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Abstract. In this paper comparative analysis between different
EIT algorithms is presented. Analysis is made for spatial and
temporal resolution of obtained images by several different
algorithms. Discussions consider spatial resolution dependent on
data acquisition method, too. Obtained results show that
conventional applied-current EIT is more powerful compared to
induced-current EIT.

1. INTRODUCTION

Electrical impedance tomography (EIT) is a new and developing imaging
modality that measures the distribution of impedance in a cross-section of the body
[l]-[3]. This is possible because the electrical resistivities of different body tissues
vary widely from 0.65 ohm for cerebrospinal fluid to 150 ohm for bone. EIT screening
produces a set of incomplete, noisy observations available sequentially over time,
which are used to approximate the impedance distribution inside the body. In recent
years, there has been growing interest in improving performance and exploring areas
for applications.

Generally, EIT algorithms consider data acquisition, data reconstruction and
image display phases. According to data acquisition phases, applied-current electrical
impedance tomogtraphy (ACEIT) and induced-current electrical impedance
tomogtraphy (ICEIT) are distinguished. Several algorithms introduced for data
reconstruction phase are designed for ACEIT data acquisition techniques. This paper
describes spatial and temporal characteristics of algorithms proposed in [l]-[5].
Discussions include resolution dependence on data acquisition and reconstruction
methods, as well.

2. DATA ACQUISITION METHODS AND SPATIAL RESOLUTION

In conventional applied-current EIT (ACEIT) low frequency sinusoidal currents
are applied via electrodes attached to the body surface [1], [2]. To record data for
ACEIT, a series of electrodes are attached to a subject in a transverse plane and small
electric currents sequentially are applied to a set of adjacent electrodes. Then a set of
potential difference between non-current carrying pairs of electrodes is measured. This
procedure is repeated for each pair of adjacent electrodes to obtain a voltage data set.
Once a new voltage data set is measured a reconstruction algorithm is used to calculate
electrical properties of the body tissues and presents these values as images.
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With ICEIT induction coils are encircling the body [3]. Time varying (50 Hz)
magnetic fields with different spatial field patterns are applied via these coils to induce
current in conductive body, and adjacent surface electrodes are used to make voltages
measurements. For a given number of electrodes, introducing spatially independent
magnetic field patterns can increase the number of independent measurements. This is
a clear advantage of ICEIT, since with ACEIT this can be achieved only by increasing
the number of electrodes.

In papers [I] and [2], a system of 32 electrodes is used for data acquisition and a
nonlinear system of 496 equations must be solved (a full set of parameters that
represent rectangular elements of the finite element method-FEM grid). The system is
able to collect 31x31=961 independent measurements.

The ICEIT system presented in [3] consists of two separate parts, one for driving
the coil current (consisting six coils) and the other for measuring voltage differences
(consisting 16 electrodes). Consequently, it is able to collect 6x15=90 independent
measurements. The calculated data profile is obtained by the FEM for 541 unknown
scalar potentials.
The influence of acquisition methods to spatial resolution for bo.th ACEIT and ICEIT
are given in Table I. The number of independent measurements and number of
electrodes are presented together with a number of unknowns used to solve inverse
problem in EIT during image reconstruction algorithms. These unknowns in fact
represent number of reconstructed points, and determine image spatial resolution.

Table 1

Method

ACEIT

ICEIT

No. of independent
measurements

: 961

90

No. of
electrodes

32

16

No. of unknowns

496

541

3. SPATIAL RESOLUTION AND IMAGE RECONSTRUCTION ALGORITHMS

Spatial resolution dependency on reconstruction algorithm is result on selected
numerical methods to solve nonlinear system of equations. In presented algorithms,
authors use finite element method (FEM). Difference in spatial resolution between
algorithms in this case appears from selected mesh to represent the region of interest.
In [3] a mesh of 541 nodes and 1016 triangular elements is used, while in [1], [2], [4],
[5], Joshua-Tree mesh containing 496 elements is used. Therefore it seems that ICEIT
algorithm has advantage over ACEIT, when the spatial resolution is in question.

4. TEMPORAL RESOLUTION OF RECONSTRUCTION ALGORITHMS

To achieve higher temporal resolution, an EIT system with fast data collection and
image reconstruction is required. The EIT system is fast if at least 25 independent
frames are obtained each second. But, there are situations, for example in sports
medicine, when conventional reconstruction strategies fall short of the tracking
requirements.
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4.1. Real-Time imaging system

In the Real-Time Imaging System [1] the sinusoidal electric currents are
simultaneously applied to a system of 32 electrodes attached to the skin of the body.
Voltages that are developed on the electrodes are measured using the tomograph. Two
essential components of the Real-Time Imaging System ;ire the reconstruction
algorithm and image display algorithm. Reconstruction algorithm, named as FNOSER,
uses the applied current waveforms and the measured electrode voltages to compute
the electrical conductivity and permittivity distributions in the body. The image
display algorithm uses a differential-row run-length-encoding scheme to reduce the
number of operations required to map the output of the reconstruction algorithm into
an image grid. The new system hardware configuration allows data acquisition and
image reconstruction to occur simultaneously. Modifications of earlier algorithms
reduce the time interval between data acquisition and image display. Using the
continuous data acquisition mode of the Real-Time Imaging System, cardiac and
respiratory events in the human chest are clearly visible in the dynamic images [1].
This algorithm.precomputes many quantities, thereby minimizing quantities that must
be computed at algorithm runtime.

4.1.1. FNOSER algorithm

Using applied current data and measured voltage data, the FNOSER algorithm is
used to compute static reconstructions of permittivity and conductivity distributions in
the body in real-time. This algorithm precomputes many quantities, thereby
minimizing quantities that must be computed at algorithm runtime. The FNOSER
algorithm uses one step of Newton's Method in solving a homogeneous nonlinear set
of equations generated from the minimization of a squared-error function

minp|| t/-£/(p)|| (1)

where U are the measured electrode voltages and U(p) are the voltages given by the
FE approximation with a given distribution p. It is assumed that the permittivity and
conductivity distributions are homogeneous and isotropic.

For a 32-electrode system, a nonlinear system of 496 equations must be solved.
The output of the algorithm is a vector of 496 elements, denoted as the reconstruction
vector. Each vector element corresponds to the reconstruction value of a piecewise
constant region in a reconstruction mesh, denoted as the Joshua Tree Mesh. Mini-
mizing the execution time of the algorithm required the optimization of the data access
protocol, data alignment and assembly language constructs. Since the Real-Time
Imaging System is constructed by the data acquisition rate, its throughput is
approximately 18 frames/s or 6 reconstructions per cardiac cycle.

4.2. Kalman filter approach

The reconstruction algorithm for interpretation of the impedance distribution as a
time-varying quantity in Kalman filter approach is based on the state-space
representation of the dynamical EIT [2]. The state of the system represented by the
impedance distribution p(t) is reestimated after the voltage measurements
corresponding to each current pattern. Differences in the dynamical properties and
relations of impedance changes between different organs are taken into account in
proposed model.

Let U be the vector containing the voltage measurements corresponding to all
current patterns for the time-invariant case. The linearization of the mapping U=U(p)
at po is
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= U0+J(p0)(p-pQ) (2)

where peRN is the impedance distribution, set to be constant in each finite element
method (FEM) discretization element. The Jacobian J=J(PQ) is obtained from the
FEM discretization of the associated partial differential equations. With K current
patterns lkeRL, UeRKL is obtained corresponding to the classical frame.

In a dynamical situation, the measurements Ul,...,UK correspond to different
impedance distribution since the distribution changes over time during the
measurement cycle. In the original method it is assumed, that the evolution of the
impedance is so slow that the measurements that correspond to a single current pattern
can be taken to be approximately from the same distribution.

A detailed description of the equations of complete electrode model can be found
in [2]. After the finite element discretization of the model, the linear matrix equation

AUC = I , (3)

is obtained, where A is the so-called stiffness matrix, I contain
the injected currents and U is the vector of voltages at the FEM nodes and the
electrodes. A relatively sparse FEM grid yields sparse A matrix. A new reconstruction
is obtained after each observation of U, so the system (3) is solved with new numeric
values.

In Kalman Filter Approach speedup is achieved by reduction of parameter space.
The impedances of the FEM grid can directly be used as the state parameters that are
to be estimated. In the reconstructions only five parameters are used (impedances for
the tissues for the left and right ventricles, the left and right lungs and the background)
instead of full set of 496 parameters that represent rectangular elements of the FEM
grid. Since an estimate for the state is calculated after each current injection, with the
Kalman Filter Approach it is possible to obtain 93 reconstructions per cardiac cycle.

4.3. Pipeline Multiprocessor Algorithm

Implementation of PMA [4] is performed on the linearized problem for
reconstruction in Kalman filter approach. To obtain a higher resolution without data
restriction, a pipeline multiprocessor system with m processors is proposed.

The set of NK (number of state parameters) sparse linear equations represented by
(3) is solved using triangular factorization, which yields

A=LDU (4)

where L, D and U are unit lower triangular, diagonal and unit upper triangular
matrices respectively. After the triangulation of (4), the solution of (3) can be obtained
using the forward and backward substitution scheme. Matrices L and U are also spa-
rse. Matrix factors are stored in ordered lists.

The standard sequential factorization and substitution are represented as a series of
elementary processes. These processes form a recursive sequence that can be executed
in pipeline of processors in multiprocessor system. The algorithm is a modification of
the sequential Crout's algorithm. Modifications are made to provide pipeline data
parallel processing on distributed memory multiprocessor, or some other type of
MIMD (multiple instruction multiple data) architecture [4].

In the original method [2], values for each state are calculated after correspondent
current injection, so the calculations must be completed before a new current injection.
With the proposed PMA, current injection is possible after each At (At is assumed to
be active time of processors in the pipeline). With convenient data mapping in space
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and time, the results are obtained after each mAt (m is the number of processors in the
pipeline). Achieved speed-ups are almost proportional with the number of processors
in the multiprocessor system over the monoprocessor one. For example, with three
processors system, number of reconstructed images per second is 2.8 times more than
number of images obtained by monoprocessor system.

4.4. Systolic array implementation

Implementation of systolic array algorithm is performed on the linearized problem for
reconstruction in Kalman filter approach [5]. A system of 496 linear equation is solved
on systolic array of 496 processors. Figure 1 shows dataflow in systolic array required
to solve the equation (3).
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Figure 1: Systolic array dataflow

Achieved speedups are 248 times greater than a solution obtained by
monoprocessor system (speedup is almost proportional by the half of the number of
processors). But, there is one obstacle in the solution. The efficiency of the system is
only 50%. Even more, systolic array algorithms solve full systems of linear equations.
But, the linearized inverse problem is a system of sparse linear equations. Therefore,
the system efficiency will be even more declined, because a lot of processors perform
empty operations.

5. CONCLUSION

From presented comparative analysis of time efficiency and spatial resolution, it
can be concluded that ACEIT algorithms in every case have advantage over ICEIT
algorithms, even ICEIT algorithms spatial resolution is sufficient enough.

Conventional ACEIT reconstruction algorithms use a full set of independent
measurements data (current patterns) in order to obtain an image. With trigonometric
current patterns with 32 electrodes, 31 independent current patterns are used for an
image reconstruction. If it is assumed that the measurements are carried out with the
measurement system that acquires data with a rate of 8 frames/s, when conventional
reconstruction methods are used less than 3 reconstructions per cardiac cycle are
obtained.

In Kalman Filter Approach speedup is achieved by reduction of parameter space,
that means reconstruction of each picture is made with only 5 state parameters instead
of 496 parameters. While in Real-Time Electrical Imaging System many quantities are
precomputed, thereby minimizing quantities that must be computed at algorithm
runtime. This approach offer good temporal resolution, but spatial resolution is
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decreased. Our multiprocessor approach provides additional possibility to increase
spatial resolution of reconstruction method. Increased spatial resolution can be
obtained with different organization of input data without reduction of the parameter
space and use of multiprocessor instead of monoprocessor computer system.

In the standard reconstruction algorithms, as in [1] and [2], values for each state
are calculated after correspondent current injection, so the calculations must be
completed before a new current injection. Each data set produced after a current
injection is independent from the next one. So, with suitable data organization and
PMA implementation on pipeline multiprocessor computer system, current injection is
possible after each At (At is assumed to be active time of processors in the pipeline).
Comparing to reconstruction algorithms proposed in [1] and [2], this approach offers
reconstruction rate approximately 90 times faster than with the conventional methods.
Reconstruction rate achieved with FNOSER is 2 times faster and with Kalman Filter
Approach is 31 times faster than with the conventional methods.

Application of systolic arrays to solve EIT inverse problem is out of question,
because of requirements for a great number of processors. Even more, achieved
speedups can be neglected taking into account the number of processors that work
with zeroes.
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