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TWO-PHASE FLOW REGIME THREE-DIMENSONAL VISUALIZATION
USING ELECTRICAL CAPACITANCE TOMOGRAPHY - ALGORITHMS
AND SOFTWARE
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Abstract. This paper presents the software for comprehensive processing and visualization of 2D and 3D electrical tomography data. The system name as
TomoKIS Studio has been developed in the frame of DENIDIA international research project and has been improved in the frame of Polish Ministry of
Science and Higher Education Project no 4664/B/T02/2010/38. This sofiware is worldwide unique because it simultaneously integrates the process of
tomographic data acquisition, numerical FEM modeling and tomographic images reconstruction. The software can be adapted to specific industrial
applications, particularly to monitoring and diagnosis of two-phase flows. The software architecture is composed of independent modules. Their
combination offers calibration, configuration and full-duplex communication with any tomographic acquisition system with known and open
communication protocol. The other major features are: online data acquisition and processing, online and offline 2D/3D images linear and nonlinear
reconstruction and visualization as well as raw data and tomograms processing. Another important ability is 2D/3D ECT sensor construction using FEM
modeling. The presented software is supported with the multi-core GPU technology and parallel computing using Nvidia CUDA technology.
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TROJWYMIAROWA WIZUALIZACJA STRUKTUR PRZEPLYWOW DWUFAZOWYCH
PRZY UZYCIU ELEKTRYCZNEJ TOMOGRAFII POJEMNOSCIOWEJ
— ALGORYTMY I OPROGRAMOWANIE

Streszczenie. W artykule autorzy przedstawiajq Srodowisko komputerowe do kompleksowego przetwarzania i wizualizacji tomograficznych danych
pomiarowych. Oprogramowanie TomoKIS Studio powstalo w Instytucie Informatyki Stosowanej PL w ramach projektu DENIDIA i zostalo rozwinigte
w ramach projektu MNiSW nr 4664/B/T02/2010/38. Zbudowane oprogramowanie jest unikalne w skali swiatowej, gdyz integruje w sobie proces
pozyskiwania danych pomiarowych, modelowanie numeryczne oraz proces konstruowania obrazow tomograficznych, z mozliwosciq adaptacji dla réznych
aplikacji przemystowych, w szczegolnosci dla potrzeb monitorowania i diagnostyki przeplywow dwufazowych gaz-ciecz. Architektura aplikacji oparta jest
na zestawie niezaleznych modutow, ktore pozwalajqg na w petni dwukierunkowq komunikacjg, konfiguracje oraz kalibracje dowolnego urzqdzenia
tomografii elektrycznej z otwartym protokolem pomiarowym, akwizycje i przetwarzanie danych pomiarowych on-line, liniowg oraz nieliniowg
rekonstrukcje obrazéw 2D i 3D w czasie rzeczywistym, a takze wizualizacje surowych danych pomiarowych i tomogramow. Istotnym elementem systemu
Jest modut numerycznego modelowania czujnikéw pojemnosciowych wykorzystujgcy metode elementow skoriczonych, oparty na autorskich algorytmach
generowania siatek MES komputerowych modeli czujnikow pojemnosciowych. Architektura prezentowanego systemu zostala zaprojektowana przy uzyciu
obliczen rownoleglych na procesorach graficznych, z wykorzystaniem technologii Nvidia CUDA.

Stowa kluczowe: elektryczna tomografia pojemnosciowa, pomiary przeptywow, algorytmy rekonstrukcji

ERT and dual ECRT tomography. In all of the modules there is a
possibility of usage of the rotatable sensor driver [8§].

In addition the two of the tomography modules are equipped
with the mechanism of automatic measurement channel gains
configuration. In order to perform the remote measurement there

Introduction

In the frame of research carried out in the Institute of Applied
Computer Science at Lodz University of Technology there was
build a dedicated software named TomoKISStudio for the three

dimensional tomographic data on-line visualization. There was
implemented a set of modules for communication with any of the
tomography devices held in the department’s research laboratory
and the modules for the 3D image reconstruction and
visualization. The mentioned modules offer the following
functionality:

e full-duplex communication with electrical tomography
devices,
calibration and configuration,
measurement data acquisition and processing,
raw and normalized measurement data visualization,
linear and non-linear iterative 3D image reconstruction
including implementation of parallel computing based on
Microsoft OpenMP, NVidia CUDA

e on-line 3D image presentation,

a possibility of easy development by adding a new
modules.

The application was implemented using concurrent
programming. That means that singular modules are working in
their own threads. Additionally, the linear algebra computing
engine is based on CUDA - parallel computing technique powered
by Nvidia and the Microsoft Visual Studio C++ environment.
Thanks to the special directives of work sharing constructs it was
possible to share the processes between existing CPUs and GPUs.

As was mentioned before the application can communicate
with three electrical tomography devices. There are implemented
the modules for communication with capacitance ECT, resistance

is build the module with implemented TCP/IP stack for the
measurement data transferring through the computer network.
Additionally, TomoKISStudio application has two plug-ins which
significantly enlarge the functionality of the software by the
possibility of building the 3D computer model of the capacitance
or resistance sensor.
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Fig. 1. Graphical user interface of TomoKISStudio application

artykul recenzowany/revised paper

IAPGOS, 1/2017, 11-16



12 IAPGOS 1/2017

It is worth mentioning about the module for tomograph
simulation. From the previously storied measurement data it is
possible to play them with the slower frequency and to reconstruct
images with the more demanding algorithm. The figure 2 presents
the part of the configuration panel which allows to choose the
described devices modules.

Select ECT device

ET3 (RS232) v
ERCT (RS232)

R-ECT (RS232)

Dual ERCT (RS232)

ET3 (RS232)

ECT over TCP/IP

ET- Offline Mode

Fig. 2. Choice of the tomography device communication module

The three-dimensional image presentation was performed
applying the graphics engine VTK library (The Visualization
ToolKit). Thanks to this the application presents the images using
cut planes or iso-surfaces. Additionally, it is possible to see the
raw and normalized measurement data in one graph. This is
obviously done in on-line mode.

1. Module for automatic configuration of gains for
the measurement channels of the tomograph

In the research department’s laboratory for three dimensional
capacitance tomography experiments purposes it is used the
device named E73 which was construct by the research team
(dr R. Szabatin) from Institute of Radioelectronics at Warsaw
University of Technology [3]. The main feature of this device is
the possibility of freely gains configuration for each of the
measurement channels. For the 32 electrodes mode there are 496
measurement channels (electrodes pairs) and each of them has 4
configurable elements. There are two amplifiers (4 values of
setting for each) and feedback resistor and capacitor (it gives
together 12 values of settings). Such diversity of settings caused
that the manual tuning of the device is very time-consuming.
Simultaneously, there is very important to tune the system as
precisely as possible remembering that despite the big and
different distances between electrodes and the different sensor
geometry the small measurement capacitances should oscillate in
the measurement range of the device and additionally should be
sensitive enough to the changes of the permittivity distribution
between full and empty sensor. Taking the above into
consideration the authors of the paper implemented the specialist
module which automatically sets the gains for all the measurement
channels based on the user conditions and calibrates the
measurement unit to the sensor geometry in the same time. In the
figure 3 the configuration dialog for E73 gains auto-configuration
module is presented.

In the figure can also be seen the choice of manual gains
settings. In case of the need of manual tune it is only required to
click the measurement column on the graph and simply to change
the gains settings. The user can quickly diagnose the wrong
configuration of the measurement channel and easily correct it.

Method of gains settings

Upload gains settings from file
Write gains settings to file

9 Automatic Manual

Automatic gains settings

Set percentage of output value
min {} 49%

max - 89%

V| Quick calibration (not predise!)

¥| Tune existing settings

Manual gains settings

100.00%  remaining: Static

Fig. 3. The dialog window for auto-configuration of the channels gains for the ET3
tomograph
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2. TCP/IP data communication module for
tomographic data transmission

The measurement noise can be real issue in electrical
capacitance system due to very small values of capacitance data.
One of solutions for noise minimizing can be reduction of a
measurement cables length. There is also another limitation which
is a RS232 interface data transmission cable. Given restrictions
result in difficulties of performing ECT measurement in two
sections in the same time for real industrial applications. As an
example of such application two semi-industrial testing facilities
built in the author’s Institute can be considered. There is 20 meters
of distance between them.

To avoid this problem a new measurement data transfer
software module has been developed based on TCP/IP networking
protocol and client-server communication scheme. A part of this
module was embedded in TomoKISStudio architecture and it is
working as a network client. A server part is dedicated to be as a
software component of the PC directly connected to the ECT
acquisition hardware — see Figure 4.

The server module includes both: calibration routines and
tomography system configuration data. The remaining module
features (ex. planes number selection, electrode layout
configuration) are included in client part of the TCP/IP module.

PEE=T—

1P Address 0.1 .1.2

Port 3000
ECT Settings
calibration

ECT Gains Settings
ECT Configuration

Device  ET3 (RS232) -

ﬁ

01/19/10 20:11:45 =>Started
01/19/10 20:11:58 => Connected 10.1.1.2

Fig. 4. Example dialog window of TCP/IP communication module — server side
3. Offline tomographics data server module

Apart from real-time online communication between PC and
ECT hardware the very important thing is to have a possibility of
using offline measurement data previously saved and backed up
on storage. Using the offline data we can perform image
reconstruction process which is accurate and does not require
online and fast view of industrial process. This work can be also
done immediately after the research experiment will end. The new
offline measurement data serving module has been developed for
that purpose. The configuration of this module is simple and
requires only setting up of offline measurement data path,
selecting their format and choosing a speed of feeding them to a
reconstruction module.

Using new offline data feeding module advanced
reconstruction techniques can be applied including iterative
methods and nonlinear reconstruction algorithms with electric
field simulation and sensitivity distribution update. This
techniques, on account of their computational complexity, are
much time consuming and can need hours to generate single
3-dimensional image but they offer good accuracy and quality for
further tomographic data processing. Examples of reconstructed
images using different algorithms have been presented in Figure 6.
In comparison to the LBP method that is able to achieve 100
frames per second the nonlinear algorithm can require 2h to
provide single frame depending on computational power of used
PC.
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Fig. 5. Example dialog window of the offline data server module

)

Fig. 6. Example of ECT images reconstructed using two different methods; a) test A-
shaped experimental phantom, b) LBP image, c) nonlinear reconstructed image [2]

4. A driver module for rotatable sensor with ECT
hardware synchronization and online image
reconstruction

The new idea of rotatable ECT sensor [8] in the author’s
Institute industrial tomography laboratory was also developed.
This concept can bring a significant improvement of spatial
resolution in reconstructed images by using an increased number
of measurement data from the limited number of electrodes. For
this purpose an additional driver module for stepping motor
control and configuration was designed and implemented. This
module is responsible for synchronization of stepping motor
rotation with DenidiaERCT hardware measurement data
transmission. The stepper motor — PC communication is
controlled by ActiveX technology that lets to configure main
parameters like number of measurement rotation steps, number of
rotated electrodes and speed of motor rotation.

| o ] [ s
Stepper Motor Configuration

) [ concel |

Path to OCX fle  d:\Projekty\DenidiaECT\Data\ocx \Bsjd_814b.0cx E]
Total Positions 4 @ Running interval time is Oms
Movable electrodes 0 @
Sensor Speed 20.0 rfmin (2]

Motor Gear No. 20 []Editable (2)

SensorGear No. 100 [T Editable (2]

Measurements parameters
Choose the modality of the device |Capacitance »

Number of electrodes for excitation K==l
Resistance

Frequency |Hight-500kHz v

Fig. 7. The rotatable sensor — ECT hardware configuration window

This module also includes a specialized reconstruction
submodule that takes into consideration increased amount of
measurement data and reconstruct and visualize images in a
realtime. There is an important fact that increased number of
capacitance data is much more time consuming comparing to a
conventional non-rotatable ECT system. The system developed in
the Institute of Applied Computer Science is able to provide 2
frames/s using 12-electrode sensor and 4 rotation positions but the
number of capacitance data increases from 66 to 264. The current
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speed of the rotatable ECT system can bring some difficulties for
its real especially dynamically unfolded industrial application but
the preliminary results are promising for non-invasive monitoring
of static or slowly-unfolded processes.

5. Mesh generator for computer model of
electrical sensors

The design of an ECT capacitance sensor consists of many
different steps. One of the most important is the project of the
sensor’s computer model, based on a 3D spatial mesh. Before our
application has been developed, spatial or plain meshes have been
generated with help of external, ready-to-use and mostly universal
tools, e.g. NETGEN. However, such tools are intended for general
use in many engineering fields and therefore they do not allow
implementing all design ideas. For these reasons we developed a
TomoKISStudio module for automated mesh generation, namely
ERCT Mesh Generator, which is designed to for both plain (2D)
and spatial (3D) meshes ubiquitous in capacitance and impedance
tomography.

The presented software has the following features and
functionalities:

e ready-to-use and fully configurable mesh-generators for
cylindrical sensors. There is no need to write scripts or
configuration files, every parameter can be modified via
windows dialog boxes,

e implementation of functionality for Complete Model [1]
approach.

The Complete Model mesh consists of three layers: the inner
layer (marked as AM; in Fig. 8) used as a base for image
reconstruction algorithms, the insulation layer (marked as M,)
which is often a material of sensor’s tube with electrodes placed
on the outer surface (S;) and the outer layer (M,) which is
insulation between electrodes and shield (S;) of the sensor,

e The ability to generate meshes for both plain and spatial
meshes,

o The ability to set the sparseness value in every point of the
sensor as a pair-wise linear function of radius; each value can
be freely modified by the designer,

e The ability to setup geometrical parameters of generated
mesh, such as thickness of the sensor’s tube (insulation layer)
or the radius of the image layer (inner layer),

e The ability to setup material parameters in every layer of the
sensor, namely electrical permittivity (for capacitance
sensors) or resistivity (for impedance sensors),

e Instant generation of mesh data as text files for further use in
other software than TomoKISStudio, e.g. Matlab,

e The ability to generate image files for visualization in VTK
toolkit, helpful in preparing presentations or papers.
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Fig. 8. ERCT mesh generator — presented software for automated generation of
sensor meshes
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Developed software allows viewing (Fig. 9) in real time the
results of entered configuration values as the top cap of the mesh.
There are three layers shown, marked with different colors, which
correspond to the illustrative draft in the main window (Fig. 8).
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Fig. 9. An example of generated mesh with Complete Model feature turned on

In addition, useful numerical information about the mesh is

displayed:

e  radius value for each ring in the top cap,

e  density (distance between nodes) value for each ring,

e number of nodes on each ring,

and other information important for the duration of electrical field
simulations, like number of nodes or finite elements in plain or
spatial mesh.

The development of the presented tool is also justified by the
instantiation in application for cylindrical sensors in CT, the
possibility of rapid expansion and adjustments to new ideas and
fields of application. Existing software tools (e.g. Netgen) allow
only the amount of flexibility possible in terms of their internal
configuration and scripting languages. However, our own software
allows fast and easy modifications and interference in any part of
its algorithms. In our case, self-developed software allowed to
improve research on electrical tomography, including the
Complete Model of spatial capacitance and impedance sensors by
immediate and automated generation of meshes with different
internal configurations.

6. The module for designing spatial distribution of
electrodes in electrical tomography sensors

The design and assemblage of a capacitance sensor for 3D
ECT is a key task in the overall building process of 3D electrical
tomography measurement system. The quality and precision of
measurements is therefore strongly affected by two factors:
physical (e.g. the materials, precision of electrical components and
their assembly) and theoretical (e.g. distribution of electrodes, size
of finite elements and density of the model mesh). Our solution
partially covers later factor by combining mesh generation (and
altering) with designing spatial distributions of electrodes in one
monolithic CAD-like environment, namely Layout Builder [6]
shown in Fig. 10. In following we present main features and
functionalities of Layout Builder module:

o utilization and processing of spatial tetrahedral meshes,

e  defining the geometric distribution of electrodes on proper
surface of the sensor,

e creating distribution of electrodes for cylindrical and
rectangular sensors,

e model data files can be generated and stored for later use in
electrical field simulation and image reconstruction
algorithms,

e an image of spatial distribution of electrodes on the surface
can be generated as a bitmap file and used in assembly
process of the sensor. Directly, images can be quite helpful in
etching of electrodes from copper laminate.

In addition, developed software allows to visualize designed
distribution of electrodes (in 3D View tab) and to export such
visualization into data files, compatible with VTK toolkit.
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The design process of a typical cylindrical capacitance sensor
with help of Layout Builder is performed in three steps:

First is to create a distribution of electrodes on the surface of a
sensor. To achieve this, proper tools have been developed. They
allow to group electrodes in rings (rows of electrodes) and
precisely position them on the sensor’s surface. Such design can
be done coarsely using visual tools or precisely by entering the
appropriate numerical values.
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Fig. 10. Graphical User Interface of the Layout Builder sofiware

Second step is to load spatial mesh which will be the sensor
geometry base and input data for further reconstruction and
visualization algorithms. Loaded mesh should be adjusted to the
previously developed distribution of electrodes by moving or
adding nodes. This is done in the edit panel of the spatial mesh
editor. Similarly for the first step, one can use coarse visual
editing tools and adjust mesh with mouse or one can specify exact
nodes coordinates values.

Third step is to generate the adjusted mesh required to
determine the sensitivity matrix as a vital part of reconstruction
algorithms. Reconstructed image uses same mesh in visualization
process, hence adjusted mesh is required in imaging process as
well.

Preparation of a sensor corresponding to the assumptions of
the design is inherently an iterative process. It consists of: creating
a numerical model and determining its quality by evaluating the
results of simulations, the proper adjustments of the model and re-
simulation. Evaluation is based on quality of the modeled
electrical field distribution inside the sensor and the reliability of
the results of reconstruction. On this basis, adjustments are made
to the finite element mesh of the sensor and to the geometric
parameters of electrodes - their location, number and size.

So far, such modifications have been performed manually, e.g.
by creating source codes for modifying the finite element meshes
or manually drawing the distribution of electrodes in graphics
software. This was due to a lack of specialized tools for modeling
Sensors.
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The Layout Builder software fully automates this process by
providing tools that enable simultaneously: designing distribution
of electrodes, matching them to the mesh and generating data for
subsequent simulations. This result in a significant reduction in
time needed to perform a series of numerical models needed to
obtain the sensor with the best parameters. It should also add that
the developed software holds consistency between the model
mesh, the layout and sensor electrodes by eliminating the
possibility of human error in various stages of the modelling
process.

7. Sensitivity and voltage software analyser

The task of image reconstruction process for the three-
dimensional capacitance or resistance tomography is a crucial
problem in a tomographic visualization process. The three-
dimensional image is built using a set of sophisticated algorithms
based on the finite elements grid of 3D ECT or ERT sensor model.
The aim of it is to as fast as possible reconstruct the material
distribution from the measurement data. Because of the similarity
between the 2D and 3D electrical systems the three-dimensional
visualization is possible using the deterministic image
reconstruction algorithms like methods based on back-projection
(one-step or iterative scheme) including non-linear methods [9—
11].

The main goal of the method is the linearization of the inverse
problem. The linearization assumes that the total change of the
measured capacitance for any electrodes pair is equal to the sum
of the particle capacitance changes. The mentioned particle
change is directly proportional to the change of the electrical field
energy in the given image element as a result of the change of the
material permittivity value in this element. Such linearization
product in the image reconstruction process is the sensitivity
matrix.

It is worth to mention that the image reconstruction process
commonly performed on “voxels” (i.e. tetrahedrons) in case of 3D
ECT is very time consuming. This is due to the large number of
image elements which are repeatedly analysed during algorithm
life time. The mentioned algorithms involve the matrix
computations. The common known “voxel” approach uses
matrices which significantly absorb the computer memory. The
solution for this inadvertence could be the node-based sensitivity
matrix [1]. Moreover, the node-based sensitivity matrix is able to
significantly reduce the computation time needed for 3D image
reconstruction processing. This reduction is directly proportional
to the ratio of the mesh voxels number to the nodes number. The
additional advantage is that the final 3D image is already
determined directly in the nodes of the mesh and that case there is
no need to approximate it in the sense of its further processing
before presentation by the graphics engine.

For purposes of this problem the specialist module has been
built which supports the two and three dimensional sensitivity
analysis of any capacitance or resistance sensor which computer
model was generated using the plug-ins described above. This
module called Sensitivity Analyser (see figure 11) has
implemented the following functionality:

e calculation of the potentials distribution for each electrode
respecting the assumed permittivity distribution using FEM
method,

e calculation the sensitivity matrix for given sensor geometry
on the basis of calculated electrical field,

e calculations can be performed for the 2D as well as for the
3D space,

e the Complete Model can be considered,

e three dimensional visualisation of each sensitivity map as
well as the electrical field,

e  configuration of different visualization effects.
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Fig. 11. Graphical user interface of the Sensitivity Analyzer module

8. GPU acceleration

GPGPU (General-Purpose computing on Graphics Processing
Units) is a technique of using graphic cards (GPUs), which
normally handles graphics rendering, for computations that are
usually handled by processor (CPU). Growing interest in GPU
computations started with the inability to clock CPU above certain
level, because of the limitations of silicon based transistor
technology and constant demand for improvements. Because of
this interest in multi-core technology and parallel computing
started to emerge, even though sequential programs are easier to
understand, more natural. There is a limit though of how fast such
program can run. Sequential speed up is now based on architecture
improvements of the CPU rather than higher clocks, but even this
approach has limitations. Parallel programming is not a new idea
[4, 5] though till only recently it was reserved for high
performance clusters with many processors, the cost of such
solution was extremely high. This changed with the introduction
of many-core processors to the mainstream market. GPUs fit well
in that trend, even take it to another level. Compared to CPU
which, today, have maximum of 2 to 12 cores, GPU consist, of
dozens, and even hundreds of smaller, simpler cores designed for
high-performance calculations. CPUs are built and designed to
execute single thread no matter how unpredictable, diverse or
complicated it may be as fast as possible. For that they require
additional resources such as: complicated mechanisms for
predicting branches, cache memory and data prefetch. On the
other hand GPUs mostly take care of data computations that are
much simpler in their nature and for that reason their execution
units, or cores, can be much simpler, which also mean smaller.
Thanks to that there can be much more of them on a single chip
with numbers reaching dozens or even hundreds. Also, because
graphics computations can be easily parallelizable cores in GPU
work based on a SIMD (Single Instruction, Multiple Data), or
more precisely.
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CUDA

Measurement pattern upload
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Fig. 12. Dialog window with image reconstruction settings and CUDA acceleration

In the frame of the presented software the authors developed
a CUDA code [7] that has been successfully verified using 3D
ECT numerical model and 3D image iterative reconstruction
approach. A significant speed-up of 3D image reconstruction



16 IAPGOS 1/2017

process was achieved using cheap market-level graphics
processors. Thanks to this module it is possible to perform i.e.
Landweber or SIRT image reconstruction with more than 10
iterations and achieve the image rate equal to the 3D 32-electrodes
ECT measurement frame rate.

TomoKISStudio just after its start loads CUDA library driver
and then tries to find accessibility of any graphics card in the
system. In case of successful result of this process in the dialog
window with the image reconstruction process settings the CUDA
acceleration and the methods supported with the parallel
computations are enabled — see fig. 12.

In addition the user is always informed in the status bar of the
application about details of the found graphics cards as well as the
version of CUDA and VTK libraries — see fig. 13.

VTK version: 5.10  GPU: GeForce GTX TITAN Black CUDA version: 6.5

Fig. 13. Status bar of TomoKISStudio with information about accessible GPU and
CUDA library

9. 3D visualization effects

Because the visualization module for presenting the 3D
tomograms, sensitivities and potentials distribution is supported
by the VTK library TomoKISStudio application performs the
image presentation applying different interesting effects. There
are:

e the colors values interpolation between the nodes,

e three cross-sectional cut planes freely defined along three
axes,

set of iso-surfaces defined by the threshold value,

algorithm HAVS (Hardware Assistance Visibility Sorting),
banded surface maps,

electric field lines,

freely configurable levels of transparency for all effects
separately,

legend for the image,

e  export of the current image to the file in TIFF format.
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