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para obtener el grado de DOCTOR en CIENCIAS, del programa de Maestria y Doctora-
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Diseno y construccion de un sistema de tomografia por impedancia eléctrica,
usando una computadora de placa sencilla

Resumen aprobado por:
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Dr. Everardo Inztinza Gonzalez Dr. Oscar Roberto Lopez Bonilla

Director de tesis Co-Director de tesis

La tomografia de impedancia eléctrica (EIT por sus siglas en inglés) es un procedimiento
util con aplicaciones en la industria y la medicina, particularmente en el drea de los pulmo-
nes y el cerebro. En esta tesis doctoral, se presenta el desarrollo de un sistema EIT portatil,
confiable y de bajo costo para la reconstruccién de imagenes mediante el uso de un compu-
tadora de placa sencilla (SBC por sus siglas en inglés). La novedad de esta tesis doctoral es
el completo desarrollo de hardware de un sistema de tomografia por impedancia eléctrica,
ademas de tres algoritmos simples y eficientes que se pueden implementar en SBC. El sis-
tema EIT propuesto aplica el método de voltaje adyacente, comenzando con una etapa de
adquisicién de impedancias que envia datos a una Raspberry Pi 4 (RPi4) como SBC. Para
realizar la reconstruccién de la imagen, se desarrollé una interfaz de usuario utilizando GNU
Octave para RPi4 y la biblioteca EIDORS. Se realiza un analisis estadistico para determinar
el mejor valor promedio de las muestras medidas mediante el uso de un convertidor analégico
a digital (ADC por sus siglas en inglés) con una capacidad de 30 kSPS y una resolucién de
24 bit. Las pruebas para el sistema EIT propuesto se realizaron utilizando materiales como
metal, vidrio y una naranja para simular su aplicaciéon en la industria alimentaria. Los resul-
tados experimentales muestran que la mediana estadistica es mas precisa con respecto a la
medida de voltaje real, sin embargo, representa un mayor costo computacional, por lo que
la media se calcula y se mejora descartando los valores de los datos en un estado transitorio,
logrando mayor precisiéon que la mediana para determinar el valor de voltaje real, mejorando
la calidad de las imagenes reconstruidas. Se presenta una comparacion de rendimiento entre
una computadora personal (PC por sus siglas en inglés) y RPi4. El sistema EIT propuesto
ofrece una excelente relacién costo-beneficio con respecto a un PC tradicional, teniendo en
cuenta precision, exactitud, consumo de energia, precio, peso ligero, tamano, portabilidad
y confiabilidad. El sistema EIT propuesto tiene una aplicaciéon potencial en la ventilacion
mecanica, la industria alimentaria y el monitoreo de la salud estructural.

Palabras clave: Tomografia de impedancia eléctrica; EIT; reconstruccion de imagenes;
computadora de placa sencilla; Raspberry Pi 4; instrumentacion electronica.
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Electrical impedance tomography (EIT) is a useful procedure with applications in industry
and medicine, particularly in the lungs and brain area. In this Ph.D. thesis, the development
of a portable, reliable and low-cost EIT system for image reconstruction by using a single
board computer (SBC) is introduced herein. The novelty of this Ph.D. thesis is the hard-
ware development of a complete low-cost EIT system, as well as three simple and efficient
algorithms that can be implemented on SBC. The proposed EIT system applies the adjacent
voltage method, starting with an impedance acquisition stage that sends data to a Raspberry
Pi 4 (RPi4) as SBC. To perform the image reconstruction, a user interface was developed by
using GNU Octave for RPi4 and the EIDORS library. A statistical analysis is performed to
determine the best average value from the samples measured by using an analog-to-digital
converter (ADC) with a capacity of 30 kSPS and 24-bit resolution. The tests for the pro-
posed EIT system were performed using materials such as metal, glass, and an orange to
simulate its application in food industry. Experimental results show that the statistical me-
dian is more accurate with respect to the real voltage measurement, however, it represents a
higher computational cost, therefore the mean is calculated and improved by discarding data
values in a transitory state, achieving better accuracy than the median to determine the real
voltage value, enhancing the quality of the reconstructed images. A performance comparison
between a personal computer (PC) and RPi4 is presented. The proposed EIT system offers
an excellent cost-benefit ratio with respect to a traditional PC, taking into account preci-
sion, accuracy, energy consumption, price, light weight, size, portability and reliability. The
proposed EIT system has potential application in mechanical ventilation, food industry and
structural health monitoring. .

Keywords: Electrical impedance tomography; EIT; image reconstruction; single board com-
puter; Raspberry Pi 4; electronic instrumentation.
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Introduction

Electrical impedance tomography (EIT) is a non-invasive technique that consists in mea-

suring an impedance array through a cross-section. This technology has been applied in

many clinical applications Sapuan et al.| (2020); Dunne et al.| (2018); [Samore, A. and Guer-|
mandi, M. and Placati, S. and Guerrieri, R.| (2017)), such as detection for breast cancer
and Soleimani| (2020)); Pak et al.| (2012), nerve activity in the brain [Makarov et al. (2019);
Faulkner et al| (2018); Aristovich et al. (2016]), respiratory disorders [Seward et al. (2019);
Gow et al.| (2018); [Karsten et al.| (2013), lung function detection |Ain et al.| (2017); Huang

et al| (2016); [Frerichs et al.| (2002)), cardiovascular monitoring Rapin et al| (2019), assess

facial nerve proximity |Anso et al.| (2019)), also has several industrial applications Wang et al.

(2019)); [Liu et al.| (2019); Ryndin et al| (2018); Dupré and Mylvaganam, (2018)); [Wu et al.|

(2018)); Russo et al.| (2017al); [Silvera-Tawil et al.| (2015)), and structural health monitoring in
the construction industry [Saibaba et al. (2014)); |Zhang et al| (2009); Aydi et al.| (2020); Wei
and Gao| (2017)); |Gao et al| (2019)); Badr et al.| (2019); Priou et al.| (2019). The food industry

also uses electrical or electrochemical impedance spectroscopy (EIS) which in simple terms
is a kind of EIT by using multiple frequencies and it is used in food quality assurance to

detect adulterated or polluted food, the electrical parameters of food change when they are

adulterated, as well when food has a pathogen like bacteria Das et al.| (2018); Mane and|
Mudhalwadkar (2017)); [Ibba et al,| (2018); |Serena Chiriaco et al. (2018). The impedance of

human body tissue is able to provide information about the physiological and pathological

properties of the tissue, both of these properties are related to the information of medical

applications Sapuan et al.| (2020). EIT can be achieved by using multiple electrodes placed in

a cross-section, however this is not mandatory and other configurations of EIT can be used.
Electrodes are important components of EIT system, they must have good electrical conduc-
tivity and must be anti-corrosive because an electrical current is applied through them and

also are used for sensing voltage. There is a research work focused on the study of electrodes,

because they can be improved for example through sandblasting |Gatabi et al.| (2020). The

data obtained by measuring all possible impedances is used to reconstruct an image, which
may provide qualitative and quantitative information. Images of live tissues and organs can
be obtained by placing electrodes on the skin and injecting a small current into the body.

EIT could provide a safe and cost-effective alternative to established clinical imaging met-



hods across a wide range of applications. However, the imaging problem is severely ill-posed
(inverse problem) and ill-conditioned, which means that even relatively low noise levels in
measurements could lead to significant reconstruction artifacts. In other words, the solution
is highly sensitive to changes in the final data Dimas et al.| (2020); C. Dimas, N. Uzunoglu, P.
P. Sotiriadis| (2019) and therefore the resulting image quality is limited [Malone et al.| (2015);
Russo et al.| (2017Db)).

Figure [1| shows a basic 16-electrode system. The main equation for the voltage field
produced by running a current across a material corresponds to , where [ is the current, o
is the electric impedance of the medium, ¢ is the electric potential, w is the angular frequency,
and e is the electric permittivity. This equation can be reduced to an equation known as the

“standard governing equation for EIT” [Stacey| (1986)), given in ([2)),

V(04 lwe)Vo =0, (1)
V- (6V¢) =0. (2)

The problem requires the injected current I and the voltage measured V;, the values of
which are known and obtained from an EIT electronic system, but the impedance distribution
o is unknown; here we cannot easily resolve o for because the potential distribution ¢ is
a function of the impedance, ¢ = ¢(o). As mentioned before, here the ill-posed nature of the
problem is clear from observing and understanding the diffusive behavior of electricity and
the inherent measurement errors.

f\\/'\\f’x

‘x\ Y W /L‘ L\%\ -

(a) (b) ©)

Figure 1: Vessel with object of study 2. There are 16 electrodes around the vessel, I represents
the current injected, and V; the voltage measurements and €2 represents the sample core, taken
from Molinari (2003).

As a tomography technique, EIT basically reconstructs the spatial distribution of electrical
conductivity within a body by measuring the voltage that appears on object boundaries due
to the flowing electrical current |(Cagan and Rosler| (2017). The basic principle is to use the

material’s impedance features to characterize its internal structure Mao et al.| (2019)). Some
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authors argue that it is an emerging method for imaging the evoked activity of a rat brain
Hannan et al.| (2020); |[Faulkner et al. (2018)), and it can also be used in human brain injury

monitoring, as reported in Ma et al.| (2019)); |Shi et al.| (2018]).

Backgroung

As mentioned above, EIT has been studied since the 1980s, research in this area com-
prehend different works, some of this are detailed below. The authors in |Avery et al.| (2017)
developed a highly versatile EIT system using open-source software and commercial compo-
nents. The system design was shared under an open-source license and uses electronic modules
and a personal computer (PC) interface. Their results can be confirmed by comparing the
reconstructed images with well-known literature. Field-programmable gate array (FPGA)
devices have been used to develop EIT, as shown in |Sohal et al.| (2014); Kusche et al.| (2015)),
basically to control and execute commands for the EIT system, leveraging the advantages
they offer as programmable gates. Their complexity enabled the authors to deliver high-
speed and high-performance results. Other efforts are being made for EIT algorithms based
on back-projection, Fourier, Gauss-Newton and variable splitting (VS) Wang et al.| (2019)).
Other authors have worked on developing an approach to EIT image reconstruction based
on machine-learning algorithms, proving that neural networks are useful for EIT Fernandez-
Fuentes et al.| (2018). In |Liu et al.| (2018), the authors propose an efficient and high-resolution
EIT image reconstruction method in the framework of sparse Bayesian learning. Significant
performance improvement is achieved by imposing structure-aware priors on the learning
process to incorporate the prior knowledge that practical conductivity distribution maps ex-
hibit clustered sparsity and intra-cluster continuity. In |Liu et al.| (2021)), the authors propose
an efficient and high-spatial-resolution algorithm for simultaneously reconstructing multi-
ple fdEIT (Frequency-difference electrical impedance tomography) frames corresponding to
inject currents with multiple frequencies. The electrical impedance tomography reconstruc-
tion problem is considered within a hierarchical Bayesian framework, where both intratask
spatial clustering and intertask dependency are automatically learned and exploited in an
unsupervised manner.

Other research efforts have focused on designing nine different circuits for EIT systems



and comparing three different solutions using a digital signal processor (DSP) for image
reconstruction, resulting in a low-cost system |Santos and Simini| (2012). The use of eight silver
electrodes distributed in a ring configuration to make electrical impedance measurements is
reported in |Gutierrez-Lopez et al|(2019)) as a methodology for locating carcinoma, together
with a proposed algorithm that is used in breast models. A study employing active electrodes
for lung ventilation is reported in |Gaggero et al.| (2012), which presented an electronic system
and experimental results on a human being, proving that active electrodes can be applied for
human thoracic EIT. The system communicates through Ethernet to a PC or ventilator and
uses an FPGA to control impedance sampling. As can be inferred, one of the many problems
with working with humans is placing electrodes in a person, and in addition, electronic noise
can be generated by skin, hair or sweat. With some reservations, the authors achieved good
results for future medical applications of EIT.

From a hardware viewpoint, the authors in Deng et al.| (2018)) developed a parallel EIT
system using multiple microcontroller units (MCUs) to perform measurements and process
FFTs at the same time. The system, which reaches speeds of up to 30 frames per second,
was compared to a commercial one, and an error rate of only 10 % was found. The authors
in Ansory et al. (2018) report the development of an EIT system with an Arduino MCU
and the well-known Electrical Impedance and Diffuse Optical Tomography Reconstruction
Software (EIDORS)|Adler and Lionheart| (2006) on a PC, using Matlab to reconstruct images.
The system has a resolution of 32 electrodes and each part of the system is developed on
separate PCBs (Printed circuit boards). They reconstruct images, but in contrast with this
Ph.D thesis, their ADC only has a resolution of 12 Bit, their circuits and algorithms are not
described in detail, and they do not perform image reconstruction on a SBC. In|Widodo Aris
(2018)), the authors report an EIT system developed using an Arduino MCU, a Raspberry
Pi 3 and 16 electrodes. They shown that the system reconstructs images by using Python
software instead of the EIDORS |Adler and Lionheart| (2006) library for Matlab. The authors
in |Borsoi et al. (2018]) present a super-resolution imaging model for EIT, with results that
show better image quality using different simulated data. On that basis, in this study the
EIDORS library was used to perform image reconstruction. In addition, the authors in Sapuan
et al| (2017) developed an EIT system that combines the reconstruction of three different

images at different frequencies, with the goal of simulating a breast tumor and showing the



importance of obtaining images with different frequencies to obtain better information. More
recently, the authors in |Perchiazzi and Wrigge| (2019)) reviewed different studies of imaging
techniques, including EIT, and reported that Acute Respiratory Distress Syndrome (ARDS)
problems had only been partially resolved. The literature review leads us to assert that
EIT can be employed in cases of respiratory conditions Gow et al.| (2018); |Perchiazzi and
Wrigge (2019); [Wu et al. (2018); [Putensen et al.| (2019); Zhang et al.| (2019)); Akhavan and
Hashemian| (2018)); [Wu et al.| (2019). For this reason, further research and development in
EIT lung imaging is crucial.

Accordingly, one can take advantage of SBC, which are very useful for solving real-world
problems across various fields of application |Alessio et al. (2020); Nykvist et al.| (2020));
Aguirre-Castro et al. (2019); |Gautam et al.| (2020)); Nirmala and Malarvizhi| (2020). To our
knowledge and based on the reviewed literature, only one study reports the use of an Rasp-
berry Pi 3 Model B [Widodo Aris (2018), and one other paper reports using an Arduino
MCU Ansory et al.| (2018)) for the development of an EIT system. However, there are still
open problems to be solved, such as the development of new methods and algorithms to im-
prove EIT systems, because of the imaging problem is severely ill-posed and ill-conditioned,
which means that even relatively low noise levels in measurements could lead to significant
reconstruction artifacts. Thus, in this Ph.D thesis an RPi4 may prove useful in developing
a low-cost, portable and reliable EIT system, since it can be coded by using open-source
software and is inexpensive, small, and lightweight; furthermore, it performs well and offers
multiprocessing capabilities and easy scheduling tasks, thus enabling fast technological de-
velopment. The novelty of this Ph.D thesis is the development of three simple and efficient
algorithms that can be implemented on SBC. Details of the new electronic circuits, firmware
and functions developed in this study are presented herein. The experiments show that the

proposed EIT system delivers practically the same results as those obtained with a traditional

PC.

Problem statement

Electrical impedance tomography (EIT) has 40 years of research, among its advantages

it offers a low cost solution compared to another kind of tomography techniques, as the com-



puter axial tomography, or Magnetic Resonance tomography, which have complex medical
applications, but are not necessarily needed all the time, EIT for lung imaging has been useful
for medical pulmonologist. There are research about development of electrical systems for
EIT which are complemented with software developed in personal computers. This means
that nowadays EIT tomographers are implemented with personal computers, that require

space, energy consumption and not much portability.

- Actual methods realized filtering with analogical electronics, which implied phisical circuits,

and energy consumption.

- Algorithms of EIDORS library require data obtained from a high precision stage.

Proposed solution

In this research, a new electrical impedance tomography system is proposed, by using
high precision electronic components, an embedded stage of data acquisition by using AT-
MEGAZ2560 microcontroller, and a dual option of using SBC Raspberry Pi 4 or Personal
computer, which receive data and process it in Octave GNU with EIDORS library to perform
image reconstruction, SBC Raspberry Pi 4 proves reliability and has multiples cost-benefit

advantages in comparison with a PC.

Research objectives

The main research objective is the development of a system for image reconstruction from

electrical impedance tomography using free software and a single board computer.

Specific Research objectives

= Design and develop the necessary circuitry for signal conditioning related to obtain

data from impedance measurements.

= Develop of pre-processing techniques for data smoothing using known statistical tools.



= Develop algorithms for data acquisition, calibration, comparison and real time opera-

tion.

» Image reconstruction using EIDORS library from electrical impedance tomography

measurements.

= Perform an analysis of system reliability and performance.



Chapter 1

1. Basic principles of tomography

The following concepts in this chapter were studied and are in part, a summary of basic

principles of tomography taken from (Zeng, 2009).

1.1. Tomography

Tomography is a word coming from ancient greek word “tomos” which means “slide
or section” and “grafo” which means “to describe or to write”, tomography is also known
as imaging, a device that performs tomography or imaging is called a tomograph, and its
resulting image is called a tomogram. In order to create a tomogram, there should be an image
reconstruction process, this theory was first proposed by Johann Radon in 1917 (Radon)
1917)). A tomographic system consists in the use of transducers at certain frequencies, which
send signals and receive other reflected of modified signals that contain information. A basic
diagram is shown in Figure [2| In medicine, tomography is widely used because its advantage
of obtaining information without the need of open a body, therefore tomography uses non

destructive techniques.

Transmitted Signal Modified signal

L -

Emitter Object Receiver

Figure 2: Basic tomography, the emitter sends a signal, this signal passes through the object
and changes because of its natural characteristics, creating a projection, then a receiver
captures this signal to gather data that will be process to make an image reconstruction.



1.2. Tomography types and application areas

Tomography types are normally divided according to the frequency and method that uses,

nowadays the next types of tomography exists:

- Electrical impedance tomography: Its principle is to measure the internal set of impedance

of an object when electrical current signals are applied.

- Ultrasonic tomography:Is the kind of tomography where ultrasound is used, that is to say
signals above the 20 kHz to 20 MHz, though that depends in the resolution and data type
that is willing to be obtained, in the ultrasound tomography echo measurements can be ap-
plied, to make measurements and also it may consider the Doppler effect, which measures the

frequency variation of the signal, this last is used for fluids and is widely used in medicine.

- Magnetic resonance tomography: Most known as magnetic resonance imaging (MRI), is
based in the nuclear magnetic resonance principle, to obtain data from a studied object, it

uses magnetic fields, therefore is not invasive, and is very used in medicine.

- Computed axial tomography: Best known as CT, is uses the image reconstruction princi-
ple of Johann Radon, the signals applied by this technique are X rays, which means that is

invasive and it is widely used in medicine.

There are more tomography types, which most of its application and field are for medical
purposes, however, there are industrial applications in other fields as in geology, tomography

can be applied to:

- Patology detection in the medical field, intern organ explorations, tomography is most used

in medicine.
- Preliminary studies for the design of civil works to determine the depth to the basement.

-Applications in geology such as determination of stratigraphy and detection of cavities, wa-

ter table and saline intrusion.

- Tridimentional structure obtaining (scanning an area and receive a 3D model of the area

scanned).

- Tree growth studies.



1.3. Projection

A projection, is an image generated in the study of an object, in Figure [3] it is observed
in first instance, a disc with center at the origin and lineal density p, the projection of this

object can be calculated as the curve length ¢ times the lineal density p.

In this example the projection p(s) is the same for every angle view 6, which is the detector
orientation, when the object is more complex, then the projection becomes dependent of the

0 angle, then now we have p(s,0).

pt =2pVR? — 52, |s| < R,

p(s) =
0, |s| = R.
y
Object
R
!
0 s x
P
L
..-/:
Detector

I
]
I
1 |
s

Object

Figure 3: Simple tomography projection. Taken from (Zeng, [2009).
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When depending also of the angle, different projections are generated as we variate 6,

p(s.0))

p(5.6)

Figure 4: Projections are different, they are angle dependent. Taken from (Zeng), 2009).

The next example uses a source point in the y axis to illustrate the 6 angle dependency

of the p(s,0) projection Figure [5)).

p(s.0) S b
Detector Y
\\ \ Y 0 9
\‘\ y' Point Source 0° 180° 360°
5 r
0
LY
o x %

Figure 5: A sinogram is a representation of the different projections on the plane s — 6. Taken

from (Zeng, [2009).

1.4. Image reconstruction

A strategy to perform an image reconstruction considering a point source is this: Let’s
consider a two dimentional empty plane, with a coordinate system z,y, and colocate a small
point with a value of 1, somewhere on that plane and not necessarily in the origin (Figure@.
Now let’s imagine that there is a detector, a camera for example, making turns around the
origin, acquiring projection images. In a particular angle 6, let’s write the projection as p(s, 6),

where s is the coordinate on the detector.

11



Intensity p(s.0) A

Figure 6: Point source object projection.

The p(s,0) projection is formed drawing a line through the z,y plane, orthogonal to the
detection, and finding on the detector in the place s. Then, a line integral is evaluated along
this line, and the integral value is p(s, 0), in this example, if the line does not touch the point

source, then p(s,#) is zero, if the line passes through the point source p(s, 6) then is 1.

Now let’s proceed to make an image reconstruction using the p(s, ) projections. As shown in
Figure [7], a number of projections are taken from the point source at different visual angles.

Now let’s proceed to reconstruct the punctual source as follows.

When we see the p(s, ) projections from a 6 angles, it can be appreciated a pike with intensity
of 1. This pike is the sum of all activity along the projection path. To reconstruct the image,
the activity must be redistribute in the return pike to its original path. The problem lies in
it is not known where should more activity must be placed along the path, and where to put
less. Therefore, equal amounts of activity are placed in all places along the path, and the
quantity is the magnitude of the projection pike. If this process is continually made for more
angles, a high pike will be form in the x,y plane in the location of the point source, due to

the superposition effect.

The above is a standard procedure called back-projection, if we back-project from all angles
from 0° to 360° it will produce a signal as shown in the image. After back-project, the image

is not exactly the original, but a blurred version, to eliminate this effect, negative wings

12



are introduced around the pike in the projections before back-projecting, this process is
called filtration. The use of negative wings gives us a clean image. This image reconstruction

algorithm is common and it is referenced as the filtered back-projection algorithm (FBP).

(a) Project a point source (b) Backproject from one view

(c) Backproject from a few views (d) Backproject from all views

(¢) Add negative wings () Backproject modified data

Figure 7: Image reconstruction of a point source by non filtered and filtered back-projection.
Taken from (Zeng 2009).
1.5. Back-projection

Back-projection is not the inverse of a projection, a back-projection is not enough to per-
form an image reconstruction, after back-projecting data, the original image is not obtained.

This is explained by a simple problem of 2 x 2:

13



The original image is defined by z; = 3,29 = 2,23 = 4 yv x4 = 0. The associated projections
are p(1,0°) = 7,p(2,0°) = 2,p(1,270°) = 5 and p(2,270°) = 4. The projections are formed

from a view at certain time.

=2

x,=4

R G . B

- el . |

Figure 8: View to view projection. Taken from (Zeng) [2009).

The back-projected image is formed wiew to viwe. The final back-projected image is the
sum of the back-projections from all views, as shown in Figure [9] Notice that the back-

projected image is different than the original.
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b=5+7=12

by=5+2=1
b=4+7=11
b=4+2=6

Figure 9: Sum of all back-projections. Taken from , 2009).
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1.6. Mathematical expressions
1.6.1. Projection

Let f(x,y) be a function density in the x —y plane. The projection (ray, sum, line integral

or Radon transform) p(s, §) has many equivalent expressions as follows:

p(s,0) = /_OO /_00 f(x,y)0(zcost + ycosd — s)dxdy (3)
ps.0) = [ [ rsteo - sitsdy (4)
p(s,0) = /OO f(sO+t0 L)dt (5)

p(s,0) = /_oo fo(s,t)dt (6)

Where ¢ is the Dirac delta function, and fy if the f function rotated by 6 clockwise. It is
assumed that the detector rotates in this sense around the object, or that the object rotates

in this sense while the detector is still. The coordinate system is shown in Figure [10]

Figure 10: Coordinate system for parallel beam 2D imaging. Taken from (Zeng, 2009).

15



1.6.2. Back-projection

A back-projection is the assistant of a projection. Assistant means a mathematical term.
It means the transposed conjugate in linear algebra. For a real matrix A its assistant is simply

the transposed of the AT matrix. In the discreet case, the projection is:
P=AX (7)

Where X represents an image, but in column form. Taking the matrix from Figure [§ the

image 2 X 2 is expressed by:
X - [%1,372,1'3,1’4]71 (8>
The column matrix P represents the projections.

P = [p(1,0°),p(2,0°), p(1,270°), p(2,270°)]" = [7,2,5,4]" (9)

6;3(1.6‘}
e p(2.9)
) ap / f/’>pl_=.ﬂ)

. -

- dy) it o

: / / @;:(41—)]
A dx / S
X / X, A'

Figure 11: Entrances a;; of Matrix A

Matrix A is the projection operator. Its entrances a;; are defined in Figure , using the
example of Figure [§ the back-projection of P can be calculated using the following matrix

multiplications:
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_1010- -7- -1010- -7- -12-
B ATp_ 0101 2 _ 0110 2 _ 7
1100 5 1 001 D 11
0011 4 0101 4 6

(10)

Which is the same graphically obtained result in Figure [9] For the continuous case, the

back-projected image b(z,y) can be expressed in the next equivalent way:

b(l’, y) = / p<37 9) |s=a:cos€+ysin9d9 (11)
0

1 2w
b(x,y) = 5/0 p(zcost + ysinb, 0)do (12)

1.6.3. The Dirac function

The Dirac function ¢ is a generalized function or a distribution function. It can be defined
in different ways. In this case, Gaussian functions series are used to define the ¢ function.
Each one of the Gaussian functions have an area unit below its curve, and as n increases, the

curve becomes more high and narrow.

(2)! 2 (13)

Let’s consider f(z) a smooth function which is differentiable in any place and any order and

1im, 00 (z) f(z) = 0 for every N. Thus the function § is implicitly defined as:

o0

lim <§W%"fmwm=/f&wﬂmm=fm (14)

z—oo f_

0 function has some properties:
| sw—aswis = [ o)+ a)ds = s (15)
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| stans@ys = 50 (16)

/_ T 50 (@) f(@)d(x) = (1) £ (0) (17)

n-nth derivative order

)=2.

STES R -

Where A,,’s are the zeros of g(z). In 2D and 3D cases, 6(x) = §(z)0(y) and 6(z) = §(x)d(y)d(2),
respectively. In the last property, |¢/| will be replaced by |grad(g)| = (a )? +( 7)? and

lgrad(g)| = \/(%)2 + (g—z)z + (%), respectively in 2D and 3D. In 2D imaging. A § §(z — )

function is used to represent a point source in the x = zy location. The Radon transform of

f(x) =06(x —20)d(y — vo) is

p(5,0) = /_ Z /_ Z 5z — 10)5(y — y0)5(wcosh + ysind — s)dudy (19)
p(s,6) = /_ Z 5(y — 40) /_ Z 5 — 20)8(wcosh + ysind — s)daldy (20)
p(s,6) = /_ Z 5(y — y0)S(zocosh + ysind — s)dy (21)

p(s,6) = 8(xocosh + yosind — s) (22)

This is a sinogram.
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1.7. Overview

In general terms, the basic principles of tomography are given by mathematical expressions
that were defined in 1917 by Johann Radon, this mathematical definitions helped to develop
tomography systems as we know today, the first devices that were invented had many issues
as for example the required time to perform a tomography, the first X-ray tomographers took
about 20 minutes to perform a scan, which is a lot time for a person to be exposed to this
ionized energy, overtime, systems became more efficient and effective, but all the original

theory remains the same for most of the modern tomography.
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Chapter 11

2. Electrical Impedance tomography

Electrical properties as the electrical conductivity o and the electric permittivity €, deter-
mine the behaviour of materials under the influence of external electric fields. This means that
conductive materials have a high conductivity which allows direct and alternating currents to
flow, whereas dielectric materials have a large electric permittivity and only allow passage of
alternating current. Electrical impedance tomography (EIT), has a different approach to con-
ventional tomography, this mainly because its mathematical principle, EIT is a non-invasive
technique which consists in measuring an impedance array through a cross-section. The way
for obtaining data consists in measuring impedances through electrodes that are placed in
an object, mostly in circular form, this impedances area measured not only in one way, but
many paths, the more impedances are measured, the best image reconstruction can be made.
EIT basically reconstructs the electrical conductivity spatial distribution within a body by
measuring a voltage on objects boundaries that appear due to the flowing electrical current
(Cagan and Rosler, 2017)), its basic principle is to use the material’s impedance features to

perform the characterization of its internal structure (Mao et al., 2019)).

Electrical impedance tomography features: - It is a tomography method that uses electrical

current at low frequencies and low current.
- It is a method that is sensitive to electrical conductivity changes.

- Known current values must be applied, voltages are measured and by ohm’s law, impedan-

ces are calculated.

- As frequency increases this method may show changes in the dielectric constant (also known

as relative permittivity).

- It is useful in industry, geophysics, and has medical applications that are in development.
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2.1. Advantages and disadvantages of Electrical impedance tomo-
graphy
The main advantages of EIT are (Beral 2018):
- Low cost prices in hardware.
- Non invasive.
- More portable than other types of tomography.
- Useful in applications where impedance value changes means useful data.

- Has scientific open access developed tools (EIDORS library).

The main disadvantages or EIT are (Beral, 2018) :
- Has poor Signal-to-Noise Ratio (SNR).
- Has poor spatial resolution.

- Although increasing number of electrodes increases spatial resolution is not always possible

in real applications.
- EIT values of current injected have to be careful chosen for biological applications.

- Because of its nature as ill-posed inverse problem, EIT produces a large noise at the output

in response to the small error or noise at the input.

2.2. Mathematical approach

Mathematically is a non-linear and ill posed problem, it is known as inverse Calderon
problem (Caro et al., |2013), which objetive is to recover the coefficient of divergence in a
differential partial elliptic equation given its Dirichlet to Neumann or Neumann to Dirichlet

operator.
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2.2.1. Well posed and 11l posed problem definition

According to Hadamard a well posed problem should be a Cauchy problem of initial value
that has adequate analytic properties, whose possible solutions have a convenient structure,

in particular this includes:

i) The existence of a solution.

ii) The solution uniqueness.

iii) The solution depends in a continuous way of the initial conditions

An ill posed problem does not meets one of the above situations, most of inverse problems

are ill posed problems.

2.2.2. Mathematical model

Figure [12| shows a basic 16 electrode EIT system, the main equation for the voltage field
produced by placing a current across a material corresponds to equation [23] where o is the
electric impedance of the medium, ¢ is the electric potential, w is the frequency and € is
the electric permittivity. This equation can be reduced to a equation known as “standard

governing equation for EIT” shown in equation

V(04 Ilwe)Vp =0 (23)
V- (cVep)=0 (24)

The problem requires the injected current ¢ and the voltage measured v which values are
known and obtained from an EIT electronic system, but the impedance distribution o is
unknown, here we cannot resolve easily o for equation [24] because the potential distribution
¢ is a function of the impedance, ¢ = ¢(o), as mentioned before, here the ill-posed of the
problem can be seen, this by observing or knowing the diffusive behavior of electricity, plus

the inherent measurement errors.
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Figure 12: Vessel with object of study €2, there are 16 electrodes around the vessel, I represents
the current injected, and V; the voltage measurements, () represents the sample core. taken
from (Molinari, 2003).

2.3. Function diagram of an EIT system

In Figure [13] a general function diagram of an EIT system is shown, this general repre-

sentation has 5 main features:

- A screen: This is the display of the image reconstruction result, were the user may obtain

information and therefore make conclusions about the object of study.

- Computer and image reconstruction software: This is the device that will be used to perform
all mathematical algorithms to make the image reconstruction, it also may govern the data

acquisition system or simply may receive data from it.

- Data acquisition subsystem: This part will perform all set of measurements, it is program-
med to make all the measurements and it may govern the multiplexer connection stage, it is
important to be noted that this data acquisition system may be configured and controller by

the computer.

- Multiplexer connection stage: This is a set of multiplexers of different channels, depending
on how many electrodes will be used in the vessel, this stage is connected to all electrodes
in the vessel and it is used to redirect current or voltage paths to make all necessary measu-
rements to perform EIT, this stage is controlled by the data acquisition system, but may be

also controlled from the computer.

- AC constant current source: This is the device that will generate the desired current that
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will be injected to the electrodes, it can be governed by the data acquisition stage or directly

from the computer.

- Test vessel: The vessel will contain the desire object of study, and in its boundary will have
the amount of electrodes desired or configured, the more electrodes it has, a better image

may be reconstructed and also a more complex electronics will be required.

PC
1mage reconstruction software

'

Data acquisition
system

> Screen

AC constant
Current

source Test vessel

' l

Multiplexer connection stage

Figure 13: General diagram of an EIT system.

2.4. Methods of simulations and measurements for EIT

Electric impedance tomography requires current to be injected to the medium in study,
this current must be constant, in order to have the same current value and a voltage measu-
rement value, to correctly calculate the impedance. The current injected is the stimulation,
when injecting current to the medium or stimulating a series of voltage measurements are
performed in the medium through the electrodes, it must be noted that the electrodes may
inject current or read voltage, depending in which configuration are connected, this different
configurations are called methods. There are four main methods, the adjacent drive method,

the opposite method, the cross method and the trigonometric method.
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2.4.1. Adjacent drive method

The adjacent drive method is also known as the neighboring method, is the most used
and common current driven pattern, in Figure [14] there are two main circles that represent
the medium of study, this circle is a vessel which contains conductive water, to understand

this method its steps are described:

In Figure[14]a), a current injection is applied between electrodes 1 and 2, the current injected
in this electrodes generates a flow of electrical current in the medium which is conductive
water, circular lines can be seen in the image, this lines represent the current distribution.
The first step of the method is to inject the current as mentioned before through electrodes
1 and 2, then an adjacent voltage measurement is performed, this by alternating connections
that leads to the system voltmeter, as seen in the picture, there are voltage measurements
between electrodes 3 and 4, then 4 and 5, then 5 and 6 and continues until it reads all adjacent
voltages finishing in electrodes 15 and 16, once all 13 measurements are performed, electrodes
that receive the current injection will change, this is shown in Figure |14/ b), now the current
injection is between electrodes 2 and 3, this as well will generate a flow of electrical current
in the medium, and now a complete set of measurements is made again to the adjacent elec-
trodes, this process is repeated until all pair of electrodes receive the injected current, and all
possible adjacent measurement are made, it is important to note that voltages measurements
are not made in the electrodes that are being used to inject current as shown. (Harikumar

et al., 2013).
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Figure 14: Adjacent measurement or neighboring method, a) First set of measurements while
injecting current between electrode 1 and 2, b) Second set of measurements while injecting
current between electrode 2 and 3, taken from (Harikumar et al., [2013)).

2.4.2. Opposite method

The opposite method also known as polar drive pattern, is commonly used in brain EIT,

to understand this method its steps are described:

In Figure a), a first current injection is applied to electrodes 1 and 9, note that this electro-
des are placed at 180° apart, the voltage measurements are made to the remain electrodes, 13
voltage measurements are made for each current injection, in Figure 15| b), a second current
injection is made, by advancing 1 electrode counterclockwise, now electrodes 2 and 10 are
connected to the constant current source, and the voltage measurements are made to the rest
of the electrodes as shown. This process is repeated until all pair of electrodes that are 180°
apart have had connected the constant current source. This method has the disadvantage
that for the same number of electrodes than the adjacent method, only has half of available
current injections, although it offers a better distribution of the sensibility, as the current
travels with greater uniformity through the imaged body, this means that the opposite met-

hod is less sensitive to the boundary conductivity changes, the opposite method as in the

adjacent method offers yields 208 measurements (Harikumar et al., |2013).
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Figure 15: Opposite or polar drive pattern method, a)First set of measurements while injec-
ting current between electrodes 1 and 9 (180° apart), b)Second set of measurements while
injecting current between electrodes 2 and 10 (180° apart), taken from (Harikumar et al.|

2013).

2.4.3. Cross method

The cross method also known as diagonal drive pattern is not commonly used, to unders-

tand this method its steps are described:

In Figure (16| a), the current is injected through electrodes 16 and 2, this method uses elec-
trode number 1 as reference to make the voltage measurements, once the current is injected
between electrodes 16 and 2, 13 voltages measurements are made using electrode 1 as referen-
ce, the next step shown in Figure [16|b), consists in now inject current between electrodes 16
and 4, electrode 1 remains as reference and all 13 voltage measurements left are made, for the
next steps, the combination of connection of the constant current source is through electrodes
16 and 8, 16 and 10, 16 and 12, 16 and 14, hence, the entire measurement procedure yields
7 x 13 = 91 measurements. The first stage is made, now the entire procedure is repeated,
this time electrodes where the constant current source will be applied are electrodes 3 and
5, 3and 7,3 and 9, 3 and 11, 3 and 13, 3 and 15, 3 and 1, this time electrode 2 will be the
reference to all voltage measurements made, this stage yiels to another 7 x 13 = 91 measu-
rements, for a total of 182 measurements. This method does not have a better sensitivity in

the periphery as the adjacent method, but has a better sensitivity all over the entire region
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(Harikumar et al., 2013)).

Figure 16: Cross or diagonal drive pattern method, a)First set of measurements while injecting
current between electrodes 16 and 2, b)Second set of measurements while injecting current
between electrodes 16 and 4, taken from (Harikumar et al., 2013)).

2.4.4. Trigonometric method

(Gisser et al [1987) proposed a current injection method called the adaptive method or

trigonometric method, unlike the previous measurements methods, this method injects cu-
rrent and all electrodes and voltages are measured on all electrodes, because current flows
through all electrodes at the same time, it needs as many current injectors as the number
of electrodes, hence for a 16 electrodes system, it will require 16 current injectors, this elec-
trodes can be fed from -I to +I, to allow different current distributions. For this method,
the boundary voltages are measured with respect to a single grounded electrode, so for a 16
electrode system, this method will produce 15 voltage measurements, once this is made, the
current projection is rotated to one electrode increment, now new measurements are made,
as result is yields to a total of 8 x 15 = 120 independent voltage data, the main problem of

this method is the number of the current drivers, and the unknown contact impedance that

will affect on the reconstruction algorithm (Harikumar et al., [2013)).
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2.5. Variations in Electrical Impedance Tomography

EIT has different approach, when studying an object and taking data to perform an image
reconstruction EIT will be known as absolute EIT. But if the EIT is continually made in an
object, tissue or something else, now it will be known as difference EIT, because now there are
data taken in different times. Typically frequencies of 10 to 100kHz are used, when making

EIT at different frequencies it is known as multi-frequency electrical impedance tomography.

2.6. Applications of Electrical Impedance Tomography
2.6.1. Lung

EIT is useful for lung monitoring, it has high absolute contrast of the lungs because lung
tissue impedance is higher than other tissues. Lung impedance changes when inspiration and
expiration, this is one of the main reasons that one of the most promising clinical applications

of EIT is in lung monitoring.

Constant current
driver Recording
potential

difference

Ag| AgCl electrodes for thoracic

impedance tomography
(Wikimedia Creative Commons)

e airflow in lungs
changes impedance

Electrode array set up in thesub- 4 electrode unit cell in impedance
clavicle and sub-axilliar regions tomography of thoracic cavity

Figure 17: Electrical Impedance Tomography (EIT) of thoracic cavity to lung function, taken
from (Rai et al., [2013).

2.6.2. Breast and Cervix

Electrical properties between normal and malignant breast tissues differ, this allows to
detect possible cancer in breast through determination of electrical properties of the breast.
Researches around the world agree in using a frequency sweep of EIT (multi-frequency im-
pedance tomography) to detect possible breast cancer. For cervix, the principle is the same,

also not only detecting but predict cervical intraepithelial neoplasia (CIN) grades 2 and 2
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best known as Cervical cancer according to the Papanicolaou test with a sensitivity and

specificity of 92 % each.

2.6.3. Brain

EIT has been also studied for brain imaging to detect brain ischemia, hemorrhage and

several other pathologies associated with impedances changes due to cell swelling.

2.6.4. Overview

Also applications in material engineering has been made, the EIT technique has been
used to estimate the conductivity distribution of a conductive polysilicon this for semicon-
ductor manufacturing. Nanotechnology also has had EIT applications in carbon nanotube
(CNT) imaging, it has been useful to develop multifunctional CNT-based sensing skins. In
civil engineering EIT has been useful in leak detection or damage detection in buried pipes
(Bera, 2018). Although EIT has 4 decades of research it has only medical applications for
lungs, useful for diagnoses and in ventilator monitoring, other medical applications remain
in research, there has been many advances that prove that the use of EIT in medicine will
be certain to happen, it is necessary that research continue, not only in hardware or software

but also in applications in humans, in order to ensure its certainty and reliance.

2.7. EIDORS library

EIDORS acronym means: Electrical Impedance Tomography and Diffuse Optical Tomo-
graphy Reconstruction Software Adler and Lionheart| (2006), basically is a compendium of
algorithms to be used in medical and industrial applications, all software from EIDORS is
free and open to change, make, promote and contribute its contents, it can be used in Matlab
version above 2016b or 9.1 and in Octave version above 4.4, it is licensed under the GNU
(General Public License), it contains examples and tutorials to be used. Most of its contents
has been developed for EIT, it was released in 1999, its origins come from a Ph.D thesis of
Marko Vauhkonen and the work of his supervisor Jari Kaipio at the university of Kuopio.
The EIDORS library has been used in many EIT projects and continues to be an essential
tool for EIT.
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Chapter 111

3. System development

The proposed EIT system, generates an image from a test unit, which consists of a circular
vessel with a conductive liquid (water with potassium chloride or sodium chloride), where
the object under test is entered, then 16 electrodes are connected to several multiplexers and
a MCU, which allows the impedance mapping of the object under test or body to measure
and characterize to form its image.

Figure (18 shows the physical aspect of the test unit (vessel) used in this Ph.D thesis to
test and validate the proposed EIT system. It consists of an impedance acquisition subsystem

that sends through USB port the impedance measurements values to a SBC-RPi4. Then, the

RPi4 after receiving the data stream, executes the well-known EIDORS Adler and Lionheart]

library for the image reconstruction. The shape of the sample measured must be
known in order to verify the correct image reconstruction, this is also helpful to calibrate
the image reconstruction algorithm and therefore, to obtain a better image approximation.
There are many mathematical models depending on the shape of the test unit (vessel), for

this work a circular shape was used.

Figure 18: Test unit (vessel) with 16 stainless steel of 304-caliber electrodes.

3.1. Adjacent measurement method

In this Ph.D thesis, the adjacent method for electrical impedance tomography is used
(better explained in [2.4.1]), it consists in applying a known current to an electrode pair, where

these electrodes are neighbors, once the known current is applied through these electrodes,
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an adjacent voltage measurement is made in all the next connections of the cylinder water
tank (vessel).

Figure depicts how a constant current source is applied on two neighbor electrodes,
then, a voltage measurement of the remaining pairs is performed, then, by means of a multi-
plexer, the voltage source is connected to the next electrode neighbor pair and the adjacent
voltage measurement is made again until covering all the combinations, in this case, for a 16

electrode base, there are 208 measurements.

Current flow lines Isopotential lines

(a) (b)

Figure 19: Adjacent measurement method, taken from Calvo Hernando| (2018). (a) First mea-
surement process, the current is injected between electrodes 1 and 2, (b) Second measurement
process, the current is injected between electrodes 2 and 3.

3.2. Test unit (vessel)

Figure depicts the test unit, it is a round-shaped plastic vessel, which is used to
contain the experimental samples (salty water, metal, plastic objects, fruits, etc.), then 16
stainless steel 304-caliber are used as electrodes for the proposed EIT system, which are
placed equidistantly, these screws are introduced in the plastic vessel using nuts and rubbers
to prevent leakage. This vessel is used for all the experimental procedures of the proposed
system, attached to each electrode, a shielded cable is used to connect to the electronic system
in order to prevent noise. The 16 electrodes of the vessel are enumerated counterclockwise, and
are connected to the three ADG1406 multiplexers, so the MCU manages their connections

to perform the required measurements.
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Figure 20: Test unit with 16 electrodes, counterclockwise enumerated.

3.3. Electronic design

Figure [21| depicts the block diagram of the proposed EIT system. The hardware consists
of a data acquisition (DAQ) subsystem and a user interface. The DAQ subsystem hardware
was coded to employ the adjacent measurement method (Subsection on the test unit. The
Arduino MCU selects which pair of electrodes is connected to the AC constant current source,
and the other pair that is connected to the adjacent electrodes. Then the signal is processed
with the help of an instrumentation amplifier configured as a peak detector connected to an
ADC that sends the voltage measurement value through an SPI (serial peripheral interface)
protocol by receiving commands from the Arduino MCU, which sends the raw data through
serial communication at 500000 bps to a central processing unit (CPU), e.g. the RPi4, as is

the case here.

Table [I| shows the system’s features, the proposed EIT system works with 110 V4o at 60
Hz, the peak power consumption is 15 W, it has three DC operating voltages, 5 V, 12 V and
-12 V, one MCU Arduino Mega 2560 to manage the data acquisition, the communication
between MCU and RPi4 is via USB 2.0 port configured at 500000 bps, the ADC part number
is ADS1256 with 24 bit resolution at 30 kSPS, it has four multiplexers ADG1406 to access 16
electrodes, input frequency range 4-80 kHz, the frame rate is 12 per minute and the diameter

of test unit is 17.5 cm.
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Table 1: Proposed EIT system features.

Description Feature
Electrical connection 110V4- 60Hz
Peak power consumption 15 W

Embedded voltage source
MCU

Communication
Communication speed
ADC

Multiplexers

Number of electrodes
Input frequencies
Frame rate
Connectivity
Networking

Test unit diameter

5V,12V and -12 V

Arduino Mega 2560

Serial USB 2.0

500000 bps

ADS1256 24 bit resolution at 30 kSPS
Four 1 to 16 decoder ADG1406
16

4 — 8 kHz

12 per minute

Bluetooth & USB 2.0

Ethernet & WiFi

17.5 cm

Arduino Mega
Microcontroller

1 Input current
. (2 channels) v

Controller bus
(20 channels)
Digital out

! out analog 4 MUX ADG1406
\ (1to 16 Decoder)

Y

SPI BUS
Embedded System
Raspberry Pi 4

ADS1256 b
24 BIT ADC Co

Analog input A

|

i Sample generator
. (16 channels)
In/out analog

1 AC constant
current source

Data Acquisition System

Constant current source

Voltage in probes
(2 channels) Lo
out analog :

\ Lo

Peak detector - !

User Interface
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Figure 21: Block diagram of the proposed EIT system. (a) Data acquisition stage, (b) User
interface.

To develop the AC constant current source the ICL8038 precision waveform generator
was used. This because it is a monolithic integrated circuit capable of generating high ac-

curacy sine, square, triangular, sawtooth and pulse waveforms with a minimum of external



components. The frequency can be selected externally from 0.001 Hz to more than 300 kHz.
In this paper, the constant current source applied to the proposed EIT system consists of an
AC voltage source at 2.56 Vpp, with a frequency of 4 kHz and 40 kHz for the reported tests.
This AC signal is injected into a circuit that converts the voltage into a constant current
source. Figure [22| depicts the proposed circuit of the constant current source, which consists
of an array of resistances, a TL0O84 operational amplifier, and the 2N3906 PNP transistor.
The voltage in pin number 3 of the operational amplifier remains fixed because of the high
impedance, and pin number 2 shares virtually the same voltage value. When any load is
connected between pin C'Sp; and CSp,y, the voltage in pin 2 maintains its value, and the
transistor Q1 delivers the necessary current to the load; the maximum current is the voltage
in pin number 2 divided by the resistance R,. The current [s is calculated by and the
value for the experiment is 91,42 pA with V, = 2,59V.

Vi 1

Is = (&)(m E)-

(25)

The pins C'Sp; and C'Spy are connected to the four analog multiplexers ADG1406. These
pins are now an AC constant current source, which is applied on the test unit for the proposed
EIT system. The constant current source sensitivity to load changes is shown in Figure
and its values in Table The voltage yields to the saturation value in the TL084 op-amp
when the load exceeds 120 kf2; therefore, this is the limit for the fixed current source at
the proposed voltage. The load used in the system test is below 120 k€2 and therefore the

constant current source works properly.

Arduino Mega SPI BUS ADSI1256 .
Microcontroller 24 BIT ADC M Embedded System
. Raspberry Pi 4

Controller bus Analog input
Input current (20 channels)
(2 channels) Y  Digital out

out analog

4 MUX ADG1406

(1 to 16 Decoder) Monitor Screen

Sample generator Voltage in probes

(16 channels) (2 channels)
AC constant In/out analog out analog
current source A\ i -

@ Peak detector '— o0

Data Acquisition System User Interface

Figure 22: Constant current source circuit is 91,42 pA.
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Figure 23: Output current sensitivity to load impedance changes: (a) from 0 to 120 k) the
current remains fixed at 91,42 pA, a higher impedance value falls out of the fixed current
range; (b) the voltage in C'Sp; yields to voltage saturation of the TL084 op-amp when the
load is higher than 120 k).

3.3.2. CMOS multiplexer

The ADG1406 is a CMOS multiplexer that can be used in biomedical applications like
EIT. Internally, it has a decoder that connects input/output pins Sy to Sie to an input/output
pin D, with a resistance of only 9.5 Q2 and a maximum current flux capacity of 300 mA. By
using 4 multiplexers, it is possible to connect four different probes to 16 different outputs,
this configuration makes the adjacent current injection and adjacent voltage measurement in
the test unit possible. Two probes are used for the AC constant current source and the other
two for the voltage measurements. If a higher number of electrodes is required, the number of
multiplexers has to increase, i.e., 8 multiplexers are required for a 32-electrode EIT system,

as well, minor changes in the hardware and software have to be performed.

3.3.3. High-precision peak detector

A peak detector is a circuit that takes the maximum voltage value of an AC voltage signal

(V,,), and it maintains it for a finite time duration, it is composed of a diode connected to a
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Table 2: Measurements for output current sensitivity to load impedance changes test.
Load value [2] Current Amplitude [pA4] VS, [V]

0.109377 91.4262 1.828
1500 91.4262 1.965
15000 91.4259 3.199
30000 91.4256 4.571
45000 91.4253 5.942
60000 91.425 7.314
75000 91.424 8.685
90000 91.424 10.05
105000 91.424 11.42
120000 91.423 12.79
135000 86.333 13.42
150000 79.134 13.45
200000 61.24 13.47

capacitor and a resistance that discharges the capacitor because of the peak variation. For
this EIT system, a high-precision peak detector was used. Figure depicts the proposed
high-precision peak detector circuit. The pin from the MUX, which corresponds to a voltage
measurement on the test unit (vessel), connects to the high-precision instrument amplifier
ADG620 from Analog Devices. The gain is set to approximate 1.5 and the output is then
passed through C4, which allows only AC current, thus eliminating the offset signal. The
signal is then applied to an operational amplifier LM2903, which is a dual comparator. Pin 7
is connected to a diode and a voltage is applied to the capacitor Cy and resistances Ris and
Ry3. Then an MCP601 operational amplifier was connected as a voltage follower, and was
chosen on the basis that its characteristics mean it is very often used for data acquisition. Its
feedback goes to the LM2903 comparator, this configuration delivers a peak voltage for the
signal input; pin 6 of the MCP601 corresponds to this peak and is connected to the ADC.
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Figure 24: Proposed high-precision peak detector.

Figure [25| shows the peak detector output measured with an oscilloscope.

zontal line represents the detected peak voltage level.
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Figure 25: Peak signal detected by the high-precision peak detector.

3.3.4. Analog-to-digital converter (ADC)

Once the signal is conditioned from the test unit (vessel) through the multiplexers and

peak detector, the signal is applied to ADS1256, which has very low noise, 30 kSPS of 24-bit

resolution, and 8 analog input channels. It has several applications including in biomedical,

testing, and measurement equipment. This ADC is connected through an SPI communication

protocol and works as a slave to an Arduino MCU, which controls the voltage measurements.
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3.4. Firmware and functions for the proposed EIT system

The following algorithms are responsible for acquiring data to reconstruct an image. The
steps are as follows: Data is processed through a statistical algorithm in the MCU and the
resulting average data values are received through a serial port from an MCU to Matlab (PC
test) or RPi4 (SBC test), a complete measurement cycle is continuously received, and after
each cycle is received, data is compared with the calibration data file through the comparison
algorithm. The final data and the calibration data are processed with the image reconstruc-
tion software (EIDORS) |Adler and Lionheart (2006 and a real-time reconstructed image is

created.

3.4.1. Data acquisition firmware

The data acquisition firmware enlisted in Algorithm [1]is embedded in the Arduino MCU
and may be coded on different MCU devices. Important features include a baud rate of 500000
bps, the adjacent method routine in the main while loop, the voltage measurement algorithm
by means of an ADS1256 and the statistical mean that is calculated to determine the best
value of each voltage measurement. In Algorithm [1| the acquisition process is described, the
pseudo code used for this algorithm consists in various steps. First the main libraries to make
the ADC work are called, then the parameters to control the multiplexers are set, the com-
munication is set to 500000 bps, and the library to communicate through SPI is called and
the ADC is initialized. An infinite loop that will be taking cycles of voltage measurements
using the adjacent method is started, 250 samples are taken for each voltage measurement.
As described, the Algorithm [I] selects the pair of electrodes to inject current, and then the
electrodes to make voltage measurements (ADC sends values through SPI communication
to MCU), once the 250 samples are taken, the Data Acquisition Algorithm (1| discards the
first 130 voltage measurement values that correspond to the transitory state of the voltage
measured, then the mean is calculated for the rest of the voltage values, generating a unique
average value which is send as raw data through serial communication to RPi4, the process

is continuously repeated.
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Algorithm 1 Firmware for Data Acquisition

1: include SPLh #Library to communicate with 24 bit ADC ADS1256

2: include digitalWriteFast.h #Library to communicate with 24 bit ADC ADS1256

3: Define all digital output channels to control 4 decoders

4: Begin serial communication at 500000 bps

5: Begin SPI library

6: Initialize 24 bit ADC ADS1256

7: While(true) #trepeat indefinitely

8: Set parameters to sample measurements in test unit #Number of samples (250), number of electrodes (16)
9: While(n = 0,n < 16,n + +) #Cycle to perform the adjacent voltage measurement method
10: Select pair of probes to inject current

11: While(m = 0,n < 12, m + +) #Cycle to perform the adjacent voltage measurement method
12: Select pair of probes to measure voltage

13: Take k samples with 24 bit ADC ADS1256 #250 samples set

14: Discard first 130 values #Values of the transitory state

15: Calculate the statistics mean of the rest of the sample vector

16: Send the value to serial port as raw data.

17: Deselect pair of probes to measure voltage

18: End While

19: Deselect pair of probes to inject current

20: End While

21: End While

22: End Routine

3.4.2. Firmware for data comparison

The firmware described in Algorithm [2 for data comparison was coded for RPi4 and
determines if the data measured in real time differs sufficiently from the calibration data. It
calculates if the data collected is different from the calibration data due to the sensibility of
the system to noise; even if two data vectors measured from the system look the same, a small
difference, even in the order of 1 x 107'%, delivers a faulty image reconstruction for the object
in the test unit (vessel), owing to the ill-posed nature of the problem Dimas et al. (2020); C.
Dimas, N. Uzunoglu, P. P. Sotiriadis| (2019); Malone et al| (2015); Russo et al.| (2017b)), as
discussed in the introduction. Therefore, the comparison function determines if the acquired
data is within a margin of error tolerance. If this is the case, it considers the measured data
to be the same as the calibration data; otherwise, it leaves the data without any adjustment
for the reconstruction algorithm. An error tolerance of 3 % was chosen because while making
measurements, we found a systematic error rate of at least 2%, due to noise and other

physical limitations.
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Figure 26: Three graphs of a measurement cycle. (a) Comparison between calibration data
and arbitrary object data, (b) Calibration data and second round of calibration-plane mea-
surements, and (c) Percentage of error between calibration data and the second round of
measurements.

Figure [26{ shows three graphs. Graph (a) shows calibration data and data from arbitrary
measurement of an object. Graph (b) shows two measurements that are almost the same;
one is calibration data and the other is a measurement of the system in the same state as
the calibration plane (second round of calibration-plane measurements), which physically
means that it is a measurement with the test unit (vessel) with only salty water. It is clear
from graph (c), which shows the differences between the two measurements, that they are
practically the same. Should the reconstruction algorithm receive this, it will discard the data
measured and consider it to be the same as the calibration data. Algorithm [2| describes the
pseudo-code for this function, the function receives two data vectors, an n tolerance value
and a timeouts value to determine whether the vector are or not practically the same, each
vector value is compared, and if it outside an n tolerance value, a flag variable is increased
and if it overpass the timesout value set, then vectors are not the same, and therefore not
changed, however if it does not overpass the value set, then vector A becomes equal to B

meaning that both vectors are practically the same.
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Algorithm 2 Firmware for data comparison

1: vector A, vector B, n, TimesOut #Receive two vectors of same size and parameters

2: for k=1 to length A, Flag=0 #Compare if vector A=B at n % tolerance

3: if A(k)j(1-n/100)*B(k) or A(k);(14+n/100)*B(k)  #Checks if the value is outside the n % tolerance value

4: Flag=Flag+1 #Flag value increases every time is outside the n % tolerance value
5% End if

6: End for

7: if FlagTimesOut #Determines if the vector is inside the n % tolerance value

8: A=B #The function considers that the vector is the same because is inside the n % tolerance value

9: return A #Returns the vector A, being different or equal to B depending if is inside the n % tolerance value

3.4.3. Function for statistical analysis

The Statistical Function enlisted inside Algorithm [I] performs statistical calculations with
the acquired data to be smoothed, due to the ill-posed nature of the problem Dimas et al.
(2020); |C. Dimas, N. Uzunoglu, P. P. Sotiriadis (2019); Malone et al.| (2015)); [Russo et al.
(2017b). This makes it possible to determine which measurement is the best value for use
in the image reconstruction process. The adjacent method was described in section It
consists in taking measurements using adjacent electrodes in the proposed EIT system. In this
paper, 16 electrodes were used, and therefore, 208 different measurements can be obtained
from the test unit (vessel). Each measurement is acquired by using an ADS1256 ADC through
the acquisition of n = 250 samples, which means that n can be changed in order to improve
accuracy in each data acquisition process.

Figure depicts four graphics of the 250 samples that are performed for each voltage
measurement. A transient behavior can be observed in the measurements. For this reason,
the statistics mean, median, and mode were calculated for each vector of samples. Several
experiments were performed and it was found that the mean and median are enough similar,
though the median is more accurate with respect to the actual measured voltage considering
all 250 raw value samples, the mean represents a lower computational cost and an acceptable
average value, added to this, to improve its accuracy, the first 130 samples are not taking
in account. This means that for every voltage measured, the mean is calculated to define
the best value for the last 120 samples resulting in an improved mean average value with
low computational cost. This process is repeated 208 times to perform a complete adjacent
measurement cycle in the proposed EIT system, and it takes 4 seconds to complete a full

voltage scan for 250 samples per measurement.
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Figure 27: Four graphics showing measurements for four different electrode pairs, taken with
the proposed EIT system by acquiring 250 samples. A transient voltage behavior is observed.
(a) First pair of electrodes, (b) Second pair of electrodes, (¢) Third pair of electrodes, and
(d) Fourth pair of electrodes.

3.4.4. Firmware for calibration and real-time working

The firmware for calibration and real-time working enlisted in Algorithm [3| was coded for
RPi4 and has two main features. The first one is a calibration routine, which executes an
adjacent measurement routine in the test unit (which the intrinsic errors of the electrodes
and cables are considered, such as: lift-off, parasitic resistances, inductances, capacitances,
corrosion, noise levels, etc.) when it contains only conductive water. Once finished, it creates
a file with the raw data from the test unit with only conductive water. This data is the cali-
bration data (data to be applied in the reconstruction algorithm). The second feature is the
fact that it performs an adjacent measurement routine in real time for data acquisition for
the test unit (vessel). Once a measurement cycle is completed, it performs the reconstruction
algorithm for EIT using the EIDORS library. The calibration function uses the acquired data
in real time and the calibration data measured in the calibration process, resulting in a real-
time reconstructed image from the impedance mapping in the test unit (vessel). Algorithm
describes the general pseudo-code routine for the calibration and real-time system features.

If the user decides to calibrate the system, then a single measured cycle is received from the
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MCU and stored in a calibration file (file 2), and then it closes the communication. Once
the user has a calibration file, the real-time feature can be used by setting the calibration
flag to 0, now the system will receive data from the serial communication and will store it
in a real-time data file (file 1), the values received are 208, which correspond to a complete
voltage measured cycle. Once the real-time file is created, the function reads both real-time
and calibration data files, it performs the function for data comparison (algorithm [2)) then
the image reconstruction function is called and a real-time reconstructed image is showed

on-screen, the process is repeated until the cycles decided by user are finished.

Algorithm 3 Firmware for calibration and real-time working

1: Set parameters as in acquisition system and operation frequency

2: Read calibration flag (true or false) #0 determines real-time mode, 1 determines calibration mode
3: Open serial communication, (set COM number) at 500000 bps

4: Open txt files according to parameters #files to save calibration or real-time data

5: Begin serial communication at 500000 bps

6: While(Total loops) #Repeat until loops set by user

7 While(valuej208) #Repeat until cycles wanted by user settings

8: Read COM buffer

9: Save to file 1 #Saves the data received into a file named 1

10: if calibration true

11: Save to file 2 #Also saves a file for calibration data in a file named 2
12: End if

13: End While

14: if calibration false

15: Read data from file 1 and 2 #Read real-time(file 1) and calibration data(file 2)

16: process Algorithm [2| between files #Calibration data and real-time data files

17: Call reconstruction image function (Algorithm

18: pause system for .1 second #Allows the system to update the reconstructed image
19: End if

20: End While

21: Close serial port communication

22: End Routine

3.4.5. Image reconstruction

The EIDORS library Adler and Lionheart| (2006) was used to perform image recons-
truction from the collected data. We decide to use EIDORS because we find that its good
performance has been proven in the literature |Ansory et al.| (2018); Kusche et al.| (2015]),
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furthermore, this works correctly in Matlab or GNU Octave, has a lot of feedback and is
easy to implement on EIT systems. According to the library instructions, many configura-
tions are possible; for this research, the settings used were the following: a 2D circle model
with 16-electrode configuration, no measurements on current-carrying electrodes, rotation of
measurements with stimulation pattern, adjacent current injection, adjacent voltage mea-
surements, and the number of rings set to 1 (however, when using 2D reconstruction, this
parameter is disregarded by the software). Two vectors of 208 values must be introduced into
the reconstruction function - data at earlier time and data at later time - in order for the
reconstructed image to be shown on screen. Algorithm |4| describes the image reconstruction
function. The function receives parameters of number of electrodes, real-time(data at later
time) and calibration data(data at earlier time). The EIDORS library functions are called,
the configuration is described in the algorithm, and this configuration was chosen according
to the system developed, taking into consideration the shape of the vessel, number of rings
(which corresponds to 1 ring), the number of layers (this number is disregarded as it is
only needed for 3D reconstruction but necessary to make the function work), the number
of electrodes (which is 16), the options (no measurement on current carrying electrodes and
rotate measurements, this was set according to the adjacent measurement method). The first
“{ad}” parameter corresponds to the way of injecting current, which is adjacent current in-
jection, and the second “{ad}” parameter in the algorithm code, corresponds to the way of
making the voltage measurements which is adjacent voltage measurement, in other words,
these parameters tell the function that the adjacent measurement method is applied to inject
the current and to make the voltage measurements. The current parameter may vary and
this helps to have different approaches of the reconstructed image and is set to 1, the rest of
the code is needed to solve the inverse problem, and to finally show the reconstructed image

on-screern.
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Algorithm 4 Image reconstruction

1: electrodes=16, real_time_data, calibration_data, current  #16 electrodes, real-time and calibration data, current set

2: imdl = mk_common_model(c2c2,electrodes) #c2c2 corresponds to a circular vessel, generates the model
3: fmdl = mk_circ_tank( n_rings , three_d_layers, n_electrodes) #parameters for the model

4: options = {no_meas_current,rotate_meas} #options set according to adjacent measurement method
5: [stim, meas_select] = mk_stim_patterns(configuracion,1,{ad},{ad},options,current)  #Settings according method

6: imdl.fwd_model.stimulation = stim #function to create model for stimulation
7: imdl.fwd_model.meas_select = meas_select #function to create model for measurement
8: img = inv_solve(imdl,calibration_data,real _time_data) #function that solves inverse problem

9: show_slices(img) #Shows reconstructed image

10: End Routine
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Chapter IV

4. Experimental results

4.1. Comparison between the PC and RPi4

This chapter presents a comparison between the proposed EIT system, developed using
GNU Octave for RPi4, and an EIT system developed using Matlab for PC. Both forms of
hardware apply EIDORS to verify that all numerical computation and application with the
RPi4 for the proposed EIT system is competitive with respect to the PC. To perform this
comparison, the raw data used for the PC and RPi4 is the same. Data was acquired from mea-
surements from the test unit (vessel) with several objects to characterize their impedances:
for example, conductive water only, to establish the zero state or calibration plane; a round
metallic recipient, which has high conductivity; and a glass, which has low conductivity. It
is also important to mention that all numerical calculations were performed by both types
of hardware, and double-precision variables were used according to the IEEE 754 standard
Zuras et al| (2008)). For a better understanding of the experiments, each configuration with
photos is presented to show that the EIT with an RPi4 does not compromise accuracy or

effectiveness.

4.1.1. Calibration of the proposed EIT system

Figure [28| shows the test unit (vessel) with only conductive water to perform calibration.
First, it was necessary to connect the test unit (vessel) to the proposed EIT system, then
execute the function for calibration and real-time working.

Figure shows the measurements for image reconstruction of the calibration plane.
The left-hand side shows three graphs processed using Matlab for the PC, representing a
cycle measurement, calibration data, and the error (difference) between both signals. On the

right-hand side, the same measurements are shown using GNU Octave for RPi 4.
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Figure 28: Test unit (vessel) with only conductive water to perform calibration.
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Figure 29: Comparison of measurements for image reconstruction between the PC and RPi4.
(a) Measurements corresponding to the calibration plane using the PC, (b) Measurements
corresponding to the calibration plane using RPi4, (c¢) Second round of calibration-plane
measurements using the PC, (d) Second round of calibration plane measurements using RPi4,
(e) Differences between first and second-round measurements using the PC, (f) Differences
between first and second-round measurements using RPi4.

Figure (a) shows the image reconstruction for the calibration plane obtained using
Matlab on the PC. Figure (b) shows the image reconstruction obtained using GNU Octave
for RPi4. The reconstructed image achieved is practically the same, and the hardware used

was unaffected, proving that RPi4 can be used for EIT.

4.2. Orange as test unit

First, a cycle of 208 measurements must be performed to obtain the calibration data in

the actual state of the orange. Another cycle of 208 measurements is then performed and
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Figure 30: Comparison of image reconstruction for the calibration plane on the PC versus
RPi4: (a) Image reconstruction using a 4 kHz signal, with no object inside the vessel and
data processing on the PC, (b) Image reconstruction using a 4 kHz signal, with no object
inside the vessel and data processing on RPi4.

the result is compared with the calibration-plane measurements. In other words, a complete
cycle is performed in the same conditions as the calibration plane. Figure a) shows the
orange as the test unit in the calibration plane. Figure (b) shows the corresponding image
reconstruction: a full white circle is observed, meaning the information is the same as is in the
zero state or calibration plane. Figure [31](c) shows the orange as the test unit with seawater
injected. Figure d) shows the image reconstruction of the orange with seawater injected;
a navy blue salty spot can be observed, where the conductivity of the seawater is higher than
the calibration plane, and therefore the navy blue spot represents less impedance than the
calibration plane (white). Other color shades can also be seen, such as aqua-green, which
shows low filtration of salty water to other areas of the orange. Even yellow is observed,
which represents a minor alteration of electrical impedance with respect to the calibration
plane. This test shows a potential application in food industry, for example to know the food

maturity process and to know when it is going into a state of decomposition.

4.3. Real-time results on RPi4

Figure [32(a) shows a glass object placed inside the test unit (vessel); dark red colors
can be observed in the reconstructed image and represent the high impedance of the glass.
Figure (b) shows a metal object placed inside the test unit (vessel); navy blue colors

can be observed in the reconstructed image and represent the low impedance of the metal.
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Figure 31: Test of the proposed EIT system using an orange as the test unit. (a) Orange in
the calibration plane, (b) Image reconstruction of orange in the calibration plane, (¢) Orange
with seawater injected, (d) Image reconstruction of orange with seawater injected.
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Figure|[32(c)-(e) shows a glass and metal object placed inside the test unit (vessel) in different
positions; in the reconstructed images, dark red and navy blue shapes can be seen, which
represent the impedance of the glass and metal objects, respectively. Furthermore, if the
objects move, the colored shapes corresponding to the objects also move. Figure (f) shows
an orange placed inside the test unit (vessel); in the reconstructed image, a dark red shape
can be observed, which represents the high impedance of the orange. As shown in previous
reconstructed images by PC and RPi4, it can be concluded that numerical computation
and reconstructed images deliver practically the same results. This is because both types of
hardware perform numerical calculations according to the IEEE 754 standard
(2008)). RPi4 has ample hardware resources for this application; the system requires less than
200 MB of RAM, which accounts for just 4.88 % of the total 4 GB on-board RAM. Therefore,
RPi4 offers a portable solution that consumes less energy and costs less than a PC, without

sacrificing accuracy or reliability.
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Figure 32: Real-time image reconstruction on RPi4: (a) Glass object under test, (b) Metal
object under test, (c) Metal and glass object under test, (d) Metal and glass in different
positions, (e) Metal and glass in different positions, (f) An orange under test.
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4.4. Performance comparison between PC and RPi4

This section is presented for the purpose of comparing the performance of the proposed
EIT system on different kind of hardware. Table [3| compares the features of our proposed
EIT system on RPi4 and on the PC. The PC has the following features: Laptop Dell Inc.
Inspiron 7559 x64 bit, processor Intel(R) Core (TM) i5-6300HQ, CPU with 2.30 GHz clock,
2301 MHz Quad Core, 16 GB of DDR SDRAM 3L at 1600 MHz, and Microsoft Windows
10 Pro version 10.0.18362 as the operating system. On the other hand, the RPi4 used has
the following features: Raspberry Pi 4, 4 GB RAM, Model B with clock working at 1.5 GHz,
and a 64-bit Quad Core ARMv8 CPU. In terms of hardware, the PC clock is 65.21 % faster
than RPi4, and the PC has 16 GB of RAM memory, while RPi4 only has 4 GB. In terms
of software, the PC has the operating system Windows 10 Pro and Matlab R2016b, while
RPi4 uses Raspbian 4.19 as the operating system, which is a free distribution of GNU/Linux,
and GNU Octave 4.4.1 is used as the programming language, under free license. The same
EIDORS library and the same firmware developed in this article were used in both types of
hardware. Finally, another important factor is the total cost of the EIT system developed.
The cost of the PC-based system is $1000.00 U.S. dollars while RPi4 costs only $250.00 U.S.
dollars. The PC is therefore four times more expensive than RPi4 (Note: These estimations
are an average. Also, the Matlab license can be disregarded when running Octave on PC).
Thus, one of the aims of this paper is to present the development of a portable, reliable and
low-cost EIT system without losing any information or quality in the image-forming process.
There are some trade-offs to be consider, as mentioned above and as shown in Table |3 the
price of the PC is higher but also the image reconstruction on PC is faster, while in RPi4
is slower, however, RPi4 is lighter and smaller, this allows us for example easy transport.
For example, some of the applications in geology, require to go to places where there is no
electricity, then a smaller battery will be able to make the proposed EIT system to work in
potential EIT applied in soil study. On the other hand, a PC is easier to use, however, RPi4
has already a lot of information available on internet of how to use it. Most people have
portable PCs, nevertheless, if the EIT system is used with a PC it will require the user to
take his PC dedicated to this task, while if having a portable option, the user may leave the
EIT system working separated from his PC, e.g. a PC may play a movie, but some dedicated
devices like a Smart TV do the same, without the need of a PC. Many other trade-offs can
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be consider as in every system that can be used in a PC or dedicated device, in the end, the

user will define whether if he will prefer to use the EIT system with a PC or with RPI4.

Table 3: Comparison of characteristics of the proposed EIT on the PC versus RPi4.

Foatures Proposed EIT system Proposed EIT system
on PC on RPi4

Central Processing Unit (CPU) Intel (R) Core (TM) i5-6300HQ ARMv8

Architecture Quad Core, x86-64 bit Quad Core, ARM 64 bit

Clock 2.30 GHz 1.50 GHz

Random-access memory (RAM) 16 GB DDR-SDRAM 4 GB DDR4

Operating system Windows 10 Pro 10.0.18362 Raspbian 4.19

Software Matlab R2016b GNU Octave 4.4.1

Power consumption 350-400W 5-15W

Communication USB USB

Networking WiFi, Ethernet, Bluetooth WiFi, Ethernet, Bluetooth

Internet connectivity Yes Yes

Weight 7.2 kg 4.5 kg

Dimensions (average) 300x200x40 [mm] 82x56x19.5 [mm]

Data acquisition hardware [U.S. Dollars] $100.00 $100.00

Software license cost [U.S. Dollars] Matlab single user $150.00 Free

Total cost [U.S. Dollars] $1,000.00 $250.00

Table {fshows a comparison between the execution times of the software running on a PC
and on RPi4. It can be observed that the results on the PC are executed more quickly across
the four processes required to perform the EIT. Furthermore, when the proposed EIT system
uses a 4 kHz signal, the average RPi4/PC ratio is 4.35, while with a 40 kHz signal, the avera-
ge ratio is 5.03; however, the total cost of the PC-based system is 400 % higher than the RPi4.
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Table 4: Comparison between the execution times of the algorithms on a PC vs. RPi4

. 4 kHz 4 kHz Ave. Ratio 40 kHz 40 kHz Ave. Ratio
Process Algorithm test test RPi4/PC test test RPi4/PC
on PC [s] | on RPI4 [s] on PC [s] | on RPI4 [s]
1 Load RAW data 4.177604 11.2553 2.6942 3.091808 8.09153 2.617087
2 Averaging algorithm B 0.218396 10.7864 49.38918 0.203601 10.7508 52.80328
3 Averaging algorithm pl 0.222845 10.7729 48.34257 0.201479 10.7654 53.43187
4 Averaging algorithm p2 0.220746 10.7498 48.6976 0.202687 10.7556 53.06507
5 Averaging algorithm p3 0.218783 10.7878 49.30822 0.213301 10.7607 50.44843
6 Averaging algorithm p4 0.37518 10.7401 28.62653 0.219097 10.7455 49.04449
7 Averaging algorithm p5 0.322562 10.7741 33.40164
8 Averaging algorithm p6 | 0.229163 10.7615 46.96002
9 Comparison algorithm 1 | 0.001892 0.010285 5.435994 0.001496 0.011233 7.508623
10 Comparison algorithm 2 | 0.000868 0.010255 11.81463 0.000516 0.007937 15.38169
11 Comparison algorithm 3 | 0.000726 0.010808 14.88733 0.000534 0.008557 16.02449
12 Comparison algorithm 4 | 0.000642 0.010731 16.71495
13 Comparison algorithm 5 0.000458 0.01052 22.96943
14 Comparison algorithm 6 | 0.000367 0.010801 29.43079
15 Generate image 1 1.679503 7.19625 4.28475 1.523613 8.41856 5.525393
16 Generate image 2 1.752863 5.43297 3.099484 1.547319 5.43366 3.511661
17 Generate image 3 1.548002 5.46065 3.527547 1.569827 5.51226 3.511381
18 Generate image 4 1.654057 5.51766 3.335834 1.57206 5.39322 3.430671
19 Generate image 5 2.312579 5.39704 2.333775
20 Generate image 6 2.119322 5.46788 2.580014
21 Generate image 1 2.270907 7.23758 3.187088 1.651131 8.92157 5.403308
22 Generate image 2 1.732666 5.51461 3.182731 1.599166 5.52643 3.45582
23 Generate image 3 1.641541 5.44866 3.319235 1.604967 5.44634 3.393428
24 Generate image 4 3.048024 5.45532 1.789789 1.629613 5.43712 3.336449
25 Generate image 5 1.841157 5.47907 2.975884
26 Generate image 6 2.059301 5.47139 2.656916
27 Generate image 1 2.069203 7.10464 3.433516 1.62543 7.24641 4.45815
28 Generate image 2 1.997686 5.35105 2.678624 1.715603 5.57153 3.247564
29 Generate image 3 1.810128 5.43402 3.002009 1.656268 5.46319 3.298494
30 Generate image 4 1.822647 5.45504 2.992922 1.601753 5.45979 3.408634
31 Generate image 5 2.371916 5.4942 2.316355
32 Generate image 6 1.663407 5.76794 3.467546
33 Generate image 1 2.22097 7.48894 3.371923 1.624438 7.578 4.664998
34 Generate image 2 1.872019 5.3701 2.868614 1.82086 5.3885 2.959316
35 Generate image 3 1.726198 5.47857 3.173778 1.655939 5.39759 3.259534
36 Generate image 4 2.378732 5.42829 2.28201 1.681663 5.4113 3.217827
37 Generate image 5 2.231945 5.48047 2.455468
38 Generate image 6 2.68666 5.56951 2.073024
39 Generate image 1 1.740418 7.57327 4.351409 1.692744 7.34871 4.3413
40 Generate image 2 1.57499 5.36714 3.40773 1.703104 5.41973 3.182266
41 Generate image 3 1.755426 5.39082 3.070947 1.705708 5.51775 3.234874
42 Generate image 4 1.573828 5.44001 3.456547 1.712771 5.44383 3.178376
43 Generate image 5 1.58774 5.4896 3.457493
44 Generate image 6 1.884791 5.44492 2.888872
TOTAL 58.62863 173.2076 2.954318 32.89398 121.3355 3.688684
4.5. Comparison versus related work

Related work of EIT has been studied and compared to our proposed EIT system. Table
shows a compendium of features from several revised articles. In Deng et al| (2018), the
authors report an EIT system with an 12 bit ADC that has 2400 kSPS, for data acquisition
they use the MCU STM32F446RE and do not mention the software for image reconstruction
used. In Ansory et al. (2018]), the authors use a 16 bit ADC with 0.860 kSPS, which is the
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lowest sample rate, for data acquisition they use the MCU Arduino UNO, and they perform
the image reconstruction by using EIDORS running on a PC. In Widodo Aris (2018]), the
authors use a 16 bit ADC with 0.860 kSPS, for data acquisition they also use the MCU
Arduino UNO and a Raspberry Pi 3 as CPU, the main difference of this related work, is
that they use a different software for image reconstruction, i.e., they use the Gauss-Newton
for Python. In [Sohal et al.| (2014)), the authors use a 12 bit ADC with 65000 kSPS, which
is the highest sample rate, for data acquisition they use an FPGA and DSP, and for image
reconstruction they use a PC running the GREIT algorithm. In Kusche et al. (2015), the
authors use a 14 bit ADC with 25000 kSPS, for data acquisition they use an FPGA, and the
image reconstruction is made on a PC running EIDORS, NETGEN and GREIT algorithm.
Finally, as can be seen in the table [f] the related work do not report details of the designed
circuits, nor of the algorithms implemented on single board computers. On the other side, it
is also important to note that when one have an ADC with higher sample rate and higher
communication speed between the DAQ device and the CPU, one can get more images per

minute (frames per minute).

Table 5: Comparison of proposed EIT system versus other related work.

Feature Proposed system  Ref.|Deng et al.|(2018) Ref. |Ansory et al.|[(2018) Ref.|[Widodo Aris|(2018) Ref.|Sohal et al.|(2014) Ref. [Kusche et al.|(2015)
ADC resolution 2 12 16 16 12 14
[bit]

Sample rate

. o . . 5 95
[kSPS] 30 2400 0.860 0.860 65000 25000
Device for . . . . . . . N . Y

A Arduino MEGA  STM32F446RE Arduino UNO Arduino UNO FPGA & DSP FPGA
data acquisition
Communication  _ . )
Speed [kkbps] 500 921.6 N/A N/A N/A 40000
Multiplexer ADG1406 ADGT726 ADGT731BSUZ AD506AKNZ N/A N/A
CPU Raspberry Pi4 PC PC Raspberry Pi3 PC PC
Electronic
diagram Yes No No No No No
shown
Embedded
Algorithms Yes No No No No No
Shown
Software for Gauss-Newton GREIT %{?%ﬁ%lgET(}EN
Image EIDORS N/A EIDORS for Python S a Co

algorithm algorithm

reconstruction
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4.6. Pictures of the EIT device working on PC using Matlab and
on RPI4 Using GNU Octave

The following figures show examples of the device working, in each photo there is a screen
monitor where the image formed is shown, at the same time the vessel can be seen with
the object of study inside of it, Figure depicts the device connected to a PC by using
Matlab to make the image reconstruction, and Figure shows the device connected to the
SBC RPi4, it can be observed in the monitor screen the well-known Matlab interface, and
the well-known Raspian interface. This tests have an upgrade in speed, the data transfer
speed used for this tests was 1000000 bauds, which did not work in the first stages of the
experiment, due to a lack of synchronization, by upgrading and adjusting the programmed
software this was now possible, and the data transfer speed of the EIT system was upgraded

to 4 times its original speed.

Figure 33: Picture of the proposed EIT system using a PC.
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Figure 34: Picture of the proposed EIT system using RPi4.
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Chapter V

5. Conclusions

The proposed EIT system showed satisfactory results since the multiple tests performed
to verify functionality were very successful. Nonetheless, some stages can be improved to
enhance performance, such as ADC sample rate and communication between DAQ device and
CPU: the faster the ADC and communication, the sooner a complete cycle can be performed.
Special circuits could also be used to reduce noise in the measurements. From the experiments
with the PC and RPi4, it can be concluded that the numerical computation and reconstructed
images deliver practically the same results, because both types of hardware perform numerical
calculations according to the IEEE 754 standard for floating-point operations. Besides the
ADC hardware, a software adjustment is necessary to perform statistics on the measurements,
as shown in the Algorithm [1| by using 250 samples, a statistical mean was calculated in the
last 120 samples to determine the best measured value with the ADC. Another important
aspect in the proposed EIT system is the method used to read impedance; in this paper,
the adjacent method was used, but other configurations can also be used to read impedance.
The algorithms and hardware can be replicated and are open to improvements, for example
by using a faster ADC or a DDS signal generator. The main purpose of this research was
to develop an EIT system as a whole, which would enable real-time image reconstruction by
using an RPi4. By processing the same raw data obtained from the impedance acquisition
stage in both PC and RPi4 hardware, it was showed that ARM architecture can perform
the same process with practically the same quantitative results, sacrificing only processing
time, while consuming much less power and fewer hardware resources, with open software,
fast development and low-cost hardware, just as shown in the cost-benefit analysis in Tables
BH4l The use of RPi4 provides the EIT system with portability, offering potential industrial
and medical applications. Finally, the proposed system proves that a portable and reliable
application on an SBC is possible and offers an excellent cost-benefit ratio in comparison with
a PC, considering precision, accuracy, resolution, energy consumption, price, size, weight,

portability and reliability.
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5.1. Future Work

The future work will upgrade the proposed EIT system, the next is a list of possible

improvements, that can be made to this EIT system.

- Upgrading the ADC: The analog to digital converter is a key piece that affects directly
in the time required to generate a complete cycle of measurements, as mentioned, in this
work, as minimum, 6 seconds were necessary to wait for a complete cycle measurement, the
ADC1256 has a 30KSPS (sampling frecuency) this means that if only the sampling frequency
is 10 times higher, a complete measurement cycle will now need only 600ms to be performed,

therefore changing the ADC to one with a better sample rate is a good upgrade idea.

- Adding demodulation: Instead of using a peak-detector, there are some models that uses a
demodulator to obtain a better impedance value, because demoduling an AC signal can gives
us information not only of the Real value of the impedance, but a complete complex value
of the impedance measured. The demodulator nowadays is applied digitally, this means that
an even faster ADC should be used, most of the frequencies used in EIT are between 10 to
100kHz, therefore at least a 1GSPS ADC will be necessary to apply a digital demodulator,
improving its accuracy while measuring voltage and its speed of completing measurement

cycles.

- Paralleling the software: A software upgrade that can be applied and will be very useful,
is the use of parallel algorithms, this means that while a single processor can do all the
programmed tasks, now, several processors may receive different tasks, data, or instructions
to be executed, this will improve the system efficiency and effectiveness, taking advantage of

the multi-cores of the SBC RPI4.

- Upgrading the SBC: As mentioned in this work, the SBC RPI4 requires about to 4 to 6
seconds to perform the image reconstruction algorithm, therefore an update changing the
SBC would be a good choice, one of the proposed SBC that can be applied is the nVidia

Jetson nano that has faster cores and also multiGPU cores.

- Using Machine Learning and Deep Learning for pattern recognition: Recently it has been

verified and demonstrated that the methods based on machine learning and deep learning are
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very precise and exact for the recognition of patterns in images, which would be interesting

to use these techniques in EIT images.

- The proposed EIT system can be prepared to be used in the area of Earth Sciences,

particularly to characterize different layers of the earth’s surface.

-Development of reconstruction algorithms focused in obtaining a better spatial precision

and less noise.

-Finally, the proposed EIT system could be used in the health sector for patients with
suspected of COVID-19, this by means of a research work to characterize the impedance
of lungs as positive and negative diagnosis cases, so this this could be a low-cost and fast

development alternative solution for early diagnosis of COVID-19.
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Appendix

6. Printed Circuit Boar design

Figure and [37|shows the designed Circuit, Printed circuit board (PCB) and gerber
file for the proposed EIT system, the PCB contains the circuitry of all 4 multiplexers, the
high-precision peak detector and the designed constant current driver, it has connectors to
be attached to the MCU, to the 16 electrodes and to an external AC voltage source, also it
can be connected directly to another AC constant current source, by not using the designed

one.
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Figure 35: Circuit designed for the proposed EIT system.
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Figure 36: PCB designed for the proposed EIT system.
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Figure 37: Gerber designed for the proposed EIT system.
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Figure 38: Printed circuit board with components of EIT system.
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