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1. Introduction

Electric impedance tomography (EIT) [1] is the meth-
od for medical visualization [2] of the distribution of spe-
cific resistance of the human body (or internal organs). The 
main advantage of the EIT over other types of non-invasive 
examination (magnetic resonance tomography, computer 
tomography) is the ability to assess the functional state of 
the object under study (organ) in real-time. Such monitor-
ing of indicators of the patient’s state makes it possible to 
evaluate them for prompt actions. One of the advantages of 
the EIT method is its applicability for problems of continu-
ous bedside monitoring of the patient’s state due to its safety 
and non-invasiveness. At the same time, significant results 
were achieved in the combined use of EIT together with the 
AVL devices, in particular, to monitor the air filling of lungs 
during the implementation of artificial ventilation.

The practical implementation of the EIT methods on 
medical facilities inevitably necessitates software devel-

opment. At the same time, one of the key problems in the 
development of software for electric impedance tomography 
systems is the visualization of the conductivity field of the 
object under study. For these types of tasks, the key parame-
ters are the continuity of work and visualization speed. This 
is because the model of an object is split into many finite 
elements, the colors of which are re-calculated every time the 
data arrive from the measuring device.

Special software packages – graphics libraries – are 
used to visualize the conductivity field. The libraries under 
consideration should be compatible with the programming 
languages used in the field of medical research. Since graphics 
libraries have different characteristics in terms of speed and 
continuity of operation, it is advisable to conduct a study that 
can determine the optimal library for visualizing EIT results. 

The relevance of the research in this area is proved by 
the existence of a large number of information systems both 
for operation in the EIT field, and for other medical visual-
ization systems.
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The structure of the software for electric impedance 
tomography has been presented. This structure of applica-
tion construction makes it possible to carry out the real-time 
EIT research and can be implemented on medical and tech-
nical devices, in particular, integrated into AVL devices. 

The algorithm for visualization of the results of conduc-
tivity field reconstruction was presented. Within this algo-
rithm, there are two approaches to presenting color models 
and selecting colors for each particular finite element. The 
choice of one of these approaches depends on the needs of 
the study and leads either to faster performance, or to the 
higher quality of an image.

The algorithm of neighboring finite elements, allowing 
reducing the time consumed to visualize the model by unit-
ing neighboring elements with a similar color in one poly-
gon, has been proposed. Reducing the number of finite ele-
ments leads to a higher speed of their output on the screen. 

A list of graphics libraries that can be used for the prob-
lems of visualization of the results of electric impedance 
tomography was presented. As a result of the research, it 
was found that among the analyzed libraries, the best time 
is demonstrated by the OpenGL library, which ensures the 
visualization of 0.02 s faster than in the case of the analogs. 
This is due to the high operation speed, which is provided 
by the implementation of the GPU visualization.

It was shown that the use of the proposed algorithm 
of neighboring finite elements actually allows reducing 
the time spent on displaying the model on the screen from 
0.05 s to 0.03 s for the OpenGL library. At the same time, 
the total time spent on visualization depends on the used 
graphics library. 

The obtained data can be used in the development 
of medical visualization systems, which should meet 
increased requirements in terms of the amount of displayed 
information
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2. Literature review and problem statement

Visualization of data, obtained from medical and bio-
logical examination of a human is a significant area. Thus, 
paper [3] analyzes the construction of a three-dimensional 
model of the object under study based on the data obtained 
during tomographic measurements. The specific feature 
of this approach is the dynamic construction of a model, 
depending on the individual characteristics of a patient. 
This does not address the task of dynamic visualization by 
displaying the real-time changes in an object. The problem 
of 3D visualization is also solved in research [4] but does not 
address the issues of image visualization speed. Article [5] 
examines the speed, at which a three-dimensional image is 
constructed based on images of spiral computer tomogra-
phy, but the resulting speed (2–16 minutes) does not make 
it possible to use this approach in EIT problems, where 
real-time visualization is important. In paper [6], visual-
ization occurs at a fairly fast speed (less than 1 s at certain 
parameters), but this speed is not sufficient to determine 
perfusion during EIT. In addition, the problem of visualiz-
ing the images, obtained during the computer tomography 
process, is considered in research [7], but the time of model 
visualization was not specified in the study.

Paper [8] analyzes the construction of the 
grid of finite elements and proposes a new 
approach enabling finding neighboring nodes 
with greater efficiency. However, this ap-
proach involves only the faster construction of 
the finite element model and does not involve 
a faster dynamic visualization of a change in 
the object’s state. 

Article [8] examines the visualization al-
gorithms that do not involve the construction 
and use of the grid of finite elements, but 
this approach is not currently applicable to 
EIT due to the limitations of the method. These limitations 
are related to the use of the reconstruction matrix, which 
makes it possible to obtain the values of the conductiv-
ity field on finite elements based on measurement data.

Thus, the presented approaches are not applicable to 
the EIT in real-time due to much time it takes to visualize a 
single frame. It is therefore appropriate to consider existing 
graphics libraries and to determine whether they can be 
used in medical and technical devices implementing the EIT 
methods. In addition, it is appropriate to conduct a study 
involving decreasing the time it takes to visualize images 
obtained from the EIT measurement process because the 
presented studies do not contain the suitable solution for 
dynamic visualization of the EIT.

3. The aim and objectives of the study

The aim of this paper is to study and to substantiate the 
selection of the necessary graphics library to address the 
challenges of visualizing the results of the EIT examina-
tion, taking into consideration the need to implement the 
capabilities of setting the measurement channel and the 
operation mode of the device in one window, as well as the 
user control of all processes of collection and processing the 
measurement data.

These papers are necessary when making the layout of 
the EIT device, as they make it possible to select the tool-

set for effective visualization of the data obtained from the 
functional unit.

To achieve the set goal, the following tasks should be 
accomplished:

– to present the structure of the application for the 
operation of the electric impedance tomography system in 
real-time, to identify and analyze the graphics libraries that 
can be used to display the results of electric impedance to-
mography for medical applications; 

– to describe the algorithm of visualization of the con-
duction field; 

– to develop the algorithm that can speed up image vi-
sualization; 

– to conduct experiments comparing different graphics 
libraries in terms of image updating speed.

4. Description of the structure of EIT channel software 

The layout of the EIT channel is a set of hardware and 
software solutions that can be conventionally divided into 
the following basic units (Fig. 1):

– functional unit (hardware part);
– functional unit (software part).

The functional unit of the hardware part (HP) is an 
electronic module for current injection through the pa-
tient’s body and subsequent recording of the emerging 
potentials on the electrodes of the electrode system (ES). 
It is functionally represented by a source of high-frequency 
current of small amplitude, a control unit, the PC conjunc-
tion unit.

The functional unit of the software part (SP) is software 
modules performed on a PC: the module of interaction with 
the device, the module for computation of ventilation and 
perfusion indicators, the module of visualization of human 
respiratory function, the module of setting the measurement 
processes. 

Analysis of the interaction of the explored functional 
units in terms of dividing into separate stages of obtaining 
and processing medical and technical data enables us to 
present the information shown in Fig. 1 in the form of a sup-
plemented and generalized approach (Fig. 2).

The module of interaction with the device sends a re-
quest for data from the device and receives measurement 
data that represent the differences of potentials on measur-
ing electrodes. 

The module of computation of ventilation and perfusion 
indicators based on the obtained measurement data makes 
computations of the conductivity field. 

The module of visualization of the human respiratory 
function visualizes the reconstructed conductivity field and 
ensures user-assisted interaction to control the program.

 

Functional unit 
(hardware part)

Functional unit 
(software part)

Object of 
measurement

Ψ 

MP I 

Ψ 

Electrode system

Personal computer

 
Fig.	1.	Basic	units	of	the	hardware	and	software	complex
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The module of setting the measurement process imple-
ments processing the data obtained from the visualization 
module and transmits them to the HP of the device. 

Fig. 2 represents the interaction of the application units 
as a set of measurement information flows (Ψ’), influencing 
flows (I, f), and information flows (MP, Ψ, Ω).

Influencing flows include information that is used to 
control the measurement process. This information is sent 
from a personal computer to a measuring device. 

The flows of measurement information, on the contrary, 
are the data from the measuring device. In this case, infor-
mation related to this group is not processed and is only 
measuring data.

Information flows are the information that is seen by a 
software user. This includes the measurement parameters 
set by the software interface and processed measurement 
data, based on which the values of the conductivity field are 
obtained. 

Presented modules and flows of the application to visu-
alize the conduction field of the examined object implement 
the developed algorithm of the application operation, which 
is shown in Fig. 3.

When the software is run, it is connected to the 
device (HP), after which a user sets measuring param-
eters MP, including the power of current I, frequency of 
injected current f, and signal shape (sinusoidal, triangular 
or rectangular). Then, NB is set – the number of belts 
connected to the patient’s body. In case measurements 
are made based on only one belt, the measurement data 
presented by array Ψ arrive from the device within a mea-
suring cycle.

The reconstruction algorithm implies a mathematical 
apparatus for the reconstruction of distribution of electrical 
resistance within a biological object. 

The input data for the reconstruction algorithm are 
differences of potentials on measurement electrodes, pre-
sented in the form of sets ψ={φ1, …, φn}, ’ ’ ’

1,   , ,{ }nΨ = ϕ … ϕ  
where:

– φi, i=1, …, n, is the difference of values of potentials on 
measuring electrodes during the current measurement;

– 
, ,iϕ  i=1, …, n, is the difference of values of potentials 

on measuring electrodes during the reference measurement;
– n is the number of measuring electrodes. 
After the first measurement of potentials, the firstmea-

surement vec-tor becomes a reference vector. Thus, the first 
measure-ment shows a mo-nochrome picture due to the lack 
of differences between measurements. Indicator ϕ  is comput-
ed for the first and each subsequent vector of measurements 
received from the device:

1 ,

n

i
i

n
=

ϕ
ϕ =

∑
   (1)

where φi, i=1, …, n, is the difference of the values of potentials 
on measuring electrodes during current measurement; n is 
the number of pairs of measuring electrodes. 

This indicator represents the mean value of measured 
potentials Ψ. Since the first measurement does not have a 
reference for comparison, it becomes a reference:

;ϕ = ϕ′  i iϕ = ϕ′  for i=1, …, n.

Besides the mean value of potentials, the first measure-
ment vector also becomes a reference. For each subsequent 
measurement vector, the condition is verified: 

if ,ϕ < ϕ′  then ;ϕ = ϕ′  i iϕ = ϕ′  for i=1,…, n.
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Fig.	2.	Block	diagram	of	the	interaction	of	application	units		
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Conductivity field for the studied object within the tomo-
graphic cross-section is computed from the following formula:

Ω=H*(Ψ’–Ψ),   (2)

where H is the pre-generated reconstruction matrix. The 
reconstruction matrix consists of pre-generated coefficients 
that serve to compute the values of the conductivity field 
based on the measurement vector. Thus, the number of rows 
of the matrix is equal to the number of finite elements; the 
number of columns is equal to the size of the measurement 
vector.

Vector Ω is a totality of the values of the conductivity 
field in the finite elements of the model of a reconstructed 
object:

{ }1,... ,mΩ = σ σ
 
   (3)

where m is the number of finite elements of the model. 
After the computation of the conductivity field is com-

pleted, it is visualized. 
If the number of belts is more than one, it is possible 

to choose the visualization type. The first type is a slice 
visualization, in which each tomographic slice is displayed 
separately in a two-dimensional plane. The second type 
is three-dimensional visualization, in which a single 
three-dimensional model of the studied object is formed.

The principles for the construction of the software 
window for the medical EIT device were developed. A 
schematic image of the software window is shown in 
Fig. 4.

Start

Connection to device

Computation of conductivity 
field Ω  = {σ1,…,σm}

Setting measurement 
parameters (I, f, signal form)

Start of measurement 
cycle

Obtaining the measurement 
data from device 
Ψ = {φ1,…,φn}

Finish of measurement 
cycle Ψ

Visualization of conductivity 
field Ω  = {σ1,…,σm}

Setting the number 
of belts NB

Computation of conductivity 
field Ω  = {σ1,…,σm}

Finish

Start of measurement 
cycle

Obtaining the measurement 
data from device 
Ψ = {φ1,…,φn}

Finish of measurement 
cycle Ψ

Slice visualization of 
conductivity field  
Ω  = {σ1,…,σm}

NB = 1 NB > 1

Selection of 
visualization type

Slice

3-dimensional visualization of 
conductivity field 
Ω  = {σ1,…,σm}

3-dimensional

 
Fig.	3.	Block	diagram	of	the	developed	operation	algorithm	of	conductivity	field	visualization	software
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Fig.	4.	A	schematic	image	of	the	software	units	of	the	
developed	EIT	channel

The window combines five main units of the inter-
face (containers) that make it possible to organize the full 
operation of the device and its main software and hardware 
modules, shown in Fig. 2. Table 1 describes each container.

Table	1

Units	of	the	interface	of	the	software	for	EIT	examination	
visualization	and	control		

Unit Description Comments

A
 Unit of reconstructed 

conductivity fields

Displaying reconstructed 
tomographic cross-sections 

corresponding to the number of 
electrode belts    

B Chart unit  
General chart of ventilation 

and a chart for each lung  

C Setting unit  
Setting measurement param-

eters  

D
Unit of additional 

information  

 Computed values of indicators 
of ventilation, perfusion, venti-

lation-perfusion ratio

E Control unit  
Control of measurement pro-
cess, exit from the program  

Unit А is a container for reconstructed conductivity 
fields based on the data obtained from the electrode system, 
located on the human chest surface.

Unit B serves to display the lung ventilation charts.
Unit С is meant to set and control the measurement 

process.
Unit D serves to display additional information.
Unit Е includes the buttons for controlling the program 

and measurement process. в
This interface needs to be implemented with state-of-the-

art graphics visualization tools. In general, it can be concluded 
that these tools represent a separate extensive class of software 
products of dynamic and static visualization [10–13]. In this 
case, the main developers of these systems are Microsoft, 
Gnome Foundation, and Silicon Graphics, which offer ready-
made solutions without a specialized focus on the use in 
medical applications. 

This raises the practical need to select the graphics library 
that is most appropriate for the tasks under consideration.

Currently, the authors are carrying out comprehensive 
works on the development of the hardware and software EIT 
means for the tasks of bedside long-term monitoring of the 
human lungs during the AVL ventilation. To do the works 
related to the development of the EIT channel layout, there 
arises a need to develop a new user graphics interface that 
would take into consideration all the specific features of the 
conductivity field visualization, including real-time dynamic 

visualization and interactive control of measurement and 
control parameters. 

At the same time, the main criteria for choosing a graph-
ics library are:

1) faultless operation. Since the EIT is the method of 
bedside monitoring of the patient’s condition, the graphics 
shell should provide the ability to visualize a person’s respi-
ratory function over a long period;

2) the speed of visualization of finite elements. The mod-
el of the studied object consists of many finite elements, the 
number of which can reach several thousand. Because the 
color of the elements changes every time the data arrive from 
the measuring device, a graphics library should visualize the 
model at sufficient speed. This criterion is also extremely 
important for determining the perfusion of the patient’s 
lungs, as the heart contraction rate is much higher than the 
frequency of inhalations/exhalations used to display the 
lungs ventilation;

3) compatibility with medical equipment. Since the EIT 
is often connected as an additional module to other medical 
devices, it is necessary to use the technology capable of 
integrating with other medical equipment and perform the 
assigned functionality;

4) the scaling possibility for further developments, in 
particular, for 3D visualization of the conductivity field of 
the subject under study;

5) download the device’s CPU during visualization. 
Since EIT research involves a large amount of real-time 
computations, it makes sense to transfer visualization tasks 
from the CPU to the GPU.

Based on the review of the current state of the domain, 
the study of scientific and technical information in the area 
of medical visualization from open sources, the study of the 
patent situation, as well as taking into consideration the EIT 
specificity, the following effective graphics libraries were 
considered:

1) the Microsoft Foundation Classes (MFC) library is 
the library in C++ language, developed by Microsoft. This 
library is considered outdated and is used in a small number 
of projects, however, it is popular in the area of medical vi-
sualization [14];

2) the GTK library is the graphics library, used mainly 
in the systems based on the Linux core. Its positive qualities 
include the relevance of technology and cross-platforms [15];

3) the OpenGL library is the technology using the 
graphic processor as a means of image visualization [16];

4) the Windows Forms library is the development of the 
Microsoft company, allowing combined use with different 
programming languages [17];

5) the combined use of OpenGL with other libraries. 
In particular, papers [18, 19] give an example of using in 
medical equipment of the MFC technology including the  
Open GL module.

It is appropriate to consider these solutions for the possi-
bility of their use in the EIT medical devices and to conduct 
experiments to assess the time of visualization of the conduc-
tivity field for each of these tools.

Thus, the structure of the software of visualization of 
the EIT measurements makes it possible to measure the 
differences of potentials recorded on the electrodes located 
on the patient’s body, to compute the conductivity field, and 
visualize the tomographic cross-section in real-time. The 
information, measuring and influencing flows, using which 

 

A B
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the system’s modules interact, are 
presented. These flows enable the 
organization of interaction and 
transfer of the necessary data be-
tween the modules of the system. 
We developed a software operation 
algorithm that makes it possible 
to control the process of collect-
ing and processing the measuring 
data from several electrode belts, as 
well as to implement visualization 
both by tomographic slices cor-
responding to electrode belts and 
by a single 3D model. A schematic 
representation of information units 
located in the software window 
was developed. This representa-
tion enables displaying processed 
measurement information in the 
software window and providing 
general control of the EIT exam-
ination process. The criteria for 
choosing a graphics library were 
presented and a range of analyzed 
graphics libraries was separated.

5. Visualization of 
reconstruction results 

Visualization of the reconstruc-
tion results sets the task to trans-
late the relative values of the con-
ductivity field into a color scheme 
for the convenience of their perception by the user of the system. 

There are two approaches to translating the values of 
the conductivity field into the values of the color scheme:

1) the approach with assigned values of a color-scheme 
that sets a matrix of the ranges of conductivity field values 
and corresponding color values in the RGB color model. The 
merit of this method is high operation speed, caused by the 
fact that no extra time is spent to compute the color for each 
final element. The downside of it is lower visualization accu-
racy compared to the second approach;

2) the approach where color values in the RGB color 
model are computed dynamically, depending on the values of 
a conductivity vector. This method takes longer to compute 
the value of the derived color, but at the same time, it is more 
accurate than the first approach.

The developed algorithm of conductivity field visualiza-
tion is shown in Fig. 5.

In the first approach, the possible values of the conductiv-
ity field are split into a number of ranges, according to which 
the color value is assigned by the RGB color model. This cre-
ates color matrix CS={cs1, …, csnc}, in which color ci, consisting 
of the values by red, green and blue color ri, gi, bi, is assigned 
to each range csi These values are in the range [0, 255], in 
accordance with the RGB standard. 

Dynamic colors imply an approach, in which the max-
imum by module element of the conductivity field σmax is 
computed so that the condition should be satisfied:

σmax≥|σi| for i=1, …, m,   (5)

where m is the number of finite elements in the model.

The color is subsequently determined dynamically 
for each finite element in the conductivity field. Because 
the colors for positive and negative values are in different 
parts of the color spectrum, computation for them is dif-
ferent:

1) if 0,iσ ≥  
max

*255
,i

ir
σ

=
σ

 0,ig =  
max

*255
;i

ib
σ

=
σ  

 (6)

2) if 0,iσ <  0,ir =  0,ig =  
max

*255
,i

ib
σ

=
σ  

 (7)

where σi is the element of the conductivity field, σmax is the 
maximal by module element of the conductivity field, ri, gi, bi 
are the values of red, green, and blue colors.  

In the case of positive values (these values most often 
include the elements affected by the heartbeat), the finite ele-
ments are colored purple. In the case of negative (lungs ventila-
tion), the finite elements are colored blue. 

As a result of the visualization of the model of finite 
elements, the following image is displayed on the scre- 
en (Fig. 6).

Since visualization speed is extremely important when 
displaying the conductivity field, it is advisable to develop an 
algorithm, using which it is possible to accelerate displaying 
finite elements on the screen. This algorithm is explored in 
the next section.

Thus, the algorithm of visualization of the conductivity 
field was presented. This algorithm makes it possible to display 
the reconstructed conductivity field of the examined ob-

Start

Selection of approach 
to color computation

Selection of the conductivity 
field value that is maximum 

by module 
Ω  = {σ1,…,σm}

Finish

Matching the conductivity 
field value to the color 

matrix CS

With dynamic colors

Visualization of conductivity 
field Ω

With color scheme

Computation of values of 
colors based on the ratio of 
conductivity field values Ω 
to maximal element σ(max) 

 

Fig.	5.	The	developed	algorithm	of	visualization	of	the	conductivity	field		
of	the	research	object
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ject on the screen. The algorithm 
envisages two approaches to cal-
culating the colors of finite ele-
ments. The color-scheme approach 
involves using a pre-generated col-
or matrix and matching the values 
of the conductivity field and this 
matrix. The second approach in-
volves using dynamic determining 
the desired color, which includes 
red, green, and blue components. 
The advantage of the first approach 
is the high speed of color selection, 
of the second one – the accuracy of 
determining the necessary color.

6. The algorithm of neighboring finite elements

To accelerate the display of the conductivity field, the 
authors proposed an algorithm of neighboring finite ele-
ments. This algorithm involves uniting the neighboring fi-
nite elements, in which color matches the specified accuracy, 
into enlarged polygons. It is required in order to reduce the 
number of polygons that need to be displayed on the screen, 
which allows accelerating the visualization process.

The practical implementation of the algorithm implies 
the execution of the following algorithm:

1) Let us assume that there is the thoracic cavity area GP, 
split into finite elements fi, i=1,…,m, where m is the number of 
finite elements in the model. The matrix of the neighborhood 
of finite elements K, the lines, and columns of which are fi-
nite elements, is introduced. The element of the matrix is the 
neighborhood indicator ki,j.

– ki,j=1, if finite elements fi and fj have at least one com-
mon face;

– ki,j=0, if finite elements fi and fj do not have any com-
mon face. 

To explain the proposed approach visually, consider Fig. 7.
Fig. 8, a shows the finite element model of the thoracic 

cavity cross-section. The following assumptions were made 
for the convenience of consideration:

– this model is universal and is not adapted to each in-
dividual patient;

– this model allows only two-dimensional reconstruc-
tion;

– this model does not consider the internal structure of 
the organs of a human body.

2) Precision factor ε, which reflects the parameter of how 
different shades of color can be visualized as a single color, 
is set. Because the color value in the RGB color model is in 
the range of [0, 255], the value of this parameter, which is 
compared at step 3 with the difference between two finite 
elements in all three colors, is in the range of [0, 765]. The 
value of this indicator is indicated by a researcher at the start 
of the algorithm. At the same time, the following regularity is 
performed:

– at ε→755, the number of finite elements in the model 
decreases significantly and the quality of the color display 
of the conductivity field of the examined object gets worse;

– at ε→0, the number of finite elements in the model de-
creases insignificantly and the quality of the color display of 
the conductivity field of the examined object remains almost 
unchanged. 

Precision factor ε=10 was selected for this research. 
3) Simultaneous satisfaction of two conditions is checked 

for each pair of finite elements fi and fj:
– ki,j=1. This condition reflects the fact that neighbor-

hood indicator must be equal to unity. That is, it is possible 
to unite only the finite elements that have a common face;

– ( )| | | | | | ,i j i j i jr r g g b b− + − + − ≤ ε    (8)

where ki,j is the  neighborhood indicator of finite elements fi 
and fj; ε is the precision factor; ri, gi, bi are the values of colors 
of element fi.

This condition shows that sum of differences of color 
values should not exceed the specified precision ε. That is, 
it is possible to unite only the elements that have the color 
matching the assigned precision. 

4) If the conditions in p. 3 are met simultaneously, finite 
elements are united. Otherwise, they are not. 

When uniting finite elements fi and fj the areas of finite 
elements (volume in the case of 3D reconstruction) are 
united, and the color of the united finite element is com-

 
 

 
а 

 

 

b	

Fig.	6.	Image	of	the	model	of	the	thoracic	cavity:	a	–	in	the	
form	of	a	grid	of	finite	elements,	b	–	during	reconstruction	
of	the	conductivity	field	in	the	process	of	the	operation	of	

the	EIT	channel	software

f1 f3
f2

k1,3 = 0, as there is no common face
k1,2 = 1, as there is a common face
k2,3 = 1, as there is a common face

a	

Fig.	7.	The	image	of	the	grid	of	finite	elements,	into	which	the	thoracic	cavity	projection	
is	split:	а	–	general	view,	b	–	enlarged	area

b
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puted as the arithmetic mean of the colors of its finite 
elements:

fi=fi U fj;  (9)

,
2

i j
i

r r
r

+
=  ,

2
i j

i

g g
g

+
=  ,

2
i jb b+

  (10)

where ri, gi, bi are the values of colors of element fi.
Thus, we developed the algorithm that makes it 

possible to unite finite elements into one polygon if 
they are neighboring and have a similar color at as-
signed precision. The first step of this algorithm plots 
a matrix of neighborhoods of finite elements. Then, 
each time one calculates the conductivity field values, 
the neighboring elements of the conductivity field are 
checked for matching their color with a given accuracy. 
If the elements are matched, the neighboring elements 
are combined. This reduces the number of polygons 
that need to be visualized, which in turn should reduce 
the time it takes to display the model on the screen.

7. Results of comparison of graphics libraries 

The implemented algorithm, principles of construc-
tion, and functioning, shown in Fig. 2 should be applied 
when forming software for the EIT device. The purpose 
of the experiment is to explore in more detail the graph-
ics libraries specified in p. 2 to assess the feasibility of 
their application in developed software, taking into con-
sideration previously stated criteria. To assess the perfor-
mance of the graphics libraries, a number of experiments 
with the following conditions were conducted (Table 2).

Table	2

Parameters	of	the	experiments	on	comparison		
of	graphics	libraries		

Characteristic Value

Number of visualized frames 10000

Programming language  C++, standard 2017

Processor Intel Core i5-4460, 3.20 GHz

Graphics card Intel HD Graphics 4600

Because the visualization process comes from the use of 
computing power either of a processor or a video card, RAM 
is not important for this study. 

To determine an optimal graphics library, the P criterion, 
which is a function that combines visualization time and 
CPU loading, is introduced:

P=f(tV, Q)→min,  (12)

where tV is the total visualization time; Q is the CPU load-
ing (%).

The results of the experiments on comparison of graphics 
libraries are shown in Table 3. 

Parameter “Platform” was determined based on the op-
eration systems, which are compatible with this library. 

Parameter “Solution relevance: was determined based on 
the research into professional and scientific literature [10–13].

Parameter “Visualization time” was measured using the 
object «timer», implemented in the standard library C++. 
The time represented in the tables is the arithmetic mean 
for 10,000 visualized frames, which allows enhancing the 
objectivity of assessment of this parameter.

Parameter “CPU loading” was measured in percent of 
the maximum load using the resource monitor of the operat-
ing system Windows.

The null hypothesis, in this case, is the statement: “The 
time of model visualization does not depend on the use of a 
graphics library”. Let us take the significance level α=0.05. 
The value, calculated by the Fischer-Snedecor criterion, is 
Femp=3.64. 

Fcr for the presented dataset of 10,000 frames takes the 
value Fcr=1.01. Since Femp>Fcr, the null hypothesis is reject-
ed, and one can conclude about the influence of the used 
graphics library on the time of model visualization.

The obtained results suggest that for medical visualiza-
tion purposes, among the studied systems, it is optimal to 
use the OpenGL graphics library integrated into another 
graphics library implementing the user’s interface. 

The resulting gain of 0.02 s due to the use of OpenGL 
makes it possible to display more frames per second, which 
is important in the case of real-time measurements. In addi-
tion, by transferring visualization to the GPU, the visualiza-
tion speed increases and the CPU load decreases.

Experimental studies to assess the appropriateness of 
using the proposed algorithm of neighboring finite elements 
were conducted. The experiments with the model with the 
number of finite elements n=4011 were conducted. 

In this study, the time of visualization using the finite 
elements algorithm tVF is represented in the form of the fol-
lowing formula:

tVF=tR+tO,    (13)

where tR is the time of computation of the united finite ele-
ments (s); tO is the time of the model visualization after the 
computation of the united finite elements (s).

Time tVF is compared with the visualization time without 
using the finite elements algorithm tV, obtained in Table 3. 

The results of experiments over the implemented algo-
rithm of neighboring finite elements showed that its use does 
not lead to a reduction in the total time spent (Table 4).

Table	3

Graphics	libraries

Graphics library Platform
Solution 
relevance  

Time of model 
visualization 

without using 
the algorithm of 

neighboring finite 
elements tV(s)

CPU load-
ing Q (%)

GTK
Cross-plat-

form  
+ 0.07 35

MFC Windows – 0.34 35

MFC+G-
DIPLUS

Windows – 1.12 35

MFC+OpenGL Windows +/- 0.05 4

Windows 
Forms+OpenGL

Windows + 0.05 4
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The obtained results show that the developed algorithm 
in all cases reduces the time of the model displaying on 
the screen. The time it took to compute the united finite 
elements is the same for all graphics libraries, because the 
used graphics library has no effect on this parameter. The 
total visualization time when using the algorithm in the 
case of applying graphics libraries, not involving the GPU, 
is smaller than the time to visualize the model without using 
the proposed algorithm. However, in the case of using the 

OpenGL graphics library, the proposed algorithm cumula-
tively requires more time than visualization without using 
it. Such results suggest that the developed algorithm can be 
used in systems that focus on CPU-oriented computation 
without using a GPU.

8. Discussion of results of the study on comparison of 
graphics libraries

The proposed structure and algorithm of operation 
of the EIT channel software (Fig. 2, 3) was designed 
based on the requirements for speed and compatibility 
with medical technology. One of the key tasks of the EIT 
examination is to visualize the conductivity field, and 
the developed visualization algorithm (Fig. 5) makes it 
possible to implement two approaches to color selection 
for each finite element. Choosing one of these approaches 
leads to either higher speed of display, or higher image 
quality and depends on the needs of the conducted EIT 
examination. In any case, however, visualization of the 
model is a resource-intensive procedure and takes up most 
of the resources of a device when running an application. 
In this regard, we implemented the algorithm, the main 
idea of which is to unite the areas of the model having a 
similar color – the condition in formula (8), into one finite 
element – (9) and (10). This approach is explained by the 
fact that in the EIT examination, it is often important to 
separate key areas (lungs, heart), and heterogeneity with-
in these areas is not so important.

The conducted experiments on comparison of the graph-
ics libraries (Table 3), in which the OpenGL library showed 
the best result, are explained by the fact that this library is 
run at the expense of the GPU resources, which makes it 
possible to significantly reduce the load on the CPU.

Experimental results on the analysis of the algorithm of 
neighboring finite elements (Table 4) are explained by the 
fact that the time spent on uniting the finite elements is also 
quite a resource-intensive procedure. That is why its appli-
cation gives benefits only in case of using graphics libraries 
that are less GPU resource-oriented.

EIT is a specialized field of tomography in which the 
results of the examination are reproduced in real-time, and 
consequently, the issues of rapid visualization of these re-

sults are very important. The algorithms 
formed in this work make it possible to 
speed up the display of medical informa-
tion on the screen and provide feedback 
with medical staff. The conducted study 
on comparison of graphics libraries is 
supported by experimental data and an-
alyzes not only the time of direct display 
of finite elements on the screen but also 
the time of uniting the finite elements 
in case of using the proposed algorithm.

The merits of this study are its empha-
sis on dynamic visualization of the EIT 
examination. A series of software prod-
ucts for the EIT [20, 21] do not involve 
real-time reconstruction of the conduc-
tivity field in real-time. Unlike [3], this 
paper does not set the task of adapting 
the model to each individual patient, and 

the principles outlined in [3] do not allow their application 
for dynamic visualization of the EIT. It can also be noted 
that the graphics libraries and their specifics for medical vi-
sualization were not compared in the reviewed papers [3–9].

The limitations of this study include the fact that a 
number of other visualization tools (VTK, SFML) were 
not studied. This is due to the fact that the study was 
conducted for medical equipment. That is why a series of 
graphics libraries rarely used in this area were not included 
in the research. In addition, only one hardware configura-
tion to measure visualization time was considered in the 
framework of this study. 

Further research may examine the development of the 
algorithm of neighboring finite elements. The possibility to 
avoid great time consumption during uniting finite elements 
may be ensured by the use of evolutionary algorithms, in 
particular, genetic algorithms to accelerate image visual-
ization.

It is worth noting that the areas that are at the edges of 
this model and not taking part in the respiration process are 
not important for the EIT of lungs. It follows that these areas 
may not be redrawn every time one receives the data from 
the device but might be colored once when the measurement 
process starts. Since these areas are not important for ven-
tilation and perfusion measurement, the indicators of field 
conductivity in them can be neglected.

9. Conclusions

1. We analyzed the structure of the EIT visualiza-
tion software, allowing measurements of the differences 
in potentials of electrodes located on the patient’s body, 
computation of the conductivity field, and visualization 
of the tomographic section in real-time. The software op-

Table	4

Studying	the	algorithm	of	neighboring	finite	elements

Graphics  
libraries

Time of model 
visualization 

without using 
the algorithm 
of neighboring 
finite elements 

tV (s)

Time of compu-
tation of united 
finite elements 

tR (s)

Time of display-
ing model on the 

screen   tO (s)

Total visualiza-
tion time using 
the algorithm 
of neighboring 
finite elements 

tVF (s)

GTK 0.07 0.11 0.05 0.16

MFC 0.34 0.11 0.21 0.32

MFC+G-
DIPLUS

1.12 0.11 0.88 0.99

MFC+OpenGL 0.05 0.11 0.03 0.14

Windows 
Forms+OpenGL

0.05 0.11 0.03 0.14
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eration algorithm, enabling processing the measurement 
data obtained from several electrode belts, was developed. 
We developed the schematic representation of information 
units located in a software window, allowing outputting 
the processed measurement information in the software 
window and controlling the measurement process. The list 
of graphics libraries that can be used to visualize the re-
sults of electric impedance tomography was presented. The 
principles that are key principles for medical visualization 
were identified.

2. The algorithm of visualization of the results of con-
ductivity field reconstruction was developed. This algorithm 
makes it possible to display on the screen the reconstructed 
conductivity field of the examined object. The algorithm 
implies two approaches to the computation of colors of fi-
nite elements. The color-scheme approach involves using a 
pre-generated color matrix and comparing the values of the 
conductivity field with that matrix. The second approach 
involves using dynamic determining the desired color, which 
includes red, green, and blue components. The advantage of 
the first approach is the high speed of color selection, of the 
second approach – the accuracy of determining the neces-
sary color.

3. The algorithm of neighboring finite elements, which 
allows reducing the time spent on the visualization of the 
model by uniting neighboring elements with a similar 
color in one polygon, was proposed. At the first step of 
this algorithm, the matrix of the neighborhood of finite 
elements was plotted. Then, every time when one computes 
the values of the conductivity field, the neighboring ele-
ments of the conductivity field are checked for matching 
their color at a given accuracy. In the case of matching, the 

neighboring elements are united. This makes it possible to 
reduce the number of polygons that need to be visualized, 
which in turn reduces the time taken to display the model 
on the screen.

4. Experiments on comparison of graphics libraries, their 
performance for the tasks of medical visualization were car-
ried out. It was established that among the studied libraries, 
the shortest time was demonstrated by the OpenGL graphics 
library (0.05 s for visualization of a single frame). The ob-
tained gain of 0.02 s (compared to GTK) makes it possible to 
display more frames per second, which is important in the case 
of real-time measurements. In addition, due to transferring vi-
sualization to the GPU, the visualization speed increases, and 
the CPU load decreases. The proposed algorithm of neigh-
boring finite elements makes it possible to reduce the time of 
information outputting on the screen (from 0.05 s to 0.03 s for 
the OpenGL library), but at the same time increases the time 
of determining which finite elements should be united (this 
time is 0.11 s). In this case, applying libraries that mostly use 
CPU resources, this algorithm makes it possible to reduce the 
total time of visualization of the conductivity field.
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