iwage', 'elew data', wat,'fwd model', fmdl );
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J2.7  Specifying the Conductivity of Each Element to be Homogeneous in the NETGEN Mesh such

as Fixing the Value of Conductivity to be One for All Element in the Mesh

Data collection to visualise the perturbation within a conductivity domain requires voltage
measurement for homogeneous distribution of conductivity as well as inhomogeneous distribution of
conductivity. Introduction of insulating materials or hyper-saline solution into regions of the entire
domain produces less conductive medium or more conductive medium that perturbs the uniform
distribution of the flux lines detected by the periphery sensor electrodes. Matrix of homogeneous

distribution of conductivity is specified to be one as in

mat= ones| size(fmdl.elems,1) ,1):

J2.8  Relating the Homogeneous Property of All Elements in the NETGEN Mesh to the Created
EIDORS Object

The created EIDORS object, denoted by sim_img is linked to the associated forward modelling mesh,

and the conductivity of each element in the mesh, by the following code

Sim imy.fwd solve.get all meas = 1;
Sim_ img.fwd model= fmwdl;

Sim_img.elew data(mat] = 1;

J2.9 Calling the Forward Solver Function to Solve for the Boundary Voltages Arising from

Injecting Current into a Homogeneous Solution

The forward solver, np_fwd_solve, is called with the function fwd_solve. This requires the EIDORS

forward modelling object and mesh as input variable as shown in the function

wh = fwd solve (fmdl, sim img) ;

J2.10 Loading the Measured Data from the UCT Tomography Rig into the Written Code

The calibrated data sets of measured voltages were contaminated with 25 decibel of Gaussian noise
when the conductivity distribution within the tomography vessel is inhomogeneous. The simulated data
sets of voltages for homogeneous distribution of conductivity was obtained using the forward solver

function of EIDORS. Both the calibrated data sets and the simulated data sets are needed as input data
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for the inverse solver function of EIDORS. To compute the calibrated data sets for inhomogeneous

solution, the following data sets are required

(1) the raw tomography data sets for homogeneous solution with no current stimulated into the

medium (offset voltage datasets ),
(2) for homogeneous solution with certain magnitude of constant current (2.5mA), and

(3) for inhomogeneous solution with the same magnitude of current applied as in raw data for

homogeneous solution.

From these data, the processed tomography data sets for the homogeneous solution were computed
from the difference between the raw tomography data sets for homogeneous solution and the offset
data sets. Similarly, the processed tomography data sets for the inhomogeneous solution were
computed from the difference between the raw tomography data sets for inhomogeneous solution and
the offset data sets. Furthermore, the scaling factor data sets were computed from the ratio of
simulated data sets for homogeneous solution with the same magnitude of current applied to the
processed tomography data for the homogeneous solution. Thereafter, the calibrated data sets of
measured voltages were computed from the product of the processed tomography data sets for
inhomogeneous solution and the scaling factor data sets. Therefore, the calibrated data sets were
derived such that the ratio of the simulated voltage data sets for inhomogeneous solution to the
processed data sets of measured voltages for inhomogeneous solution was the same as the ratio of the
simulated voltage data sets for homogeneous solution to processed data sets of measured voltages for

homogeneous solution about each data point. That is

(simulated data for homo)

Calibrated data for inhomo = (processed data for inhomo) X (processed data for homo)

With reference to one of the six written codes with file name
RECONSTRUCT_4RINGS_ALGOR_OPP.m, meas_4RINGShomo_OPP is a written MATLAB function
required to load the raw tomography data sets for inhomogeneous solution. Then, the function
getcalibrationdata4rings_opp_no_current loads the raw tomography data sets with no current applied
for homogeneous solution while getcalibrationdatadrings_opp_current function loads the raw

tomography data sets with current applied for homogeneous solution. Similarly, Meas_HOMOdata, and
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Meas_INHOMOdata denote the processed tomography data for homogeneous and inhomogeneous
solution respectively while Calib_Inhomo denotes the calibrated tomography voltage data sets as

detailed in the few lines of code below.

[ INhowodata] =meas 4RINGihomo OFP (' {:YOCTORER DATA' smal l_cylinder\ inhamo boundary Scw rotated.tomo');
[nocurrentdata] =getcalibrationdatadrings opp no current(' (1Y OCTORER DATLY oct data no current homoge.tona');
[currentdata] =getcalibrationdatadrings opp current(’ (1Y OCTOBER DATRY oot data with current howoge 2 5.tomo');
Neas HOMOdats=currentdata-nocurrentdata;

Neas INHOMOdata=INhomodata-nocurrentdata;

Johnf= vh.nweas;

Sca Fac=Johnf./leas HOMOdata;

Calib Inhomo=Ness INHONOdata.*ica Fac;

oo -3 O a3

Since the EIDORS inverse solver function was explored to solve for the conductivity distribution (inverse
of resistivity) using the dif ference voltage approach, the calibrated tomography voltage data sets for
inhomogeneous solution had to be defined as the simulated voltage data sets for the inhomogeneous
solution with the following lines of code

= wi = fwd solve (fmdl,sim imgy) ;
= vi.meas=Calib Inhomo:

The MATLAB script for loading voltage data sets obtained by a sequence of measurement through
adjacent electrode pairs for a sequence of current stimulation through opposite electrode pairs in a two,
three and four electrode systems are illustrated in section H1, H3 and H5 of the appendix respectively.
Similarly, the MATLAB script for loading voltage data sets considering a sequence of current injection
through adjacent electrode pairs and voltage measurement through adjacent electrode pairs in a two,
three and four rings of electrode tank are highlighted in section H2, H4 and H6 of the appendix

respectively.

J3: Computational operations to addressing the inverse problem of computing the conductivity

distribution given the boundary voltages for a sequence of current stimulation pattern

(a) Writing a MATLAB function for loading the measured offset voltage data set, raw voltage with
current for homogeneous and raw voltage with current for inhomogeneous from the UCT tomography

equipment;
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(b) Computation of the processed measured voltage data sets for the homogeneous solution;

(c) Computation of the scaling factor data sets from the ratio of the simulated voltages for
homogeneous solution using EIDORS library of MATLAB function to processed measured voltage data

sets for homogeneous solution;
(d) Computation of the processed measured voltages for inhomogeneous solution;

(e) Computation of the calibrated tomography voltages for inhomogeneous solution by multiplying the

scaling factor with processed measured voltages for inhomogeneous solution about each data point;

(f) Defining the calibrated tomography voltages for inhomogeneous solution as the solved simulated

voltages for inhomogeneous solution using EIDORS forward solver;

(g) Computation of the white Gaussian noise to be added to the calibrated tomography voltages
required for the inverse problem in order to improve the signal to noise ratio in the reconstructed

image (computed with the function std and rand);
(h) Adding the noise to the calibrated tomography voltages for inhomogeneous solution;
(i) Creating an EIDORS object for the inverse solver function (using the function eidors_obj);

(j) Specifying the forward model property, method of reconstruction, jacobian background value, the
hyperparameter value, number of maximum iteration and the inverse solver function of EIDORS (the
functions fwd_model, reconst_type, jacobian_bkgnd_value, hyperparameter.value,

parameters.max_iterations and @np_inv_solve were used respectively);
(k) Specifying the image-prior data sets (the function @np_calc_image_prior was used);

() Calling the inverse solver function, plotting of the reconstructed image in 3-D and 2-D plot of slices
through the images parallel to x, y, and z axis and displaying the jpeg picture of the UCT tomography rig

with an immersed object (show_fem and show_3d_slices functions were used respectively).
J4: Solving the Inverse problem Using EIDORS

J4.1  Computation of the White Gaussian Noise to be Added to the Calibrated Tomography

Voltages
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The probabilistic idea described in section 4.5 indicates that the regularisation matrix was constructed
with a prior knowledge that the calibrated voltage data sets was contaminated with low level noise. A
distribution of white Gaussian noise signals (of 25 decibel signal to noise ratio) with an expectation value
of approximately zero and variance v was used to contaminate the calibrated voltage data sets so as to
synchronise the noise in the measured data with that adopted in the regularisation technique. The noise

added to the calibrated data sets (vi. meas) was computed with the following lines of code

10 noize= stdivi.meas - vh.meas),/ 10" (2Z5/20) * randnisize(vh.meas)):
11 Vi.meas= wi.meas + noise;

J4.2 Creating an EIDORS Object for the Inverse Solver Function

Similar to the forward solver function of EIDORS, an inverse solver function requires an EIDORS object
with specified properties as input variables. The reconstruction type was selected to be dif ference
instead of static to indicate that the reconstruction was based on the difference between two data
objects as compared to an image being reconstructed from a single data object. In line 21 below, Nick
Polidorides' computed image prior was explored in solving the inverse problem as it yields a more
accurate solution of the inverse problem than both the Tikhonov prior, @tikhonov_image_prior, and
Andrea Borsic's image prior, @ab_calc_tv_prior, when the measured voltage data from the UCT
tomography rig was loaded to the reconstruction codes. Line 18 signifies hyperparameter values and the
number of iterations to obtaining approximate solution of the exact solution was specified on line 23.
The lines of code below show how eidors_obj function was used to create an object linking the object's

properties to the object.

12 inwid= eidors obj('inv model', 'EIT inwverse'):
13 invid.reconst_type= 'difference’':

14 invid. jacobhian bkgnd.value = 1;

15 imwid. fwd model= fmdl;

16 inwid. fud mwodel.np fwd solve.perm syw= '{vi';
17 % Nick Polvdorides' Gauss-Newton Solver

158 invid. hyperparameter.value = 1le-3;

19 invid.solwve= @np_inv_sulve;

Z0 % Nick Polvdorides' Prior (Laplace) &&&H##(pro
21 inv3d.R_priDr=@np_calc_image_prinr:

22 invid.np calc image prior.parameters= [3 1] ;
23 invid.parameters.max_iterations= 1;
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J4.3  Calling the Inverse Solver Function and Plotting the Reconstructed Images in 3-D and 2-D

The inverse solver function, inv_solve, solves the inverse problem when the EIDORS object (inv3d),
simulated voltage data sets for homogeneous solution (vh) and calibrated data sets for inhomogeneous
solution (vi) are set as input variables as in line 26. The show_fem function in line 39 displays the
solution of the inv_solve (img) in three dimensions while show_3d_slices in line 30, 35 and 43 displays
the slices through the reconstructed image on a two-dimensional plane parallel to the z-axis, y-axis and
x-axis respectively. The imread function in line 48 attaches the . jpeg file of the tomography rig on the

same page of the plots.

26 img= inwv solwve({inv3id, wvh, vi):

27

28 ax(6)] =subploc(2,3,6, 'replace’);

zZ9 ¥ plots 2-D slices parallel to z-axis

30 show 3d slices{img, 0.45,[],[]11:; % show 3d slices(img, =z-axiz, x-axiz,y-axiz)
31 wview(—-14,13); axis tight; axis edqual: =lim([0,1.5]):

S hold on;

33 ax(3) =subplot(2,3,3, 'ceplace');

34 % plots 2-D slices parallel to x-axis

35 show_3d slices(img, [1,[0.0]1.[]1):

36 view(-14,13); axi=s tight; axis ecqual; =zlim([0,1.5]);:

37 ax(5) =subplot(2,3,5, 'replace' ) ;

38 % plots 3-D image

39 Show_fem ([ img)

40 hold on;

41 ax(4) =subplot(2,3,4, 'replace']);

42 Fplots 2-D slices parallel to the v-axis

43 ghow 3d slices(img, []1.[]1.,[0.01):

44 wiew(—14,13); axis tight; axis ecqual; =lim([0,1.5]);

45 hold on;

45 ax(2)] = subplot(2,3,2, 'replace' )

a7 % dmread attaches the Jjpg picture of the rig to the page of plots
4a rgh = imread('C:/users/bode/desktop/bode/TNG 1246, jpg' ) ;
49 image (rgh) :

50 ticle (' inhomo-houndary-Scmw-rotated']

51 axis (ax, ' image')
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APPENDIX K

Computation of Volume of Region Discretised into Finite Number of

Tetrahedra with Resistivity Values lying within a Specified Range

K1: The code below was used for the computation of volume of region of high resistivity values

% Lowest limit
dadada=img.elem_data;
1l liw=min(dadada):%-0.6300;
% highest eslement wvalues
high wvalue elewm data=max (dadada) »50.2775;
2 lowest selement values
lom_value_elem_data=min(dadadaj;%—D.SSDD;
% step change
delt=(high_value_elenLdata—low_value_elem_data)IZD:
[gav] =Sorting elemindex (dadads) ;
[imggge] =Sorting resistivity(dadada)
colour map=[]:;
sav_new=[]:
for uu=limax(size (imgogge ($,1)))1 -

gad= [ imggge (uu) -1 lim)  delt:

colour map=[colour map;gad*l0, imggoge (uu) ] -

SV _new=[sav_new:sawv(uun) ] ;

if colour_map (uu, 1) >40

hreak

end

encl



- Appendices -

VWWOLTNE=[] ;add wvoluwe=0;zel ele=[];sel resist=[];mass_phant=[];
% 3AV denotes indexes of the elements
for welimax(2ize (sav_nev(:,1)]);
taal,bbl,eel, ddl are nodal points of an element.
elem index=sav_new(w);
aal=fmdl.elems {elew index,1j;
$h=1097(0.8744,0.1186,2.0), 1960
bhi=frdl.elems (elew index,2);
toc=436(1,0995,0.0328,2.0), 348
eel=fmdl.elems(elem index, 3);
$0=10801(0.9291,-0.0451,2.0) 1939
ddl=fmdl.elema(elem index, 4);
% CALCULATING THE VOLUME OF A TETRAHEDRAL
% volume in meters
V=] ja-d) | (h-d) Z{e-d)) | /6
al=fmdl.nodes (bbl, 1) -fmwdl.nodes (aal, 1) ; ai=fmdl.nodes (bbl,2)-fmdl.nodes aal,2) jai=fmdl.nodes (bbl,3) -fndl. nodes(aal, 3);
bl=fmdl.nodes (col, 1) -fndl nodes (aal, 1) sheé=fwdl . nodes (eel, 2) -fmdl. nodes (aal, 2) ;hi=fndl, nodes (cel, 3) -fmdl. nodes (aal, 3) ;
cl=frdl.nodes (ddl, 1) -fmdl.nodes (aal, 1) ; c2=fmdl. nodes (ddl, 21 -fwdl. nodes (aal, 2) ;ed=fmdl. nodes (ddl, 3) -fwdl. nodes (aal, 3);
vol=[al a2 a3; bl b h3; el 22 ci];
voluwe=ahs (det (vol) ) /6000.0; % we divided by 8000 hecause of the conversion of dimension in decimeters to metersd
add voluwe=add volune+volume;
gel ele=[zel ele;zav_new(m)];
gel resist=[sel resist; imggge (w)];
VYVOLUNE=[VVVOLITNE ; vo lume] ;
4phant=den_cub*volume;
4mass_phant=[mass_phant; phant];
end

FMas_ pha t=sum(msasS=S_phant) -
ol swuwm=swn (VWWOLTHE) -
disp('SUM OF WOLUME OF RECCHNSTRUITCTED TETRAHEDEALS') :disp (wvol_ =wo) :

K2 : Computation of coordinates of the centre of mass of Region Discretised into Finite Number of

Tetrahedrals with Resistivity Values lying within a Specified Range

PAS values, computed using the code below, were compared to that of the actual suspended phantom
for various position along the diameter of the tomography rig. The code for computing the coordinate of

the center of mass is shown below.
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veighted pos wass=(];coordinates=[];
for tt=limax(size(sav new(:,1))):
elem_index=sav_new [te);
aal=fuwdl.elena(zlen index, 1);
th=1097(0.8744,0.1186,2.0), 1960
Hhi=fidl, elems (elem index,2);
4e=4361,0995,0,0328,2.0), 348
cel=fmdl elens (elem index, 3);
$d=1080(0,9291,-0,0481,2.0) 1959
ddi=frdl elens (elem index, 4);
%_val=|fwdl.nodes (aal, 1) +fxdl,nodes (bhi, 1) +fndl.nodes (cel, 1) +indl. nodes (ddi, 1)) /4;
¥ val=|fwdl.nodes(aal,2) +fxdl.nodes (bhl,2) +fndl.nodes (ccl, 2) +fndl. nodes (ddl, 2) ) /a;
2 val=(fmdl.nodzs (aal,3) +fndl. nodes (bb1, 3] +imdl. nodes (cel, 3) +fwdl. nodes (dd1, 3) | /4;
al=fudl, nodes (bbl, 1) -frwdl.nodes (sal, 1); a2=fmdl.nodesz(bhi,2)-fmdl.nodes (aal,2);ad=tndl.nodes (bbl,3) -fndl nodes (aal,s);
bl=fwdl.nodes (ced, 1) -fwdl. nodes (aal, 1) ;hi=fndl. nodes (o1, 2) -frndl. nodes (aal, 2) ;bi=fndl. nodes (ccl, 3) -frdl. nodes (aal, 3) ;
ci=fmdl. nodes (ddi, 1) -fwdl. nodes (aal, 1) ;ci=fudl. nodes (ddi, 2) -fwdl. nodes (aal, 2) ; ci=fmdl. nodes (ddl, 3) -frdl . nodes (aal, 3);
vol=[al a2 a3; bl b2 b3} el cd c3];
volure=ahs (det (vol) ) /6000.0;
veighted pos wass=[weighted pos wass; x val*volume,y val®volume, 2 valfvolwne];

end
Z CM= sun(veighted pos wass(:,1))/vol swn; ¥ CM=swn(veighted pos mass(:,2))/vol_swn; Z_CM=sum(weighted pos mass(:,3))/vol sum;
disp('Z CH');disp [X__CH] sdisp('T CHY)disp [Y__CH] sdisp('d CH'))disp [Z_CH] [





