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The Nodes Cooperation for Maintaining
Connectivity of Mobile Ad Hoc Network during

Phenomena Cloud Monitoring

MANETs are increasingly applied in case of a disaster to support an emergency team.
During a rescue operation the external communication infrastructure is often over-
loaded or even destroyed. Thus, it is necessary to ensure communication between
nodes to provide a possibility for exchanging information about an environment. In
this paper a new method for maintaining connectivity of the network is presented.
The main advantage of the method is reduced impact on a performance of MANET
for monitoring the environment. The method was verified in scenario of a heavy gas
leakage simulated with the SLAB simulator.

1. Introduction
Mobile ad hoc network (MANET) is a wireless network characterized by decentralized struc-

ture. The network is composed of autonomous mobile platforms equipped with a wireless com-
munication device and sensors. The MANET can selforganize in decentralized manner to adopt
to the environment in which it was deployed. Each network node can freely change its location
and role played within the network depending on the locations of other nodes and its knowledge
about the environment.

One of the key areas of MANET application is to support a rescue team coping with a disaster
situation. The examples of such situations are toxic heavy gas leakage, oil spill, flood or forest
fire. In all those situations the object of interest can be defined as an object covering significant
area, characterized by nondeterministic, dynamic variations of shape, size, speed, and direction
of motion along multiple axes [7]. Such object is called phenomena cloud. In case of one of
the aforementioned disasters the rescue team is interested in current size, shape and movement
direction of the phenomena cloud. Such knowledge can be used to surround and neutralize the
disaster (in case of a heavy gas cloud or oil spill) or to predict the area that should be evacuated
first (in case of a forest fire).

During a disaster situation fast information exchange within network is required. At the
same time the external communication infrastructure can be damaged or overloaded due to the
disaster. Thus, providing an internal communication between each pair of nodes in the network
is necessary. In the MANET each device can communicate with the other devices that are
located within its transmission range or with other devices using intermediate nodes to relay
messages hop by hop (multi-hop communication). Due to the limited transmission range of
devices coordination of devices motion is required to maintain connectivity within the network.
At the same time requirement to maintain connectivity should not affect the quality of task
realization by MANET significantly.

1Research Academic Computer Network (NASK), Kolska 12, 01-045 Warsaw, Poland, e-mail: ma-
teuszkr@nask.pl

2Institute of Control and Computation Engineering, Warsaw University of Technology, Nowowiejska 15/19,
00-665 Warsaw, Poland, e-mail: mateusz.krzyszton@gmail.com
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The connectivity maintenance is the subject of a lot of research. In [2] is presented a method
for the network reconfiguration if the target topology is known. During the whole process con-
nectivity is guaranteed. An interesting method based on constraints is presented in [8]. The
method allow to set a lower and an upper limit of the number of communication links that each
node takes part in. Decentralized scheme for detecting redundant links by each node based only
on local information was introduced in [1]. However, with only local information identification
of all redundant links is impossible. Another decentralized algorithm for detecting redundant
links was described in [4]. However, an additional auction-based mechanism (involving com-
munication between all nodes) is required to decide if the given redundant link can be deleted.

To the best of the author’s knowledge none of the connectivity maintenance methods pro-
posed in the literature takes into account its negative influence on MANET performance in terms
of task realization quality. In this work a new method for connectivity maintenance is proposed.
The main novelty of the method is additional cooperation between nodes that reduces afore-
mentioned negative impact on MANET performance. The proposed cooperation scheme can
be easily adapted for the most of other methods for connectivity maintenance. The proposed
method is verified in a task of heavy gas cloud monitoring. The research is conducted with the
simulator of mobile ad hoc network MobASim [6].

The article is organized as follows. First, a scheme for constructing MANET for a phe-
nomena boundary detection is introduced and the connectivity maintenance problem is defined.
Then, the method for connectivity maintenance is extended with cooperation. The method is
verified in a scenario of a heavy gas dispersion. The paper is concluded in section 5.

2. Problem Formulation
In this work the MANET network is comprised of a set V of N unmanned devices Di, i =

1, . . . ,N. Each of the devices is equipped with a GPS receiver, a proper punctual phenomena
sensor and a radio transceivers that enables communication between devices. The location of
Di is oi = [xi,yi]. The network in time t can be seen as a graph G(t) = (V,E(t)), where E(t) is a
set of bidirectional communication links (Di,D j), Di,D j ∈V , i 6= j that exist in time t. The link
exists between Di and D j if the Euclidean distance between those nodes di

j in time t is smaller
than the transmission range rt . In this work it is assumed that communication range of each
node Di is circle with a radius rt centered in oi.

Two nodes Di and D j can communicate with each other in time t if there exists path (single
or multi hop connection) composed of links from E(t) starting at Di and ending at D j. If every
pair of nodes can communicate with each other in time t then the network (and the graph G(t))
is connected. In this work it is assumed that in the time step t0 the network is connected. In
practice the assumption is easy to satisfy.

The strategy for constructing the MANET to cover a boundary of the phenomena cloud is
described in details in [3]. The aim of the strategy is to distribute network nodes evenly on the
boundary. In this approach the network is divided into K separated clusters Vk, k = 1, . . . ,K of
devices:

V1∪V2∪ . . .∪VK =V ; V1∩V2∩ . . .∩VK = /0. (1)

The device Hk ∈ Vk is assigned a role of the kth cluster head, k = 1, . . . ,K. One of the cluster
heads H is selected to be a head of the whole network, H ∈ H1, . . . ,HK . The communication
links can be establish only within cluster and between cluster heads. Thus, the kth cluster de-
vices create subnetwork Gk(t) = (Vk,Ek(t)), where Ek(t) is a set of bidirectional communication
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links (Di,D j), Di,D j ∈Vk, i 6= j existing in time t. The set of cluster heads VH = {H1, . . . ,HK}
is treated as a separate cluster, which analogously creates subnetwork GH(t) = (VH ,EH(t)),
where EH(t) is set of links between cluster heads in time t. Thus, the problem of maintaining
connectivity of the whole network is equivalent to the problem of maintaining connectivity of
all subnetworks Gk, k ∈ 1, . . . ,K and the subnetwork GH .

The method described in [3] guarantees connectivity of the whole network, but does not
address negative effect on the quality of the boundary detection caused by this requirement.
In this work the extended version of the connectivity maintenance method is presented. The
proposed method can be easily adopted to maintain connectivity in any MANET regardless of
the task being performed and network clusterization.

3. Connectivity Maintenance with Cooperation method
The CMC (Connectivity Maintenance with Cooperation) method is adjusted to the PFM

mobility model, described in details in [6]. The PFM is an example of an artificial potential
based mobility model. In this model the trajectory of a device movement is a result of repulsive
and attractive potentials. The CMC method modifies list of potentials of each device to maintain
connectivity within the network. The concept of CMC method can be easily adjusted to other
mobility models. The PFM mobility model was used in aforementioned work on the boundary
detection as well [3].

The CMC method is based on identifying critical communication links in a network or, if
clusterization is applied, a subnetwork. A critical link is a link that is essential for the network
to be connected. Hence, the devices that create the critical link are attracted to each other.
However, thanks to the additional cooperation mechanism, some of nodes are released from the
link maintenance duty and may continue performing their task.

Connectivity maintenance

The algorithm for links that need to be maintained (i.e. critical links) identification is based
on works [1] and [4] and consists of two phases. In the first phase links that are candidates for
critical ones are identified by each node Di. The node Di considers only links that it takes part
in. To decide which links are potentially critical two regions within the communication range
of Di are defined (Fig. 1a) — safe (covi

s) and critical (covi
c):

• covi
s denotes a disc of a radius rs

t , rs
t < rt centered at oi.

• covi
c denotes a set of points o j with distance di

j to oi satisfying the condition rs
t ≤ di

j ≤ rt .

All links of Di with nodes located in the region covi
c are considered to be at risk of breaking due

to nodes movement. Thus, the decision has to be made which of those links has to be maintain
as critical for the network connectivity.

In the second phase each node Di ∈ Vm sends to the head of its cluster Hm a set of nodes
located in its critical region covi

c in time t — a set Ci(t). The Hm responds with updated set
C
′
i(t) containing nodes with which communication link has to be preserved to maintain the

network connected. The cluster head Hm decides whether the link between the node Di and
D j ∈ Ci(t) can be removed by simulation of the link (Di,D j) removal from the graph Gm(t).
For the resultant graph G

′
m(t) the Laplacian matrix L∗(t) is determined: L∗(t) = ∆∗(t)−A∗(t),

3



(a) (b) (c)

Figure 1: (a) covi
s and covi

c regions of Di; (b) a direction of nodes motion if cooperation mechanism is disabled and
(c) enabled — due to cooperation mechanism the node with roletr can move towards its target location (marked
with a red cross).

where A∗(t) = (a∗i j(t)) denotes the adjacency matrix of the graph G
′
m(t). a∗i j(t) = 1 if (Di,D j)∈

Em(t) and 0 otherwise, ∆∗(t) = diag(∑
|Vm|
j=1 a∗i j(t)). The eigenvalues λ ∗i of the matrix L∗(t) are

calculated and sorted in an ascending order: λ ∗1 ≤ λ ∗2 ≤ . . .≤ λ ∗|Vm|. G
′
m(t) is connected if λ ∗2 ≥ 0

— link (Di,D j) is redundant and the node D j can be removed from the set Ci(t) [4].

The node Di has to preserve communication links with all nodes in C
′
i(t) to maintain connec-

tivity within its cluster. In the aforementioned work [3] all nodes D j ∈C
′
i(t) were attracted to

the node Di and forced to move to its safe region covi
s. It easy to observe that if D j ∈C

′
i(t) then

Di ∈ C
′
j(t). Hence, both nodes Di and D j get closer to each other instead of performing their

task, which obviously reduces efficiency of the network. In the next subsection this efficiency
problem is addressed by introducing an additional cooperation between nodes.

Nodes Cooperation

The aim of a cooperation between nodes is to release some nodes from the duty to preserve
their critical communication links. To implement the cooperation each node is given one of
two roles: roletr and rolecs. The main goal of a node with the role roletr is to perform the task
assigned to the MANET (e.g. cloud monitoring), whereas the most important goal of the node
with the role rolecs is to maintain connectivity of the network. The node with the role rolecs can
perform other tasks as long as it is not necessary to preserve some communication links.

Three types of messages are defined: NEEDS_HELP, CAN_HELP and CANNOT _HELP.
The CAN_HELP and CANNOT _HELP messages are responses for the message NEEDS_HELP.
To the message NEEDS_HELP list cooperation_nodes is attached. The list contains list of
nodes which already take part in cooperation. The node D j can response for the message
NEEDS_HELP from the node Di with the message CAN_HELP if all following conditions
are satisfied:

• has role rolecs;

• none of the nodes from the set C
′
j(t) (except Di) is on the cooperation_nodes list;

• does not have any other critical node than the node Di or all its critical nodes Dk other
than Di (Dk ∈C

′
j(t),k 6= i) respond to message NEEDS_HELP sent by node D j with the

message CAN_HELP.
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Otherwise the node Di responses with the message CANNOT _HELP.

In the cooperation phase each node Di with non-empty set C
′
i(t) sends to each node D j ∈C

′
i(t)

message NEEDS_HELP. Each node D j that receives message NEEDS_HELP add to the
cooperation_nodes list its id j and sends this message further to all nodes from C

′
j(t). The node

Di that receives the response message CAN_HELP from the node D j removes the node D j

from the set C
′
i(t) of its critical nodes. Otherwise, if the message CANNOT _HELP is received

the node Di cannot remove that node from the set C
′
i(t) and is responsible for maintaining the

communication link with that node. As the result of the cooperation process each node Di has
the updated set C

′
i(t). If the set is empty then the node can continue performing the task that

is consistent with the task of the whole network. Otherwise, the priority of node is to maintain
communication links with all its critical nodes.

In case of D j ∈ C
′
i(t) (the connection link (Di,D j) is critical one and Di is responsible for

that link maintenance) the node Di is attracted to that node (i.e. by potential source located
in o j). Hence, according to the PFM model, a new position of the node Di is calculated solv-

ing the optimization problem minoi ∑D j∈C′i (t)

(
di

j

di
j
−1

)2

, where di
j ≤ rs

t is an expected distance

between nodes Di and D j. As a result of solving the optimization problem the nodes move
to safe regions of their critical nodes. The directions of nodes motion in an exemplary situ-
ation with disabled and enabled cooperation mechanism is compared on Fig 1b and Fig 1c.
The list cooperation_nodes and corresponding condition for replying with CAN_HELP were
introduced to avoid a cyclic cooperation.

4. Experimental verification
The performance of the CMC method was verified through a simulation experiment. The task

was to create a connected sensing MANET for monitoring uncontrolled instantaneous release
of chlorine gas. During the whole deployment process the connectivity of the network has to
be maintained. Additionally, the CMC method should not prevent the nodes from distributing
evenly on the boundary.

The simulation parameters are as follows: the chlorine gas source area was 0.1m2, the mass
source rate was 33.33 kg

s , the temperature of an ambient environment was 276K and the wind
speed was 3m

s . The dispersion of the cloud was simulated using the SLAB simulator [5]. The
sensing network was built by N = 16 devices divided into K = 4 clusters. In order to maintain

(a) (b) (c)

Figure 2: Topology of the sensing network:(a) t = 65, (b) t = 90 and (c) t = 135. Nodes of the same cluster are
marked with the same color, the cluster head is marked with darker hue. With red lines existing links are presented.
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connectivity of the whole network the connectivity of each subnetwork Gk, k ∈ 1, . . . ,K and the
subnetwork GH was maintained with the CMC method. To perform cooperation between nodes
the role rolecs was assigned to all cluster heads Hk, k ∈ 1, . . . ,K. Other nodes had the role roletr.

Fig. 2 shows the process of forming the network topology for cloud boundary monitoring.
At time t = 65 nodes arrive to the area covered with gas (Fig. 2a) — the connectivity is main-
tained and multiple redundant communication links exist as network covers little area. With the
network expansion some redundant links are identified correctly and removed (Fig. 2b, t = 90).
At that moment redundant link exists only within the subnetwork GH — removing one of the
three links marked with yellow color (Fig. 2b) is safe in terms of connectivity maintenance. The
redundant link is removed correctly as clusters spread over the area covered with gas (Fig. 2c).

Thanks to introducing cooperation between nodes each cluster head follows its cluster. As
the result nodes are placed on the boundary of a heavy gas cloud quite evenly. The subnetwork
GH serves as internal communication network and each pair of nodes can communicate. During
the whole simulation process the connectivity within the network was maintained.

5. Conclusions
MANETs can support a rescue team efficiently in tracking a phenomena cloud. Thanks to

internal communication they are independent on external communication systems. In this paper
novel method for connectivity maintenance with cooperation was introduced. Due to coopera-
tion a part of network serves as communication layer, whereas the other part can perform task
efficiently. The CMC method can be used to maintain connectivity of any MANET, regardless
of the application. The quality of the method should be evaluated in other scenarios.
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Rooting Smart TVs by exploiting design flaws in
application framework

Each year an increasing number of devices gain Internet access capabilities, which can
be convenient, but is also a big risk if done poorly. When a device is constantly con-
nected to the Internet, security becomes a very important concern. This is especially
true for devices, that were considered safe until now, as the security layer is often un-
derdeveloped or even considered an afterthought. In this article we will show that is
possible, and relatively easy, to circumvent security mechanisms present in Samsung
Smart TVs to gain root privileges and unrestricted access to underlying file system.

1. Introduction
We live in the era of Internet of Things, many of the devices we use everyday are connected

to the global network. Moreover those devices have access to our personal data so any breaches
of their security should have high significance for their users. About 5-10 years ago we mostly
cared about the security of our PCs, the safety of mobile devices was a new thing. Nowadays
many people are aware of viruses on these platforms and know that their personal data, banking
details etc. are at risk. However people are still not informed about the dangers of malware or
hackers taking control of their embedded devices. Smart TVs are a good example of a device,
which has Internet access, full operating system and are even often equipped with a camera and
microphone.

Many problems with these devices have been reported by other researchers [1][6][7], how-
ever knowledge of this is not common. Nevertheless, we hope that this situation changes when
people finally realize, that their devices are more than simply TVs and that somebody might
take advantage of that in order to spy on them. Those risks can be especially significant when
such device is a part of any Smart Home system [3].

In this paper we will focus on research performed by the Authors on abusing built-in features
to remove all security mechanisms from a Smart TV. We will illustrate the process on Samsung
Smart TVs because they are one of the largest supplier of such devices, reaching over 30% of
market share in Europe [12].

In preparing this article we have decided to follow the guidelines of responsible disclosure,
which means we will not be discussing in details techniques that can be used on newest de-
vices, as to not endanger the user security in significant manner. Because the manufacturer has
recently changed their operating system from Orsay to Tizen we will be describing the pro-
cess and issues found in previous operating system, specifically vulnerabilities found on 2014
(H) model. However it should be noted that the problems we illustrate, as well as techniques
described in this paper, can be adapted for use with newest operating system provided by the
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vendor. The significance of this research can be emphasized by the fact that both US and
British intelligence have already used results of Authors research [13]. CIA in cooperation with
the United Kingdom’s MI5/BTSS have adapted techniques described in this paper in order to
develop the Weeping Angel, which is a tool that allows spying trough Samsung Smart TVs [14].

It is important to note, that parts of the of the work have been described at the SamyGO
forum (https://www.samygo.tv), which has been already cited by multiple researchers [2][9] as
the main hub for information about hacking and rooting of Samsung Smart TVs. Parts of the
research was performed with the help of the forum users, which made it possible to test the
developed exploits on multiple devices from the same series. This confirmed the vulnerability
for all of the tested Smart TVs.

2. Smart TV Applications
Smart TV is a term that defines a television set with integrated Internet support. One of the

features of this platform is support for some form of Application Store, sometimes called Mar-
ketplace, from which users can download games and programs. Usually there are two kinds
of applications in this marketplace: web and native. However word "web" shouldn’t be in-
terpreted in a classical way. Here it simply means that the application is written using SDK
(Software Development Kit) that offers mostly "Web 2.0" technologies like HTML (HyperText
Markup Language), JavaScript, CSS (Cascading Style Sheets) and some TV specific APIs (Ap-
plication Programming Interface). Such applications are processed by a specialized HTML and
JavaScript engine, and are often written acording to the Web design guidelines [8]. On the other
hand native applications are written using some form of NDK (Native Development Kit) and
have a form of binary files that are executed directly by the device CPU (Central Processing
Unit). It should also be noted that in case of majority of vendors access to SDK is free whereas
access to NDK is paid and restricted. As a result usually only big companies can afford it or are
allowed to use it.

2.1. Samsung Smart TV SDK

Samsung distributes SDK that allows developing HTML5 based applications which are
called widgets. Developers are allowed to freely test them on both emulator, which is pro-
vided by SDK, as well on actual devices. Applications can be tested on the device in one of two
ways. First requires setting up a web server with widget list and each widget files packed in a
zip format. Thenceforth it is necessary to switch the TV to developer mode and synchronize
widgets with selected server. If all steps were done correctly TV will download the application
and install it, which enables launching it as any other widget. However there is a much simpler
way of installing new software on the TV. It’s enough to unpack zip file mentioned in previous
step to a USB memory stick and, after connecting this device to the TV, new application will
appear in Smart Hub. As a result, due to limitations in NDK usage described above as well as
relative ease with which USB method can be used, SDK is the obvious target for abuse. This
method is also used by the Weeping Angel [13]

In this work we have decided to concentrate our efforts specifically on researching any poten-
tial vulnerabilities in the official SDK based on its public availability. The issue of developing
good and secure public JavsScript APIs has been thoroughly researched, even to the point of
preparing automatic tools for testing and finding vulnerabilities [11]. However, as with every
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public API, it is hard to make it secure and easy to use at the same time. It is also, potentially,
the easiest attack vector for accessing the TVs capabilities. There are of course other tech-
niques, that can give even better results, but those usually require extensive knowledge about
inner workings of the device firmware [9] or physical assess to the device, which can enable
full forensic analysis [2]. However, attack vector through sanctioned market apps and public
APIs are still preferable as they can allow for fully remote code execution without the user’s
knowledge or permission.

2.2. Smart TV applications sandbox

In computer security the term sandbox is a safeguard measure, that separates the currently
running application from the OS. As a result if security of this piece of software is breached
it does not immediately compromise whole system. Such approach is often used for programs
that are untested, untrusted or were made by third party developers. Sandboxing isn’t very
popular on PC market tough for past few years it has been used by Apple for it’s Mac App
Store applications, as well as Microsoft for Store apps. However, it has became a standard for
mobile applications and it’s also commonly used on Smart TVs. Very often sandbox represents
a single folder or a set of folders to which application has access to. Therefore widgets will not
be able to read nor modify system files. In order to enforce that applications can only access
the filesystem using a specific set of APIs. Privilege restriction is a good way of enhancing OS
security [10], however it has to be done correctly and with proper granularity for it to work,
which is not the case for Samsung Smart TV web apps, which we will show in this article.

2.3. Public APIs for accessing the file system

The first step of exploiting the vulnerabilities of the public Store APIs was to research the
possibility of accessing the file system. Normaly access to Samsung Smart TVs file system
is provided by FilePlugin and information about attached USB devices can be obtained via
StoragePlugin API. In order to use those plugins, the developer first needs to put the following
piece of code in the app HTML file:

< o b j e c t i d =" p l u g i n F i l e S y s t e m " b o r d e r =0
c l a s s i d =" c l s i d :SAMSUNG−INFOLINK−FILESYSTEM">< / o b j e c t >
< o b j e c t i d =" p l u g i n S t o r a g e " b o r d e r =0
c l a s s i d =" c l s i d :SAMSUNG−INFOLINK−STORAGE">< / o b j e c t >

Listing 1: Piece of HTML code needed for FilePlugin and StoragePlugin APIs

After attaching FilePlugin object to HTML file [Listing 1] developer can access it using
following piece of code:

var F i l e P l u g i n = document . ge tE lemen tById ( "pluginFileSystem" ) ;
var S t o r a g e P l u g i n = document . ge tE lemen tById ( "pluginStorage" ) ;

Listing 2: Piece of JavaScript code needed for FilePlugin and StoragePlugin APIs

After obtaining access to FilePlugin [Listing 2] it is possible to get access to a file system
by executing one of following functions: SetAppInfo, GetPluginInfo, Unzip, Copy, Move,
Delete, IsExistedPath, GetType, GetTotalSize, GetUsedSize, GetFreeSize, GetFolderSize,
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UnzipAsync, DeleteAsync. We can also set specific callbacks: OnDeleteAsyncComplete,
OnCopyAsyncComplete, OnMoveAsyncComplete and OnUnzipAsyncComplete.

StoragePlugin gives access to a lot useful informations about attached USB devices through
functions: GetUSBListSize, GetUSBDeviceID, GetUSBPartitionNum, GetUSBVendorName,
GetUSBModelName, GetUSBMountPath, GetUSBAvailSize, GetUSBTotalSize. We can also
make our widget react to plugging or unplugging of USB devices by using SubscribeEvent
function to set a callback for USB_CONNECTED_EVENT and USB_DISCONNECTED_EVENT events.

3. Abusing FilePlugin API to escape the sandbox
After researching the topic we have discovered, that on Orsay there are only two partitions

that are mounted with write access: /mtd_rwarea and /mtd_rwcommon, whereas everything
else is mounted as read only. Of course we also have write access to USB devices but that’s part
of what is allowed by the public SDK. Other than that application should be able to write data
only into it’s own folder, which in our case is also located on USB. As a result it is not possible
to execute the following piece of code:

var fromUSB = "/dtv/usb/sda1/binaryForRooting.so" ;
var t o O u t s i d e S a n d b o x = "/mtd_rwcommon/" ;
F i l e P l u g i n . Copy ( fromUSB , t o O u t s i d e S a n d b o x ) ;

Listing 3: Failed attempt of sandbox escape with FilePlugin API

Therefore at first glance everything looks to be as intended. Every application is kept inside
it’s own sandbox and can’t interact with other parts of file system. All calls to it are handled
trough FilePlugin API which properly restricts the access. However, after further analysis of the
FilePlugin API behavior and how it is used throughout the system we were able to determine
where this check is taking place. After careful analysis of Orsay internals we can clearly see that
many of system application like Samsung Store also use FilePlugin API, for example to install
new applications. In consequence it is obvious that the check ensuring sandbox integration has
to be implemented at language engine level. Such approach has its pros and cons. It allows for
reuse of existing code by applications of different types and levels of security. However main
con is that JavaScript is a dynamically typed language which often is executed after performing
JIT (Just In Time) compilation.

var fromUSB = "/dtv/usb/sda1/binaryForRooting.so" ;
var t o O u t s i d e = "/mtd_rwcommon/" ;
e v a l ( "FilePlugin.Copy(’" + fromUSB + "’,’" + t o O u t s i d e + "’)" ;

Listing 4: Successful sandbox escape with FilePlugin API

As a result many checks performed at the engine level can be bypassed by exploiting lan-
guage features. One of them is eval function which performs JIT compilation of piece of code
passed to it by string and immediately executes it. Therefore if we modify our small piece of
code [Listing 3] and instead of executing the code directly we will construct a string with paths
outside of sandbox [Listing 4]. As a result we will be able to bypass all security checks and
use FilePlugin API to copy, remove or modify files in any writeable location. With such access
level it’s pretty easy to replace even system binaries with our code and completely root selected
device [Figure 1].
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Figure 1: Screenshot of sample application using FilePlugin and StoragePlugin API for rooting.

3.1. Achieving direct command execution trough FilePlugin API and re-
placing system executables

On some firmware versions it is even possible to execute commands directly trough FilePlu-
gin API. Strings passed to Copy function are passed directly to /bin/cp shell command tough
before doing that both are sanitized. However presence of some characters like $, ( and ) is not
checked. As a result it’s possible to execute custom shell command [Listing 5].

var fromUSB = "/proc/self/cmdline" ;
var toTmp = "$(sh␣/mtd_rwcommon/SamyGO/run.sh)/tmp/cmdline" ;
e v a l ( "FilePlugin.Copy(’" + fromUSB + "’,’" + toTmp+ "’)" ;

Listing 5: Successful execution of custom shell command with FilePlugin API

Command presented on listing 5 will not only copy /proc/self/cmdline to /tmp/cmdline
but at the same time execute script located at /mtd_rwcommon/SamyGO/run.sh.

As it was mentioned before most of system binaries, libraries and scripts are mounted on
read-only partition which checksum is verified on every boot. Therefore we are not allowed
to modify them. However TV has to keep user settings, applications and other data some-
where. That’s precisely why /mtd_rwarea and /mtd_rwcommon are writable. One of the
things that TV writes there is settings needed for wireless connection. On 2014 H models
script /mtd_rwarea/network/insmod_qca.sh is used for devices with Atheros wireless card
whereas script /mtd_rwarea/network/insmod_bcm.sh serves the same purpose on those
with Broadcom chips. This script is executed directly by system() function so it has to have
executable bit set.

For security reason the operating system of the TV mounts USBs as noexec, which marks
everything as not executable, so if we simply tried to copy the script from USB memory stick to
/mtd_rwarea/network/ we wouldn’t be able to achieve code execution. However the Authors
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have noticed that FilePlugins Unzip() API does preserve executable bit. It behaves this way
because it’s used by Samsung Store application and some widgets available there have custom
binaries as part of zip files. As a result Authors were also able to abuse FilePlugin API to
replace scripts used by system to setup wireless connection [Listing 6]. Usually on 2014 H
models commands and scripts are executed with app user privilege however since network
scripts need to insert kernel module they are executed by root. As a result we were able to
get full access to the device and bypass both sandboxing as well as privilege separation only by
abusing built-in JavaScript API.

var fromUSB = "/dtv/usb/sda1/data.zip" ;
var toNetwork = "/mtd_rwarea/network/" ;
e v a l ( "FilePlugin.Unzip(’" + fromUSB + "’,’" + toNetwork + "’)" ;

Listing 6: Successful replacement of builtin network script with FilePlugin API

4. Conclusions
Smart TVs are becomming again a hub for entertainment in a home. With apps like Facebook

and Twitter one can interact with social media, Netflix, Hulu, YouYube and Spotify give access
to vast multimedia collections and Playstation Now can stream games directly on a big screen.
With this even people that are not tech savvy can use this technology. This is a big concern,
as people become much less security conscious in such environment. Which is why research
about any potential vulnerabilities in every internet connected device is so important.

As was presented in the article even at first glance harmless decision in designing application
framework can result in a significant security breach down the road. Sometimes even simple and
presumably innocuous APIs can be used to bypass multiple layers of security like sandboxing or
even allowing unauthorized command execution. Market for Smart TVs is growing constantly
and so is the risk of attack and leakage of sensitive data. Even devices, that have been until now
considered relatively safe can, and will be, attacked and subsequently hacked.

In this article the Authors wanted raise the awareness of this issue, especially now, when
the devices are changing so rapidly that manufacturers don’t always take the issues of safety as
seriously as they should.
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SubIval computation time assessment

The paper presents a part of a study aiming at the improvement of the efficiency of
SubIval (the subinterval-based method for fractional derivative computation in initial
value problems). The current paper concerns the computation time in a constant step
size time stepping solver basing on SubIval. The basics of SubIval are briefly given
and some already applied improvements have been listed. A computational problem
has been introduced for which the computation time was studied.

1. Introduction
Fractional calculus is a field with many applications e.g. in control theory and its applications

(due to properties of fractional PID controllers [1, 2]), circuit theory [3, 4, 5], electric and
magnetic field analyses [6, 7, 8], viscoelasticity [9, 10] and the design of fractional order filters
[11, 12].

Because of this, it is important to find new possibilities of dealing with elements of fractional
calculus appearing in the mathematical descriptions of computational problems. Out of the
many elements of fractional calculus (fractional derivative and integral definitions [13] with
respect to both space [14] and time) the paper concerns only the Caputo definition [15] of the
fractional time derivative of order α ∈ (0,1]:

taD
α
tbx(t) =

1
Γ(1−α)

∫ tb

ta

x(1)(τ)
(t− τ)α

dτ. (1)

Lately the author of this paper has been working on a numerical method, now known by its
acronym – SubIval (first introduced as the subinterval-based method for fractional derivative
computations in initial value problems in [16]). It has been described with great detail in [17]
for adaptive time stepping solvers. There is a DLL available in [18] (along with examples of its
usage), which allows it to be used in popular computer algebra systems (it has been tested in
Matlab, Mathematica and FreeMat 32-bit) and programs supporting the .NET Framework (the
DLL has been written in C#).

In the previous papers the author has shown that the method can be very accurate – this has
been proven through a comparison of the results with evaluations of analytical solutions (for
selected problems).

This paper concerns the issue of the computation time of the discussed numerical method.

2. SubIval basics
SubIval is designed for time stepping solvers where in each time step the solution for selected

variables is computed only for one time instance (denoted by t = tnow). The approximation of
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the fractional derivative that results from the application of SubIval has the implicit form:

t0Dα
tnow

x(t)≈ ax(tnow)+b, (2)

where a and b result from the internal computations of SubIval. This applies for all variables
under fractional time derivatives of order α ∈ (0,1] (further on referred to as state variables).

When dealing with typical computations – one does not need to know how it exactly works
if one applies the available DLL [18]. The method is convenient enough that what one needs to
do every time a new time instance is selected is to inform the library of that tnow value and of
the value of x computed at the previously selected time instance. The library then provides the
a and b values, which allow to substitute the fractional derivative into an implicit dependence
on the variable.

This paper addresses the issue of the time required to perform the computations in a single
time step. For the purpose of this analysis it is worthwhile to briefly recall some of the properties
of SubIval.

During each time step a new time instance is proposed (either adaptively [17] or using a
constant step size) for which the solution is obtained. These time instances form nodes on the
time axis. The nodes are then used for local polynomial approximations (denoted by x̃s(t), with
s = 1,2, . . .M) defined in local subintervals (further on denoted by Θs) covering the nodes of
interest. M denotes the number of approximating polynomials (at the same time it is the number
of the Θs intervals). An example of how the Θs intervals are set up is presented in Fig. 1.

Figure 1: Example of a setup of Θs subintervals in SubIval. The order of all x̃s(t) polynomials is 3.

The local polynomial approximations are used in the base equation of SubIval, i.e. its parti-
tion into local integrodifferentiations on subintervals Ξs = [ts start, ts end]:

t0Dα
tnow

x(t)≈
M

∑
s=1

ts start
Dα

ts end
x̃s(t), (3)

where:

• t1 start = t0 (the initial time instance) and tM end = tnow (always denoting the final time
instance, being the one for which the solution is sought),

• the subintervals form a continuous set i.e. ts end = ts+1 start for s = 1,2, . . .M−1 (how the
Ξs subintervals are set up in the case given previously given as an example in Fig. 1 is
presented in Fig. 2),

• each x̃s is defined using nodes denoted by ts,k with k = 1,2, . . .ns (hence qs = ns−1 is the
order of the polynomial denoted by x̃s),
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• Ξs ⊆Θs for each s = 1,2, . . .M.

Figure 2: Example of a setup Θs and Ξs subinterval pairs.

The manner in which each subinterval pair (Ξs with Θs) is formulated is determined by an
original subinterval dynamics algorithm explained (with great detail) in [17].

Each polynomial can be given in terms of Lagrange basis polynomials:

x̃s =
ns

∑
k=1

xs,kLs,k(t) (4)

where xs,k denotes the numerical solution for the ts,k node and the Lagrange basis polynomial:

Ls,k(ts, j) =

{
0, if j 6= k,
1, if j = k.

(5)

SubIval is designed for typical time stepping solvers, in which the solution is computed for one
time instance at a time, meaning that for a time instance t j variables for previous time instances
t1, t2, . . . t j−1 are known. Only the x̃M polynomial takes into account the final node on the time
axis (for which the state variables’ values are still unknown). This finally leads to Eq. (2), with:

a = tM start
Dα

tM end
LM,nM(t), (6)

and:

b = tM start
Dα

tM end

nM−1

∑
k=1

xM,kLM,k(t)+
M−1

∑
s=1

ts start
Dα

ts end

ns

∑
k=1

xs,kLs,k(t). (7)

In order to deal with the local integrodifferentiations, SubIval uses analytical formulae for
each monomial ctk

loc (with tloc = t− ts,1, c ∈ R and k ∈ Z+). The following formula has been
derived in a previous study [19]:

taD
α
tb ctk

loc =
kc

Γ(1−α)
tk−α

loc (B tloc b
tloc

(k,1−α)−B tloc a
tloc

(k,1−α)), (8)
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with tloc a = ta− ts,1, tloc b = tb− ts,1 and [20]:

Bρ(k,1−α) =
Γ(k)Γ(1−α)

Γ(k+1−α)

(
1− (1−ρ)1−α

k−1

∑
j=0

ρ j
∏

j−1
i=0 (1−α + i)

j!

)
. (9)

Taking into account the fact that with each new time step the number of dependencies on
previously computed values, hence also – basic computations, rises – the computation time
will, naturally, rise for later time steps. This issue is discussed in further sections of the paper.

3. Simple improvements
A few observations can be made, which lead to improvements in the time required for the

SubIval internal computations. These improvements are implemented in version 1.02 of the
SubIval DLL (some of the improvements have already been applied in previous versions). The
observations are such that for each new time instance being introduced:

• only the Lagrange basis polynomials for x̃M need to be established anew,

• each polynomial x̃s with s < M does not need to be updated,

• the gamma function computations in (9) can be done initially for each distinct α and
k = 1,2, . . .qmax (with qmax being the maximum polynomial order),

• the same goes for the ∏
j−1
i=0 (1−α+i)

j! terms in (9).

Naturally, a lot of factors will influence the computation time of the time stepping solver apart
from the internal SubIval computations. For example, if dealing with nonlinear problems the
computation times can vary greatly. If an adaptive step size algorithm is used then additional
computations need to be made per time step (like error estimation).

The current paper only raises the issue of the computation time of a solver (basing on SubI-
val) for the simplest case, i.e. for linear problems and a constant step size ∆t. This is because the
computation time of SubIval has not yet been discussed in any earlier paper, hence the choice
of the most basic case in this initial study.

4. Computational example
In this section the RC ladder circuit problem presented in Fig. 3 is studied. The example has

been brought forward to study the computation time of a SubIval solver. The example has been
chosen because of its known analytical solution [3] for any number of fractional capacitors (this
number is denoted n). Moreover, for a significant number of capacitors, in the time stepping
solver – a significant amount of equations can appear that need to be solved in each time step.

For the computations of this paper the number of capacitors was set to n = 15. The time
functions obtained by means of the numerical solver are presented in Fig. 4. The domain for
the solution was set to t ∈ [0,Tmax] with Tmax = 20 µs. The time step for the numerical solver
was set to ∆t = Tmax/2000.

The solution of SubIval has been verified through the computation of a relative error given
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by:

ean vs num = 100 ·
|x(t j)− xnum j|

max
j=1,2,...m

|x(t j)|
%. (10)

The above has been checked for each capacitor voltage being the x variable. The t = t1, t2, . . . tm
nodes are the ones selected in the numerical solution. x(t j) denotes the value of the variable for
the t = t j node, which resulted in the evaluation of the analytical solution. xnum j is the value at
that same node but computed through the numerical method.

Figure 3: Exemplary problem: RC ladder circuit (all capacitors are of order α).
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1
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Figure 4: Time functions of the capacitor voltages obtained by the numerical solver based on SubIval.

The differences between the analytical and numerical solutions have been very small (the
maximum relative error from all the obtained voltage time functions has been around 0.3 %).
As it has been numerously proven [16, 17, 19] a solver basing on SubIval can be very accurate.
If an even more accurate solution is required – one can apply a smaller ∆t value. Another way is
to apply adaptive step size techniques [17] though this still generally leads to smaller step sizes.
The choice of smaller step sizes, in turn, leads to more nodes being taken into account in the
SubIval computations. This leads to increased computation times. A chart of the computation
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times for the studied problem is given in Fig. 5. The plot actually shows minimum computation
times from 20 attempts (to eliminate occurrences where there have been delays caused by other
programs running on the computer 2).

0

Tmax

0

3

6

step

solution

SubIval

t, s

computation time, ms

Figure 5: Computation times for the subsequent steps of the solver, the solutions in each step and the SubIval
computations.

Obviously the solution of a system of equations requires very similar computation times in
each time step when a linear system is solved. The time required for the SubIval computations
rises linearly. The problem and the options for the solver have been chosen deliberately so
that the computation of the solution and the SubIval computations have comparable durations.
However, there are cases where this is not true and e.g. if a large system is studied where there
are not many fractional elements. In such a case the SubIval computations could be insignificant
and, therefore, do not need to be optimized.

5. Conclusions and remarks for future research
The computation time has been studied for a solver based on SubIval (the subinterval-based

method for fractional derivative computations in initial value problems). The SubIval basics
have been briefly described and some simple improvements (that have already been imple-
mented) have been listed. A circuit problem (with a known analytical solution) has been in-
troduced as a test example to ascertain the computation time for each time step of the SubIval
solver.

Some improvements to consider for future research relate to the problem of increasing com-
putation time for the internal SubIval computations. These take into account increasing amounts
of terms with every new time step. One of the possibilities that will be considered is to exclude
subintervals (in the computations of the b coefficients) that contribute below a certain threshold.
Another possibility is to simplify the computations of more distant nodes (e.g. as it has been
done in [21] for a different method).

2the computations have been made with a C# program running on Windows 7 on a 2.26 GHz dual-core proces-
sor
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Kinematic Synthesis of Planar Robotic Systems

The tools for dimensional synthesis of robotic linkages that are modeled as multi-
rigid-body systems are often used in the design process. Many robotic devices such
as, e.g.: robotic manipulators or mechanical hands, are designed to provide an appro-
priate workspace for a link or end-effector. The objective of the kinematic synthesis
is to determine the dimensions of links that help to achieve a specific task by taking
into account the complexity of a multibody system (MBS). This paper presents a gen-
eral method for kinematic optimal synthesis of planar MBS. The solutions of such
optimization problems require evaluation of a gradient of an objective function. The
technique described herein is used for the kinematic analysis and synthesis of pla-
nar human-like robotic finger. Sample simulation scenarios and numerical results are
reported in the text.

1. Introduction to kinematic synthesis
Kinematic synthesis, also known as geometric design of mechanisms, is the process of find-

ing such bodies’ dimensions that provide desired motion of its links [5]. This problem is par-
ticularly important in mechanical design of various robotic systems including serial or parallel
topologies [1], [2], [3], [6], [9], [10]. The concept of designing most mechanisms is to trans-
fer simple linear or rotary motion into more complex movements. When a multibody system
contains many bodies, it is convenient to introduce absolute coordinates for the MBS state de-
scription. Such coordinates are commonly used in many general formulations of kinematics and
dynamics of constrained multibody systems [7], [8]. Therefore, position of each body in the
system is defined by a set of absolute coordinates, which for planar i-th body can be expressed
as: qi = [xi,yi,ϕi]

T , where xi,yi denote position of coordinate frame fixed with i-th body (usually
located at its center of mass), and ϕi is an angle between local and global coordinate systems.
The existence of joints and imposed kinematic motion introduce n constraint equations into the
system description:

ΦΦΦ(t,q) =
[[

ΦΦΦ
K]T [

ΦΦΦ
D]T]T

= 0n×1, (1)

where ΦΦΦ
K is a vector of kinematic constraints that define rotational or translational joints,

whereas ΦΦΦ
D is a vector of driving constraints that defines desired motion in certain joints. So-

lution of (1) yields position vector q for a given time interval. Since equations (1) are algebraic
and usually highly nonlinear, the Newton - Raphson method is employed to solve the problem
of kinematic analysis. Velocity and acceleration level constraint equations are obtained by dif-
ferentiating (1) once and twice with respect to time. Let us denote z as design variables (e.g.
link dimensions), then, the constraint equations may be written in the following form:

ΦΦΦ(t,z,q) = 0, ΦΦΦq(z,q) · q̇−ΦΦΦt(t) = 0, ΦΦΦq(z,q) · q̈−ΓΓΓ(t,z,q, q̇) = 0, (2)

1M.Sc., Division of Theory of Machines and Robots, Faculty of Power and Aeronautical Engineering, Institute
of Aeronautics and Applied Mechanics, Warsaw University of Technology, Nowowiejska 24, 00-665 Warsaw,
POLAND, e-mail: pmaciag@meil.pw.edu.pl

2Ph.D., see above, e-mail: pmalczyk@meil.pw.edu.pl
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where ΦΦΦq is a Jacobian matrix of constraint equations with respect to absolute coordinates and
ΦΦΦt is a vector of partial derivatives of ΦΦΦ with respect to time. The vector ΓΓΓ denotes a position
and velocity dependent term of the second derivative of constraint equations.

The optimal kinematic synthesis of MBS can be formulated as an optimization problem.
The purpose is to find a set of design variables z ∈ Z ⊂ Rm that will minimize a given cost
(objective) function f (z) under imposed constraints that may have a form of equality and non-
equality relations:

min
z∈Z

f (z) s.t. h(z) = 0, g(z)6 0. (3)

As far as kinematic synthesis is concerned, design variables usually represent dimensions or
configuration of linkages. The system of equations (2) is thus a set of algebraic equality con-
straints that may be explicitly written in the form: h(z,q, q̇, q̈) = 0. The non-equality constraints
g(z) 6 0 may appear when there is need to limit values of certain design variables in terms of
other design variables (e.g. Grashof condition for a 4-bar linkage), or - more generally - as
a user defined inequality constraint function.
For geometric design problems, especially for the tasks of achieving a specific configuration or
trajectory of a robotic tool, the cost function may be defined as a scalar function of deviations
(residuals) between designed and reference trajectories. One popular approach to formulate op-
timal kinematic synthesis problem is to limit the upper bound of the deviation. Therefore, it is
convenient to rewrite (3) in the form:

min
z∈Z

f (z,q, q̇, q̈) = min
z∈Z

[
max

ααα
f (z,q, q̇, q̈)

]
s.t. h(z) = 0, g(z)6 0. (4)

The formulation (4) expresses the goal of the kinematic synthesis, which is to find a set of de-
sign variables z that minimizes the maximum of the objective function with respect to the set
of input variables ααα . The variables ααα may be intuitively defined as motion (driving) constraints
for a given system. The process of searching for optimal design is an iterative process, dur-
ing which, motion of the system is generated for the current value of z j according to driving
constraints. Driving constraints can be translational or angular positions that are sampled on a
discrete grid. We identify ΦΦΦ

D as a vector of input parameters α = αk, where k = 1,2 · · · ,τ is a
set of motion’s grid points.

One way of solving optimization problem is called upper bound technique [4]. The main
idea is to replace an objective function with a new design variable zm+1 under the assumption
that

zm+1 > max
ααα

f (z,q, q̇, q̈). (5)

Moreover, additional inequality constraint must be included in order to supplement (5). The
min-max problem (4) can thus be transformed into the following one:

min
z∈Z

f = min
z∈Z

zm+1 subjected to (6a)

g(z) = max
ααα

[
f (z,q, q̇, q̈)

]
− zm+1 6 0. (6b)

Many optimization algorithms require from a designer to provide gradient of an objective func-
tion. In the case of MBS optimization, it is possible to efficiently implement general expressions
that facilitate the calculation of a gradient. Gradient of an objective function contains informa-
tion on how a change of each design variable affects its value. Thus, design sensitivity analysis
can be performed. The design sensitivity vector is a quantity describing how an objective func-
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tion varies with a variation of design variables. By reformulating the problem from Eq. (4) into
Eq. (6b), one can notice that the design sensitivity vector is identical to the gradient of inequal-
ity constraints g(z). In order to calculate it, Leibniz chain rule of differentiation is applied to
Eq. (6b). For the j-th grid point, we get:

[(
∇zg

)] j
=
(
gT

z
) j

=

[
gqqz +gq̇q̇z +gq̈q̈z +

∂g
∂z

] j

1×m
. (7)

Equation (7) can be rewritten as:

(
gT

z
) j

=
[
gq,gq̇,gq̈

] j

1×3n
·

qz
q̇z
q̈z

 j

3n×m

+

[
∂g
∂z

] j

. (8)

According to equation (8), one requires partial derivatives of g with respect to absolute co-
ordinates, its derivatives, and design variables in order to calculate the design sensitivity vector.
Moreover, there is a dependence of kinematic variables on the vector of design variables that
can be expressed as: q= q(z), q̇= q̇(z), q̈= q̈(z). Since such dependence arises from constraint
equations (2), it is possible to find the derivatives qz, q̇z, q̈z, to get:

ΦΦΦq 0 0
(ΦΦΦqq̇)q ΦΦΦq 0

(ΦΦΦqq̈)q +[(ΦΦΦqq̇)qq̇]q [(ΦΦΦqq̇)qq̇]q̇ ΦΦΦq

 ·
qz

q̇z

q̈z

=

 −ΦΦΦz

−(ΦΦΦqq̇)z

− [(ΦΦΦqq̇)qq̇]z− (ΦΦΦqq̈)z

 . (9)

The expression (9) is a linear set of algebraic equations. The solution of the system yields
absolute derivatives of displacement, velocity, and acceleration with respect to design variables.
The solution of (9) can be inserted back into Eq. (8) to give the desired partial derivative gz.

2. Kinematic synthesis of human-like robotic finger

2.1. Kinematic model and optimization problem

Figure 1: Human-like robotic finger modeled as a planar 6-bar linkage .
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The method described in the previous section will be used in order to design human-like
robotic finger depicted in Fig. 1. The motion of the finger can be reproduced by employing the
Watt-I 6-bar linkage that consists of 5 moving bodies: 3 ternary and 2 binary (navy blue and red).
Each body is associated with own coordinate frame that is located at its geometric center. Figure
1 shows the mechanism in initial position, which is defined by 8 points: PPP,AAA−EEE,OOO1,OOO2. The
Cartesian coordinates of these points are taken as design variables. Since the analyzed system
consists of revolute (pin) joints, the constraint equations for each joint can be expressed as:

ΦΦΦ
K
rot(q) = ri +Ri · s(i)A − r j−R j · s( j)

A = 02×1, (10)

where ri = [xi,yi]
T is a vector of Cartesian coordinates of body-fixed coordinate frame with

respect to the global reference frame. The quantity Ri is a rotation matrix associated with
absolute angle of revolution ϕi of the i-th body with respect to the global reference frame.
The vectors s(i)A ,s( j)

A indicate the location of a joint with respect to body-fixed frame. These
coordinates are constant for a given design, however the coordinates have to be calculated for
each new set of design variables according to the following equations:

s(i)F =
FFF−GGG

2
− for binary parts, s(i)F =

2 ·FFF−GGG−HHH
3

− for ternary parts, (11)

where the symbols FFF ,GGG,HHH denote any set of points belonging to certain part, e.g. AAA,CCC,DDD for
the third body or CCC,OOO1 for the second body. The relation (11) is graphically interpreted in Fig.
1 for ternary body.

Since the analyzed linkage consists of 7 revolute joints, the vector of kinematic constraint
equations ΦΦΦ

K includes 14 scalar equations. On the other hand the system has 1 degree of
freedom, thus it is required to add one driving constraints in the form:

Φ
D =Px−Pgiven

x =
[
r5+R5 ·s

(5)
P

]
x
−Pgiven

x = x5+s(5)Px cos(ϕ5)−s(5)Py sin(ϕ5)−Pgiven
x = 0, (12)

where Px is a horizontal Cartesian coordinate of the end-link of the robotic finger. The driving
constraint (12) supplements the kinematic constraints (10). Forward kinematic analysis and
optimal synthesis of MBS may be thus performed. In the following optimization problem the
tip of the finger should pass through a given set of points. Each point represents different
configuration of the finger. The coordinates of characteristic points are given as:

– PPPgiven
1 = [0,0]T mm - fully straighten finger,

– PPPgiven
2 = [14.75,−56.5]T mm - finger slightly bent,

– PPPgiven
3 = [53.5,−81]T mm - finger and thumb slightly touch,

– PPPgiven
4 = [103.5,−66.5]T mm - finger clenched,

whereas the initial values of design variables are given as:

PPP0 =

[
z1
z2

]0

=

[
0
0

]
AAA0 =

[
z3
z4

]0

=

[
25
−5

]
BBB0 =

[
z5
z6

]0

=

[
30
5

]
CCC0 =

[
z7
z8

]0

=

[
50
−5

]

DDD0 =

[
z9
z10

]0

=

[
55
5

]
EEE0 =

[
z11
z12

]0

=

[
60
−5

]
OOO0

1 =

[
z13
z14

]0

=

[
95
5

]
OOO0

2 =

[
z15
z16

]0

=

[
95
−5

]
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There are several bound constraints imposed on the values of design variables to provide
satisfactory convergence of the Newton - Raphson procedure. The imposed bound constraints
do not, however, guarantee that the MBS is movable. If such a case occurs, penalty function
is applied for a given set of design variables, that forces an optimization algorithm to discard
current set of design variables and search for the new set that allows the mechanism to move.

The objective function is defined as a maximum quadratic deviation between the vertical
coordinate Pk

y of the tip of the finger and the actual vertical coordinate yk
P of that point calculated

from the kinematic model. Since there are 4 characteristic points, the grid is defined as: αk =Pk
x ,

where k = {1,2,3,4}, then:

min
z∈Z

f (z,q) = min
z∈Z

[
max

αk

(
yk

P−Pk
y
)2
]
. (13)

In order to get rid of the complex min-max problem (13), new design variable z17 and additional
inequality constraint are introduced:

g(z) =
[

max
αk

(
yk

P−Pk
y
)2
]
− z17 6 0 , (14)

where yP coordinate of point PPP is calculated as:

yP = y5 + s(5)Px sin(ϕ5)+ s(5)Py cos(ϕ5).

There are 14 kinematic constraints imposed on the system together with one driving constraint.
The constraint equations can be written in the form:

ΦΦΦ(t,q) =

ΦΦΦ
rot
14×1(q)

ΦD(t,q)

= 015×1, (15)

Gradient of inequality constraint (16) can be calculated according to equation (7):

∇zg =
∂g
∂q
·

[
−
(

∂ΦΦΦ

∂q

)−1
∂ΦΦΦ

∂z

]
+

∂g
∂z

. (16)

The terms gq̇,gq̈ are equal to zero, since there is no dependency of g on velocity or acceleration.
Let us denote ymax

P , Pmax
y as maximum values of yk

P, Pk
y taken over the set {k = 1 · · ·4} for a

given design. The partial derivatives of g are expressed as:

∂g
∂q

= 2
(
ymax

P −Pmax
y
)
·

 013×1
1

s(5)Px cos(ϕ5)− s(5)Py sin(ϕ5)

T

1×15

(17)

∂g
∂z

=
[2

3
sin(ϕ5) · p,

2
3

cos(ϕ5) · p,−
1
3

sin(ϕ5) · p,−
1
3

cos(ϕ5) · p,

−1
3

sin(ϕ5) · p,−
1
3

cos(ϕ5) · p,01×11,−1
]

1×17
,

(18)
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where an additional variable p is defined as p = 2
(
ymax

P −Pmax
y
)

. The Jacobian matrix ΦΦΦq can
be automatically calculated in a straigthforward manner for a given MBS. The calculation of
the crucial Jacobian matrix ΦΦΦz, however, will be briefly explained. The vector of constraint
equations ΦΦΦ involves seven 2× 1 entries in the form of Eq. (10) (due to seven joints in the
system). The derivative of ΦΦΦ with respect to the vector of design variables z can be written as:

ΦΦΦ
i, j
z = Ri ·

∂ s(i)F
∂z
−R j ·

∂ s( j)
F

∂z
. (19)

Kinematic constraint vector ΦΦΦ is herein a linear function of design variables, and ∂ s(i, j)F
∂z denote

a matrix of coefficients obtained by differentiating equation (11) with respect to z. For binary
parts, we have:

∂ s(i)F
∂z

=
[
02×a

1
2
· I2×2 02×b − 1

2
· I2×2 02×c

]
2×17 (20)

and for ternary parts, we get:

∂ s(i)F
∂z

=
[
02×a

2
3
· I2×2 02×b − 1

3
· I2×2 02×c − 1

3
· I2×2 02×d

]
2×17 , (21)

where I is a unity matrix and F denotes any of revolute joint definition points (see Fig. 1). The
derivative ΦD

z is obtained using the same approach as for ΦΦΦ
K
z , however, let us recall that driving

constraint is a scalar equation and only x component of the derivative needs to be calculated (see
Eq. (12) ). The indices a−d determine non-zero entries in equations (20) and (21), which vary
for each considered point. Equations (20) and (21) allow us to calculate ΦΦΦz, which together with
the original constraint Jacobian matrix ΦΦΦq can be substituted back into (16) to yield demanded
design sensitivity vector.

2.2. Numerical results

Multiple numerical experiments have been performed in Matlab Optimization Toolbox. The
design sensitivity vector has been compared with the same quantity calculated by using finite
difference method provided by the software. Both solutions and their convergence rates were
almost identical, however the proposed method found an optimal point in a slightly less number
of iterations as indicated in Fig. 2. The finite difference method has also the tendency to produce
poorly conditioned gradients at certain iterations as it is observed in Fig. 3.

Moreover, different optimization algorithms were tested, i.e.: Active Set (AS), Interior Point
(IP) and SQP. Figure 4 shows trajectories of point PPP for each optimization method in the solu-
tion process as well as for initial design z0. Maximum absolute deviation between the location
of characteristic points PPP1, PPP2, PPP3, and PPP4 and the calculated trajectories can be evaluated for
each solution as demonstrated in table 1. Figure 5 shows the robotic finger at different con-
figurations. The results were produced by SQP solver and demonstrate the verification of the
method proposed in the paper.
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Table 1: Absolute deviations ∆Solution = |yi
P−Pi

y|.

Design ∆Solution Active point (i)
z0 14.07 4

zSQP 5.5 2
zIP 4.27 2
zAS 4.27 2

0 5 10 15

F
un

ct
io

n 
va

lu
e

0

5

10
Current Function Value: 4.27962

Iteration
0 5 10 15

F
irs

t-
or

de
r 

op
tim

al
ity

1

2

3

4
First-order Optimality: 1.04697

Figure 2: The performance of the SQP algorithm with
analytical gradient supplied by the designer.
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Figure 3: The performance of the SQP algorithm with
gradient calculated by finite difference method.
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Figure 4: Trajectories of point PPP for initial design and
optimized cases.
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ẑSQP

Figure 5: The snapshot from the simulation of the op-
timized mechanism (SQP method employed).

3. Conclusions and recommendations for futher research
In this paper we give a brief insight to multibody systems’ synthesis, as well as appropriate

formulation of the optimization problem for such task. Design sensitivity analysis has been
addressed and systematically introduced with the prospective aim to develop general software
tools for optimal synthesis of mechanical systems. Upper bound technique is presented and
subsequently utilized throughout the solution of optimization problem. Numerical tests are
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presented for the case of human-like robotic finger. The results from the optimization procedure
are delivered in the text. The initial design of the robotic finger has been successfully improved
to the extent possible by employing the method described herein.

The developed optimization technique may be a powerful tool for kinematic synthesis and
design of multibody systems. There are a number of areas that should be further investigated in
order to exploit the potential of the method. One recommendation is to make the techniques de-
scribed herein more robust for the case of singular configurations and lock-up positions, which
may severely limit the workspace of the mechanism. The second recommendation is to extend
and implement the theory for fully three-dimensional mechanical systems that would further
generalize the presented optimization technique.
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Theoretical investigation of the novel model
dedicated for linear birefringence compensation

in fiber optic current sensors
In this paper we propose novel model of linear birefringence compensation in fiber
optic current sensors, on theoretical basis. As a tool of theoretical analysis, Jones
calculus was used. It has been shown that the proper concatenation and orientation
of half wave plates allows the avoidance the usage of Faraday rotator.

1. Introduction
In fiber optic current sensors (FOCS), the presence and effect of linear birefringence must

be considered. This can be observed in the fiber as a result of its original anisotropy (so-
called intrinsic birefringence), or it can be created in the fiber by external influences (induced
birefringence). Intrinsic and induced linear birefringence can cause undesired change in the
polarization state of the light wave, which in case of a polarimetric evaluation of the light wave
will cause sensitivity to decrease [1].

Linear birefringence is often the most critical parameter for sensor functionality in practi-
cal applications, so the appropriate attention must be given to it. So far, several techniques
have been developed to suppress or compensate the effect of linear birefringence. The paper is
focused on the linear birefringence compensation via orthogonal conjugation of modes.

2. Compensation by orthogonal conjugation
The linear birefringence in optical fiber is created when one of the optical modes spreads

along so-called fast axis (refractive index nx), and the other mode spreads along slow axis
(refractive index ny) of the optical fiber. The orthogonal conjugation of the modes represents
the exchange of modes in the sense of orientation of their polarization and the re-propagation
of the optical wave by the same optical fiber section. As it follows from the name of the
compensation method, to achieve orthogonal conjugation of the modes is necessary to twist the
polarization plane by the angle α = 90◦ [2].

The authors in [3] describe a compensating method of linear birefringence using a loop that
includes a polarization beam splitter (PBS) and a polarization maintaining fiber (PMF). PBS
defines linear states of polarization of the optical wave in the loop. In the loop, the Faraday
rotator 90◦ (FR 90◦) is positioned as a compensatory element of a linear birefringence, ensuring
orthogonal conjugation of modes. The situation is illustrated by the figure 1.

Input state of polarization (SOP) is divided into two orthogonal SOPs by PBS. FR 90◦ causes
twisting of each SOP under the angle of 90◦. Then the fractions of the light wave pass again

1Ph.D. student, Brno University of Technology, Technická 12, 616 00 Brno, CZECH REPUBLIC, tel. +420
778 723 429, e-mail: xmotuz00@feec.vutbr.cz

2Ph.D., Brno University of Technology, Technická 12, 616 00 Brno, CZECH REPUBLIC, tel. +420 777 497
184, e-mail: drexler@feec.vutbr.cz
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Figure 1: Linear birefringence compensation method using loop, including PBS and FR90◦ [3].

through the PBS and the light wave is being re-composed. PBS is described by the Jones
calculus according to [3] subsequently:

P12 = P21 = P34 = P43 =

[
0 0
0 1

]
and P13 = P31 = P24 = P42 =

[
1 0
0 0

]
, (1)

where Pxy is a sign for ports of PBS; index x means input and y output ports.

An overall Jones matrix of FR 90◦ and PBS according to [3] is:

FR90◦ =

[
0 1
1 0

]
. (2)

Another and more often used technique of linear birefringence compensation uses Faraday
mirror (FM), which is the concantenation of the Faraday rotator 45◦ and a plane mirror. This
system can be seen in the figure 2.

Figure 2: Principle of the Faraday mirror [4].

After the first pass of the wave through FM, the plane of polarization will be twisted by an an-
gle α = 45◦ and a reflection from the mirror will occur. At the FM output, the plane of the
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polarization is, due to the reciprocity, twisted by an angle α = 90◦ in relation to the input [5].
The resulting effect is identical as in the previous solution.

3. Novel solution of linear birefringence compensation
Jones notation of FR 90◦, which can be seen in the figure 1, can be understood as so-called

rotation matricies of two oposit directions, +z and -z, subsequently:

FR90◦+z =

[
cos90◦ sin90◦

−sin90◦ cos90◦

]
=

[
0 1
−1 0

]
and (3)

FR−90◦−z =

[
cos(−90◦) sin(−90◦)
−sin(−90◦) cos(−90◦)

]
=

[
0 −1
1 0

]
. (4)

The idea is to reach the orthogonal conjugation using two half-wave plates (HWP), which are
oriented under the angle of−45◦ to each other. Its principle is shown in the figure 3. The advan-
tage of this method is the elimination of the temperature dependence of FR and its sensitivity to
a strong external magnetic field.

sensing birefringence 
compensation

1

2

3

4

PBS

HWP1

HWP2

Tov1

Tov2

J2

J3

J1

J4

45
o

+z

-z

Figure 3: Linear birefringence compensation using half-wave plates.

For the direction +z is the Jones notation following:

[OUT] = [45◦] · [HWP2] · [−45◦] · [HWP1] · [IN] , (5)

where [−45◦] denotes the angle between HWPs and the element [45◦] is included due to the
compensation of the rotation of the coordinate system to the HWP axes. [IN] and [OUT] no-
tation represents vectors, respectively the states of polarization at the input of HWP1 or at the
output of HWP2 and vice versa.

Full Jones notation:

[OUT] =

[
1 1
−1 1

]
·

[
1 0
0 −1

]
·

[
1 −1
1 1

]
·

[
1 0
0 −1

]
· [IN] . (6)
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Simplified notation:

[OUT] =

[
0 1
−1 0

]
·2 · [IN] . (7)

Notation (7) equals to the notation (3) (direction +z) with the difference in term 2, represent-
ing so-called global phase, which can be for the purpose of the analysis neglected.

For the direction -z is HWP2 turned under the angle of 45◦:

[OUT] = [−45◦] · [−45◦] · [HWP1] · [45◦] · [HWP2] · [45◦] · [IN] . (8)

Full Jones notation:

[OUT] =

[
1 −1
1 1

]
·

[
1 −1
1 1

]
·

[
1 0
0 −1

]
·

[
1 1
−1 1

]
·

[
1 0
0 −1

]
·

[
1 1
−1 1

]
· [IN] . (9)

Simplified notation:

[OUT] =

[
0 −1
1 0

]
·4 · [IN] . (10)

Notation (10) equals to the notation (4) (direction -z). Thus it can be assumed that the func-
tionality of FR 90◦ can be substituted by the concatenation of two half-wave plates. It has been
proved that the orientation of particular half-wave plates is not important, but the preservation
of the angle θ = 45◦ between HWPs is shown to be critical.

4. Example of calculation

The dextrorotatory circular polarization described by the Jones vector ~J2 (figure 3) was cho-

sen as an input polarization:
[

1
−i

]
· 1√

2
.

4.4. Direction +z

State of polarization after the port P12:

[
0
−i

]
=

[
0 0
0 1

]
·
[

1
−i

]
· 1√

2
. (11)

State of polarization after the light wave passing HWP1 and HWP2 (7):

[
−i
0

]
=

[
0 1
−1 0

]
·
[

0
−i

]
. (12)
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State of polarization after the back-passing PBS (port P31):

[
−i
0

]
=

[
1 0
0 0

]
·
[
−i
0

]
. (13)

From (13) can be noticed that back-passing wave through PBS does not affect previous SOP.

4.4. Direction -z

State of polarization after the port P13:

[
1
0

]
=

[
1 0
0 0

]
·
[

1
−i

]
· 1√

2
. (14)

State of polarization after the light wave passing HWP2 and HWP1 (10):

[
0
1

]
=

[
0 −1
1 0

]
·
[

1
0

]
. (15)

State of polarization after the back-passing PBS (port P21):

[
0
1

]
=

[
0 0
0 1

]
·
[

0
1

]
. (16)

5. Evaluation
PBS divides input SOP of the light wave into two, orthogonal and linear SOPs. In the loop,

the orthogonal conjugation occurs and the resultant modes (SOPs) will merge into the final one.
This output polarization ~J3 should be orthogonal to the original one - input ~J2 .

The light waves from both directions, with their SOPs (13) and (16) will merge and the
resultant light wave is described by the Jones vector:[

−i
0

]
+

[
0
1

]
=

[
−i
1

]
. (17)

Due to the generally established convention (according to [3]) the notation of the coordinate
system is changed for the backward propagating wave; z goes to -z and x to -x. In this case, the
resulting vector (17) will be modified as follows:[

−i
1

]
=⇒

[
i
1

]
. (18)
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Verifying that vectors ~J2 and ~J3 are orthogonal:[
1
−i

]
·
[

i
1

]
= 1 · i+(−i) ·1 = 0 (19)

Above stated theoretical analysis offers the capability of the practical usage of the proposed
method in the field of linear birefringence compensation. In the new concept of sensor, it is
possible to avoid using FR.

6. Conclusion
In this paper, the novel model of linear birefringence compensation in fiber optic current sen-

sors, has been proposed. The theoretical analysis was based on the Jones calculus which shows
the capability of this compensation method to be used in practice. The use of properly oriented
half-wave plates gives an opportunity of avoidance the unadvantages showed by Faraday rota-
tor. Further research will be oriented to practical measurements in order to validate proposed
compensation technique.
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Rolando INGLÉS1 

A C++ Shared-Memory Inter-Process 
Communication Framework for High-Throughput 

Monitoring Systems 

High-Throughput Monitoring Systems are required in scientific experiments since a 
large amount of data is produced, becoming thus a challenge for developing 
software applications capable of managing such bulk of data promptly and 
accordingly. The paper presents the experimental evaluation of a C++ framework for 
inter-process communication in order to demonstrate the effectiveness of shared-
memory as a mechanism for data transferring and processes synchronization when 
independent processes are involved in high-throughput monitoring systems. The 
assessment of the effectiveness is based on the latency measurement when the data 
is placed into the shared-memory and measuring the longest time when such data is 
gathered. According to the results, it is confirmed that it is possible to develop a 
C++ framework for programming high-throughput monitoring system applications. 

1. Introduction  
This paper presents the effectiveness evaluation of a C++ Shared-Memory Inter-Process 

Communication Framework following the requirements established in the ITER CODAC 
framework [1] specifications. Such specifications establish the design of a C++ framework for 
supporting the development of monitoring applications and control systems for the 
TOKAMAK device [2]. These control systems involve the use of no less than 300 high-speed 
cameras [3] implying that a large-scale amount of data is produced and acquired in real-time 
through high-speed digital interfaces, e. g., Camera Link, PCIe or GbE [4]. Once the images 
are digitized for specialized grabber boards [5], the images must be transferred to the control 
systems for a proper processing. The transmission must be done in the fastest manner 
possible. In Figure 1 is schematized the High-Throughput Monitoring System workflow of 
the ITER project [6]. 

 

Fig. 1: ITER’s High-Throughput Monitoring System. 
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During the operation, this kind of systems (see Figure 1) require an efficient mechanism of 
data communication among the involved processes. Additionally, the concurrent access to the 
data must be controlled by specialized mechanisms [7]. Having into account that each sub-
system represents an independent process, the C++ framework evaluated in this paper uses 
shared-memory as the main mean of communication among these processes. By using shared-
memory offers the advantage that the data are not copied; meaning that once the data are 
placed in the shared-memory region, the data are available for all those processes that have 
mapped such region properly [8]. Indeed, the shared-memory technology it was intended for 
providing high-speed inter-process communication among cooperating processes [9]. For 
managing the amount of data produced by the devices abovementioned, the processes must 
run concurrently, preferably one process running is its own CPU [10]. Regardless of this, the 
concurrent access to the shared-memory should be synchronized by using specialized 
mechanisms of control and thus elude the race-conditions incidents [11]. 

2. The High-Throughput Monitoring System  
For monitoring the TOKAMAK [1], the ITER project makes use of the EoSens® 3CL Full 

CL MC3010 high-speed cameras. Figure 2 illustrates the possible configurations of such 
cameras according to the technical documentation provided by the manufacturer [12]. 

 

 

Fig. 2: Frameset factory profiles of EoSens® 3CL Full CL MC3010 high-speed camera [12]. 

Monitoring and controlling tasks are dependent on the physical time when the images are 
produced, thus the Control System runs in a real-time environment [13]. Such tasks require 
that the acquired images be sent prompt toward two sub-systems namely, Data Archiving and 
Synchronization System. The block diagram in Figure 3 outlines how the data are acquired 
and transferred to the two mentioned previously sub-system. 

 

Fig. 3: High-Throughput Monitoring System Block Diagram. 
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The Data Archiving sub-system performs not critical storing data tasks; consequently, this 
system is considered a soft real-time system. Nonetheless, the Synchronization System hard 
real-time system since its operations are critical for monitoring and controlling of the 
TOKAMAK [13]; based on the foregoing, a 100% of accuracy of the data transfer it is 
required. Furthermore, a 100% of reliability is mandatory to evaluate the quality and 
consistency of the transferred data.  

An additional aspect depicted in the schema of Figure 3 is the producer/consumer 
approach implemented with the C++ framework, where the producer process is in charge of 
getting the images from the cameras, and placing them into the shared-memory region. Thus, 
the consumers are responsible of taking such images and process them. During this 
transferring process, the producer conducts special signaling process in order to notify the 
consumers when new image have arrived. Additionally, each consumer notifies the producer 
when the images are gathered. 

3. Related Works 
An important component of modern computer operating systems is the inter-process 

communication (IPC) mechanisms. Nevertheless, these mechanisms are available as low-level 
operating system calls; precisely this fact becomes the primordial motivation for developing a 
framework that encloses the details of performing such calls and thus provide a user-friendly 
interface for developing applications software oriented to high-performance data transfer [15]. 
One of these frameworks is the FastFlow. This is a C++ framework for parallel processing 
advocating high-level and pattern-based parallel programming [16].  

The ADAPTIVE Communication Environment (ACE) is a toolkit that implements patterns 
for communication software [17]. This framework is object-oriented and aimed to develop 
network applications involving concurrency and inter-process communication. Additionally, 
the Dynamic Shared-Memory Allocator (DSMA) provides IPC mechanisms to ensure 
communication, data transfer and synchronization among different processes [18]. 
Nevertheless, this framework uses virtual-memory paging mechanism, which is implemented 
in most operating systems and allows using a virtual-memory space larger than the available 
physical system memory. 

4. The C++ Framework 
The C++ framework under consideration uses the templates feature included in the C++ 

language. By using this C++ feature, the framework is capable of working with generic data 
types. Notwithstanding, the use-case for the experimental evaluation conducted in this papers 
is related with images produced by high-speed cameras above mentioned. 

Figure 4 outlines how the framework is designed, and as the concept of templates included 
in C++ has been used. Likewise, as the operating systems calls for managing the shared-
memory segments have been wrapped in the shared resource interface class. This 
particular class is in charge of creating/opening each shareable work region making it 
accessible for those processes that refer to it. 

Developing application using the framework under evaluation requires create objects 
referring the producer and consumer classes for creating the producer and consumer 
programs respectively.  
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Fig. 4:C++ Framework Physical Design. 

5. The Experimental Evaluation 
The experimental evaluation was performed in a computer system with sixteen CPUs 

Intel® Xeon® CPU C5549 @ 2.53GHz., running the Red Hat Enterprise Linux® operating 
system, release 6.5 based on the Linux kernel version 2.6.32-431.20.3.el6.x86_64. 
Additionally, the computer system was equipped with 24GB of RAM memory.  

The images production by the cameras was simulated by using a data file containing 7,348 
frames with 200x200 pixels resolution each one. With the aim of making efficient the access 
of the input data, the producer process maps such input file into memory by using of mmap 
system call [19] before of entering into the main loop.  

Figure 5 depicts how the timing process was conducted; the producer reads sequentially an 
input file containing testing frames and waits until a slot is available in the shared ring-buffer. 
On the other hand, the consumers wait until a new frame is present in the shared ring-buffer. 
It is important to point out that each frame is uniquely identified, first for checking that all 
frames were sent accurately, and second, as a method for helping the latency calculation 
process. 

 

 

Fig. 5:   Timing Algorithm 
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The timing for an frame starts when the producer calls the START_EVENT_TIMING sub-
routine, within which the system function clock_gettime(CLOCK_REALTIME,&timespec) is 
called, this system function uses the CLOCK_REALTIME parameter in reference to the 
system-wide real-time clock and the &timespec parameter for storing the clock value. 
Subsequently, the producer publish the message by notifying to the consumer processes that a 
new frame has been placed into the shared-memory region and it is ready to be taken. The 
consumer processes stays in waiting mode until they receive the signal from the producer that 
a new frame has been published. Once the consumer takes the frame, the 
END_EVENT_TIMING is called, within which the clock_getime function is used for 
establishing when the message has been gathered. 

The timing process is finished when the producer send the end_of_transmission (EOT) 
flag into consumers and wait until the consumer processes finishing. Likewise, when the 
consumer processes detect the EOT flag, the timing process is finished by dumping the timing 
data into a local file. The next step is to process the timing data files by checking each 
measurement using the identification of each frame. The starting time is subtracted from each 
stopping time and the greatest difference is taken as the latency time for the frame under 
consideration.  

6. RESULTS 
The effectiveness of the C++ framework was evaluated taking as success barrier the 147µs 

latency time. This specific latency time was obtained from the factory configuration of the 
cameras under consideration. It means that, when the high-speed camera is configured to 
produce frames with 200x200 pixels of resolution, the camera is capable of generating 6,815 
frames per second. In other terms, the cameras produce a new frame each 1/6,815 part of a 
second. Based on this fact, a latency measurement under 147µs is considered success 
otherwise it is considered as an error in the transferring. It is worth mentioning that the 147µs 
barrier is represented in the following plots as a dotted red line. Furthermore, each scatter line 
represents the results obtained for different numbers of slots, starting from 256 slots and 
ending in 8,192 slots. 

Figure 6 reports the experimental results when the C++ framework uses condition-
variables as the mechanism for synchronizing the frame publishing and consuming processes. 
The latency results plotted in Figure 6(a) shows how only 64% of effectiveness was reached 
by using conditional-variables together with a typical ring-buffer algorithm of consuming. In 
order to improve the results in Figure 6(a), a new algorithm of batch-consuming it was 
introduced into the framework. By using the batch-consuming algorithm, the consumers takes 
a set of slots to be read instead of taking slot-by-slot. The plot presented in Figure 6(b) 
illustrates the results obtained by using batch-consuming approach, reporting 98% of 
effectiveness in the latency times. While improving the latency times was important, still a 
2% of frames were sent above the 147µs established barrier.  
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                                                            (a)                                                                                               (b) 

Fig. 6:   Condition-Variables Latency Measurement Results 

The results reported in Figure 7 were obtained changing the way as the processes of 
publishing and consuming were synchronized. Instead of using condition-variables, atomic-
variables were used as synchronization mechanism. As well as the evaluation of condition-
variables, the usage of atomic-variables was evaluated for slot-by-slot and batch-consuming 
algorithms. Figure 7(a) outlines the results when the combination slot-by-slot and atomic-
variables is used obtaining a 80% of effectiveness. While these results represent an 
improvement in the slot-by-slot approach, a 20% of ineffectiveness was still obtained. The 
best results were obtained by using the batch-consuming algorithm synchronized with atomic-
variables. These results reported in Figure 7(b) show that 99% of effectiveness was reached. 
Even though an 1% of error is still present, it is important to point out that with this 
combination is possible to obtain a 98% of effectiveness under 50µs. 

 

        
(a)                                                               (b) 

Fig. 7:   Atomic-variables Latency Measurement Results 
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7. Conclusions  
Based on the experimental evaluation effected, the use of atomic-variables combined with 

the batch-consuming algorithm is an effective and efficient method for handling the inter-
process communication given the requirements established. With this approach, significant 
amount of waiting time is saved because the consumers do not waste time waiting for a signal 
from the producer only until when they reach the last published frame. It is important to 
highlight that by using condition-variables as inter-process communication method are not 
suitable with the requirements of the project. In the case of high-throughput monitoring 
systems where large-scale of data is produced, the use of atomic variables is recommended. 
Since by using atomic-variables has the side effect of increasing the CPU usage, additional 
IPC mechanisms should be evaluated in order to establish which of them could manage the 
latency levels similar to atomic-variables but with a moderate usage of CPU. 
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Bartosz KANIA1 

Nonlinear PID controller for ionisation gauge 

The quality of an electron beam should be as good as possible, because it has an 
influence on the accuracy and repeatability of measurements or processes realised 
with vacuum instruments such as ionisation gauges or evaporators. There are many 
analogue and digital solutions of electron beam controllers working with hot cathode 
electron source, but none of them takes into account that the controlled system is 
nonlinear. This work presents a nonlinear, digital controller of thermionic emission 
current, the tuning parameters of which are suited to the system in a whole range of 
work. Such a controller is designed in order to improve the stabilisation quality of 
electron emission. 

1. Introduction 
There are many vacuum instruments that use an electron beam to realise specific purposes, 

e.g. evaporation in evaporators or measurement in ionisation gauges or isotope ratio mass 
spectrometers. The accuracy and repeatability of those processes or measurements depend on 
the properties of the electron beam. The most important property is the quality of stabilisation, 
because all the devices mentioned demand a constant value of the electron current. In the case 
of ionisation gauges and isotope ratio mass spectrometers the electron current is used to 
generate ion current according to (1) 

 nlUQII sTei )(=  (1) 

where Ii is the ion current, Ie is the electron emission current, QT is the cross section of 
ionisation, Us is the accelerating voltage, n is the gas concentration and l is the ionisation 
chamber length. As one can see in equation (1), stabilisation quality depends on the electron 
beam. Therefore the emission current must be controlled and readjusted. There are some 
analogue solutions [1, 6, 7] and better digital designs [2, 4, 5], but none of them take into 
account the nonlinear character of the controlled system. This means that a controller’s 
optimal tuning parameters for one value of the emission current do not have to be optimal for 
another value of the emission current, which results from changing the dynamic and static 
parameters of the controlled system within a range of studies. 

This work presents a step in improving the quality of stabilisation of the electron emission 
current for a hot cathode electron source, which involves matching the controller’s tuning 
parameters to the nonlinearity of the controlled system. 

2. Design 
A block diagram of the designed control system is presented in figure 1, where Ie0 is the 

reference value, e is the error, u is the non-real-time controller (NI DAQ card) output voltage, 
Uc is the cathode voltage, Ie is the electron emission current and Ufb is the feedback voltage 
proportional to the system output value Ie. It consists of a National Instruments USB data 
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acquisition card (NI USB-6251), a personal computer with Windows and LabVIEW software, 
the controlled system and intermediary circuits. The data acquisition card uses a 16-bit, 1MS/s 
analogue to digital converter, a 16-bit, 2.8MS/s digital to analogue converter and is 
responsible for signal conversion. 

 

Figure. 1: A block diagram of the designed control system. GOA(s) is a power operational amplifier transfer 
function, GFB(s) is a feedback circuit transfer function, GIG(s) is the transfer function of the controlled system – 

an ionisation gauge (IG). 

An algorithm is realised by personal computer and LabVIEW software. It realises the 
summation and nonlinear PI/PID algorithms described by GPID(z) (2). 
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where kp(Ie) is the proportional gain, Ti(Ie) is the integral time constant, Td(Ie) is the derivative 
time constant and Ts is the sampling period. The tuning parameters are dependent on the 
output value. The intermediary circuits are the same as in [4]. The assumption is made that 
transfer functions GOA(s) and GFB(s) are pure gain: GOA(s) = 2 V/V and GFB(s) = 387.5 
mV/mA. It was noticed that such a system is strongly nonlinear and behaves like high order 
inertia, therefore a modified transfer function for ionisation gauge is proposed (3). It is 
described by gain kp(Ie), time constant T(Ie) and time delay Td(Ie) dependent on output value Ie. 
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The gain is growing, the time constant and time delay are decreasing with thermionic 
emission. Better modelling, like frequency domain identification, will be carried out in further 
investigations using the previously designed hot cathode electron source simulator [3]. 

3. Hardware 
The hardware part of the controller is based on the controller designed in [4]. A simplified 

diagram of the emission current controller is shown in figure 2. 
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Figure. 2: A simplified diagram of the electron emission current controller. R3, OA1, R4, T1 create the current 
mirror for the emission current Ie. R5 forms a feedback signal. The operational amplifier OA2 (OPA549) drives 
the cathode heating. Us is an electron accelerating voltage. C is the cathode and A the anode of the ionisation 

gauge. 

Symmetrical power supply (+/- 15VDC) is delivered from an external power supply unit. 
The heating current is hardware limited to circa 3 A by the operational amplifier OA2 to 
protect the cathode against overheating. The thermionic emission current is sensed by a 
current mirror circuit [6]. High voltage for electron acceleration Us is delivered from an 
external high voltage power supply unit (0-120 V). 

4. Software 
A personal computer with LabVIEW software and the author’s program (in the case of 

LabVIEW called virtual instrument) applies an algorithm which includes filtering, the main 
nonlinear PID algorithm and other tasks like computing relative standard deviation. The 
general algorithm is presented in figure 3. 

The virtual instrument was created using the LabVIEW software. Stable work of this 
software was ensured by using a timer, which was a clock controller with changeable 
frequency. Investigation of long term relative standard deviation was carried out for Ts = 40 
ms. The timer is a trigger for ADC data acquisition and the PID algorithm. Fast 1 MS/s ADC 
was used to average 2000 samples in order to obtain one process value of the thermionic 
emission current. The presented controller works in two modes: open loop, which means 
controlling the cathode voltage, and closed loop, which means controlling the thermionic 
current. Only the closed loop mode uses linear/nonlinear PI/PID controller. 
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Figure. 3: Main algorithm of the nonlinear PID controller. 

5. Results 
The measurements have been performed for a long tungsten cathode (45 mm long, 

0.13 mm diameter) installed in a Bayard-Alpert ionisation gauge. The results concerning 180 s 
relative standard deviation are showed in figure 6 and table I. The controller was tuned by the 
Ziegler-Nichols method using previously obtained approximation data, but the resulting 
tuning parameters made the system unstable, therefore the autotuning method was applied. In 
the case of the PI/PID controller the autotuning method for 1 mA of thermionic current was 
carried out. In the case of the nonlinear PI/PID controller autotuning was made for each value 
of the emission current. 

The results show that applying a nonlinear PI controller gives the lowest standard 
deviation, its average value being 0.0187 %, while for a linear PI controller it is 0.0277 %. 
Furthermore, the results are better than those reported in [6] and comparable with [4], where 
the average standard deviation for the same ionisation bulb was 0.03 % and 0.015 %, 
respectively. However, the nonlinear PI controller gave somewhat worse results than the 
linear PID described in [4], but it should be noted that the controller used here is non-real-time 
and its sampling time equals 40 ms, while in [4] there was a real-time controller with 1 ms of 
sampling time. Therefore, it is certainly possible to improve the standard deviation of 
thermionic current by decreasing sampling time and using a real-time nonlinear PID 
controller. The nonlinear PID controller gave better results than the linear PI or PID 
controller, but worse than the nonlinear PI controller. One can conclude that the autotuning 
method is not the best way to obtain the lowest standard deviation of such a system. 
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Figure. 4: Results of the electron emission current standard deviation. 

Table I. Averaged relative standard deviation. 
 PI PID Nonlinear PI Nonlinear PID 

Averaged relative standard deviation, % 0.0277 0.0240 0.0187 0.0204 

6. Remarks and conclusion 
To sum up, investigations of a single-input, single-output thermionic emission controller 

have been carried out. The results of emission current stabilisation quality are comparable or 
better than those reported in previous works. The investigations confirmed suppositions that a 
nonlinear PI or PID algorithm can give better results than the classic PI or PID algorithm in 
the case of non-real-time controller. However, it is strongly recommended to use a real-time 
controller with a short sampling time. Further investigations should answer the question if a 
real-time nonlinear controller can offer better results than those currently best ones. This is a 
key issue for the application of a nonlinear PID controller. If the results are better, a digital, 
nonlinear PID controller can improve the accuracy and measurements repeatability of vacuum 
instruments with a hot cathode, such as electron-impact gas ionisation mass spectrometers or 
ionisation gauges. 
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Applications EIS in water management 

In this report are considered issues related to the application of electrical impedance 
spectrometry method in observation of selected hydrological processes and 
parameters in water management. These are, in particular, processes related to the 
safety of the operation of earthen dikes and the infiltration of water into the soil 
associated with solving the issues of flood and drought protection. The presented 
field survey results were identified by pilot projects in Hornice (Czech Republic) for 
documentation of BioSealing process used for remediation of the seepage and the 
process of water infiltration into the heavy soil was tested in Poľany (Slovak 
Republic). 

1. Introduction 
Water, contained in both organic and inorganic substances, is an essential condition of life 

on Earth and an important raw material for many industrial branches. It has a significant 
impact on engineering structures and, regarding potential construction risks, it is necessary to 
account for mutual interactions. Therefore, monitoring hydrogeological conditions is an 
important part of engineering-geological surveys. E.g. flood events, as well as drought, 
represent the greatest threats of natural disasters in the Czech Republic, including their impact 
on buildings and soil environments. Processes relating to the penetration of water into a very 
complex porous environment are relatively difficult to formulate mathematically. Therefore, 
monitoring these will always have an irreplaceable role. The method of electrical impedance 
spectrometry (EIS) has been utilized in the Czech Republic (CR) in water management since 
approximately 2001 [1], thanks to the outcomes of projects of the Grant Agency of the Czech 
Republic and the projects of the international program of applied research EUREKA. 

EIS is one of indirect electrical measuring methods that enable the detection of electrical 
characteristics of a porous environment containing water. Due to the high complexity of the 
natural environment, its geological structure, geotechnical diversity, morphology, 
hydrogeology and wide typology of individual constructions [3, 7], the correct interpretation 
of attained results is a demanding issue requiring the expertise of surveyors and combined 
knowledge from several disciplines. The EIS method and the apparatus with the Z-meter 
device [13] were mainly used in water management to monitor anomalies in the soil, the 
spread of pollutants through soil and water, the penetration of water into the soil, to evaluate 
seepage conditions of sealing elements of dikes or penetration of water and changes in 
conductivity of the dike core soil, and to monitor the morphology of the bottom of 
watercourses and water reservoirs [10], etc. 

On the basis of the field tests carried out so far, it is safe to assert the convenience of 
handling the measuring apparatus and its resistance to weather conditions, sensitivity [14], 
both accuracy and repeatability of measurements and reproducibility of data [4]. If the output 
is required in the form of a non-electric parameters the measuring range and the need to 
calibrate the measured characteristics against the required must be respected. It is therefore 
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often more appropriate to carry out relative monitoring, where the changes occurring in 
porous environment are monitored against initial findings. 

Measurements, selected results of which are the subject of the submitted paper, were 
carried out in observation of relevant hydrodynamic processes and parameters in field 
conditions at locations of Hornice, CR [11, 12], and Poľany, SR [5, 8, 9]. 

2. Electrical impedance spectrometry, Z-meter device 
The EIS method represents a sensitive instrument and an experimental technique designed 

to determine the parameters of observed hydrodynamic effect. It is based on a periodic 
harmonic signal of a small amplitude providing minimal concentration changes at the surface 
of the electrode associated with the measured environment [14]. The basic principle of the 
electrical impedance spectrometry method is the measuring of the frequency characteristic of 
the electrical impedance Z of the environment. 

Measuring the electrical impedance of soils is based on the consideration that two 
electrodes are installed apart at a distance l, which always make up one EIS probe sensor. The 
monitored area, defined by the electrodes, always has the character of a resistor, it is the real 
part of electrical impedance, and the imaginary part is represented by apparent resistivity, 
which in soils has the character of capacitor. 

By the frequency characteristic of electrical impedance of soil 𝐙 = 𝑅 + j ∙ 𝑋 [Ω] can be 
used to characterize properties of soil. E.g. water content, porosity, humidity, ion content, 
temperature, etc. by measuring the R (resistance), while the X, apparent resistivity (reactance, 
changes with frequency), characterizes properties such as the texture, grain size, soil 
deposition, etc. Generally, the lower the R value, the higher the water content in the measured 
profile [14]. 

The apparatus used to monitor selected hydrological processes and parameters in the field 
conditions (Hornice and Poľany) included Z-meter III or Z-meter IV devices and divided 
probes (Figure. 1, Table 1), where sensors formed two opposing, parallel, tubular, stainless 
electrodes in different layer in soil. The length and inner diameter of the electrodes were 
based on the site requirements, the observed phenomenon, and the monitoring concept. 
Table 1: Basic technical parameters of Z-meter devices [13] 

Parameter Z-meter III Z-meter IV 

Impedance range 100 Ω – 1 MΩ 10 Ω – 1 MΩ 

Frequency range 1 kHz – 100kHz 100 Hz – 200kHz 

Measuring Voltage 1.0 V 0.2 V, 1.0 V 

Accuracy of module Z 
measurement ± 2% from range ± 2% from range 

Accuracy of phase measurement ± 2° ± 2° 

Communication interface USB, SD card USB, SD card, bluetooth 

Number of measurement points 1, 8, 16, 32, 64, 128 1, 8, 16, 32, 64, 128, 256 

Switcher internal, external internal, external 

Power battery battery 
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Figure. 1: Used measuring probes – location of Hornice (left), location of Pol'any (right) 

3. Measurements at Hornice and Poľany 
The hydraulic structure (HS) Hornice (Figure. 2), located in the District of Třebíč, Czech 

Republic, was approved on 31.05.1985. Originally was served as an irrigation reservoir, 
currently it is used for retention and accumulation of surface water and utilized for breeding 
fish and ducks. Agricultural Cooperative Dešov is the owner of the HS since 2012. 

  

Figure. 2: Situation of the HS at the location Hornice (www.mapy.cz) 

The height of the earthen dike above the original ground is 8.22 m [6]. On the dike crown 
lies a gravel road runs with the average width of 4.25 m. According to the project [6], the dike 
at its base is 46.80 m wide. The upstream face slope has a gradient of 1:2.5 and is fortified 
with stone packing; the downstream face slope of the dike has a designed gradient of 1:2.5 
with grass cover. 

Due to the deformation of the dike body caused by a progressing seepage, the dike 
underwent remediation and monitoring. The non-traditional BioSealing method was used, for 
the first time in the Czech Republic, for the remediation of the dike of the HS [12]. The 
impacts of the application of BioSealing technology [2, 15], the fluctuation of water level in 
reservoir and weather conditions were monitored. Two types of sensors were used to measure 
the water level in the reservoir; the first one was based on measuring the electrical impedance 
and the other (ESMWLPS Water level sensor) on measuring the relative hydrostatic pressure. 
The main parameter documenting the application of BioSealing nutrient aqueous solution was 
the water penetration (seepage) measured by the PF500 shuttle flowmeter. The system was 
further supplemented with an ESP11 electrical conductivity, pH and temperature sensor. The 
probes of the EIS method were realized in the total lengths of 3 m (on the downstream face of 
the dike in the area of the observed seepage) and 10 m (in the crown of the dike 0.15 m from 
the upper edge of the downstream slope). The 3 m long probe is vertically situated 3.03 m 
below the crown of the dike, the total number of sensors is 16, and the first sensor is 0.03 m 
below the surface, the 10 m long probe carries a total of 22 sensors with the first sensor at a 
depth of 1.0 m under the crown of the dike. 

The application of BioSealing nutrient aqueous solution on the ground dike of HS Hornice 
took place from 09.05.2016 to 03.06.2016, when a total volume of 205 litres of aqueous 
nutrient solution (Figure. 3 and Figure. 4) was injected into 5 boreholes daily, except for 
Saturdays and Sundays. At the same time, an increase of the water level in the reservoir was 
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secured by partitioning the auxiliary safety overflow until 06.06.2016. Until 28.06.2016 the 
level in the reservoir was kept at approximately constant level, on 29.06.2016 the partitioning 
was reduced by 0.10 m, then the water level was changing in relation to the weather 
conditions and from 20.10.2016 the reservoir was being discharged. 

 

Figure. 3: Documentation of the BioSealing process and measured data 

 

Figure. 4: Documentation of EIS probe measurement (3 m) of BioSealing process 

Because the elements of the BioSealing method are newly applied to an earth environment 
quite different in terms of character, it is difficult even to estimate within what time span the 
seepage can be remediated by the “swelling” bacteria. Therefore, it is hard to evaluate what 
action has resulted in changes of the pattern of resistance values on the monitored profiles. 
The measured data were subjected to another analysis and a correlation of the results of 
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measurement and dosing of elements of the BioSealing method was searched. The long-term 
patterns of resistance, where it holds true that the higher the value, the drier the soil at the 
monitored level, show that the environment at greater depths is the same over the entire 
duration of monitoring. From the view of the short-term monitoring is in some layers to 
higher values of resistance were measured. It correspond with the measured approximately 
zero or very low value of the seepage at the end of period of BioSealing process to the June, 
24. The conclusion of the monitoring is possibility of using the BioSealing process for short-
term remediation of earthen dike and the ability of EIS method to document of this process. 

Changes during which new seepage pathways are sealed or, conversely, formed in the dike 
soil can be attributed to the weather effects, to the movement of the water level in the 
reservoir and to the elements of the BioSealing method provided that its individual elements 
do not affect the measured components of electrical impedance. 

Measurement in field conditions in the Slovak Republic took place in the village of 
Poľany, District of Trebišov, on a windblown sand dune originating in the quaternary. For the 
clay soil detection experiment in the ground profile, a sample of clay was taken by soil 
sampling auger at the location of Senné, District of Michalovce (Figure. 5). For the 
hydrological description of soils, grain size was determined based on the USDA classification 
triangle, the retention curve expressing the relation between the moisture potential and the soil 
moisture, and the EIS method was used for frequency analysis. 

 

Figure. 5: Situation at the locations of Poľany and Senné (www.mapy.cz) 

Artificial soil inhomogeneity at the location of Poľany was made by a hole with the floor 
plan dimensions of 0.15 m × 0.30 m and a depth of 0.20 m, into which clay of 0.10 m 
thickness, transported from Senné (Figure. 6), was installed. The clay was compacted by a 
rubber mallet so as to evenly fill the entire space. The rest of the hole was filled with the 
original soil (Figure. 6). For the application of the EIS method, four holes were drilled into 
the ground at a distance of 0.15 m from the edge of the hole, into which two paired divided 
probes (Figure. 1) were placed. The average value of soil moisture at the beginning of 
measuring determined by the TDR device was 6 %. 

http://www.mapy.cz/
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Figure. 6: Experiment of detection soil inhomogeneity at the location of Poľany 
The paired divided probe contained 7 sensors and the measurement frequency was 8 kHz. 

The measurements took place in two directions, on the shorter (SS) and the longer (LS) side. 
The soil environment was measured before digging the hole (natural ground) and after filling 
it. Based on the results of the measurement (Figure. 7) it can be stated that in both measured 
directions the soil anomaly, artificially realized with a clay lens, was detected at the 
experimentally set level of 0.15 m below natural ground level. Furthermore, it is obvious that, 
in terms of the measured resistivity, the natural ground was not homogeneous in any of the 
measured directions, and the vertical decrease of resistivity indicates an increase of soil 
moisture with depth. The basic conclusion of this type of measurements – it can be 
recommended the electrode distance in the range of 0.40 m up to a maximum of 2 m. For the 
shorter distance is hard to describe soil inhomogeneity resp. structure and for higher distance 
can be higher influence of geo-, electromagnetic field of the Earth to the measured values. 

 
Figure. 7: Experiment results – description of soil inhomogeneity through resistivity 

3. Conclusion  
The method of BioSealing was first applied in the Czech Republic to the medium of the 

earth-fill embankment dam of the Hornice water reservoir in 2015 and 2016, i.e. to a 
completely different medium in terms of character. Even despite intensive consultations with 
the authors and other users of the given method, it was very difficult on the basis of their 
experience just to estimate what concentration of the aqueous solution of Nutrolase should be 
dosed into the soil and in which time horizon the remediation of seepage by “swelling” 
bacteria should be evaluated. The experiment in 2015 was significantly influenced by the 
weather because the summer months were characteristic with a long-lasting drought that was 
also manifested by  
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a strong drop of the water level in the Hornice reservoir. The experiment in 2016 was 
characterized of higher water level in reservoir in all time of monitoring. But also was 
influenced by the weather, in this case higher rainfall after the application of Nutrolase into 
the dike body. It is possible that it could draining through preference ways from the dike 
body, so that only small volume could serve as a nutrient for the bacteria living in the soil. 
However, in the course of the process of dam remediation using the method of BioSealing, it 
was possible to observe reduced discharge in the pipes. Before earthen dike remediation, a 
total seepage of 0.24 l/min. was measured on 21 March 2016; after earthen dike remediation 
the seepage in the left pipe was immeasurable and in the right pipe was 0.13 l/min on 22 June 
2016, which represents a 45% change of its value. The seepage through earthen dike is very 
complicated 3D problem with a lot of unknown parameters like moisture of the soil, grain 
size, structures, tension and so on. Also it is possible that to the seepage area the water may 
flow under the catchment system, where the bacteria wasn't in contact with Nutrolase. It is 
possible to believe, and the results showed it, that from the view short-term the BioSealing 
process is possible to use for seepage remediation of dike and EIS monitoring method and 
apparatus is possible to use for short- and long-term monitoring. Other application of both 
methods goes at the location Opatovicky channel in this year. 

Detection of the soil inhomogeneity using EIS method and apparatus was made like pilot 
measurement. The authors would like on the known samples of the soil environment to search 
the configuration of the measurement, measuring frequency for clay detection and which the 
effect of inhomogeneity in the measured values. The work can be describe like basic research 
with this new apparatus. 

The paper was created within the scope of junior specific research FAST-J-17-4689 
Possibilities of Determining the Relation between Electrical and Hydraulic Conductivity and 
the Sustainability of EUREKA project E!7614. It illustrates, on the selected examples, the 
possibilities of using the EIS method in water management practice. The method was used to 
monitor the efficacy of remediation of the earthen dike in the Czech Republic and in a pilot 
study in Slovakia to detect inhomogeneity of the soil environment (changes in the soil 
structure and moisture) using the EIS method and an apparatus with the Z-meter device. 
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Jan DUSEK1, Jan MIKULKA2 

Using a GPU to Accelerate Electrical Impedance 
Tomography Algorithms 

The presented paper discusses parallelizing an algorithm for image reconstruction in 
electrical impedance tomography (EIT). An Nvidia GPU platform was used for the 
data processing. The introductory section comprises a general description of EIT, 
relevant practical applications, and current status of the program. The following 
chapter outlines the objective function with Tikhonov regularization and the 
possibility of a mathematical extension to increase the image resolution. In addition, 
we also characterize the modification of the reconstruction algorithm with respect to 
the computational speed. The results achieved via the novel GPU implementation are 
discussed, with a survey of the achieved algorithm acceleration and related 
problems. The CPU and GPU methods are compared by means of a time-consuming 
solution. 

1. Introduction 
Electrical Impedance Tomography (EIT) is a non-destructive and non-invasive diagnostic 

method suitable for reconstructing the impedance distribution in an examined space. 
Principally, the method exploits an alternating current progressively applied to all the 
electrodes. The electrodes are deployed at regular intervals along the border of the examined 
object. The internal impedance is evaluated according to the voltage values measured on the 
electrodes, and the spatial image resolution can be changed in accordance with the number of 
the electrodes. [2][4][6] 

EIT as a diagnostic method can be found in a variety of technical and research branches, 
including biomedicine, materials engineering, and geophysical mapping. In the first of these 
domains, the technique is used to detect blood clots or tumors and observe internal organs, 
such as the brain or lungs. In small children, brain monitoring is often performed instead of X-
ray examination. As regards materials engineering, the described tomographic method 
remains of major importance due to its non-destructive character, finding application in the 
monitoring of inhomogeneities, cracks, or defects inside a material. The importance of EIT 
has also recently increased within geophysical mapping, where this type of imaging is 
instrumental for detecting the formation of bedrock and subsoil or observing groundwater and 
seepage in artificial lakes. [1][2][6] 

The numerical EIT algorithm comprises the forward solution and ill-posed problem, which 
need to be calculated in every iteration of an image reconstruction procedure. When 
computing the forward solution, the impedance inside the examined object is evaluated with 
the finite element method (FEM). Based on the results obtained in this manner, the objective 
function determines the voltage values on the electrodes. In our case, the computation of the 
program was first performed via a CPU. Then, the Jacobi matrix solution was modified, with 
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the aim to parallelize and increase the speed of the implemented CUDA platform. Exploiting 
the relevant results, GPU computing was applied to the entire algorithm. [1][2] 

2. Theoretical Framework 
Image reconstruction in EIT is a non-linear problem that combines the forward solution 

and ill-posed problem with regularization. The objective function described herein is based on 
the least squares method with Tikhonov regularization. The objective function of the inverse 
problem assumes the form: 

𝛹(𝛔) =
1
2
� ‖𝐔M − 𝐔FEM(𝛔)‖2 + 𝛼‖𝐑𝛔‖2

ne
, (1) 

where Ψ(σ) is the regularized objective function, σ denotes the vector of the unknown 
conductivity distribution in the monitored object, UM represents the vector of the voltages 
measured on the electrodes, UFEM(σ) is the vector of the voltage obtained via solving the 
forward problem, α stands for the regularization parameter, and R is the regularization matrix 
connecting neighboring elements having different conductivities. [2][4][5] 

In the inverse task, regularization facilitates the computation of an ill-posed problem. 
Tikhonov regularization then ensures comparatively good convergence, stability, and noise 
sensitivity reduction. The effect of the regularization matrix on the objective function is 
reduced via the regularization parameter α, according to the increasing number of iterations. 

In the proposed non-linear problem, we seek such a vector σ that will minimize the 
objective function Ψ(σ). For this reason, iterative techniques are often applied; in this case, we 
use the Gauss-Newton method, defined by the expression 

𝛔𝑖+1 = 𝛔𝑖 + �𝐉𝑖T𝐉𝑖 + 𝛼𝐑T𝐑�
−1
�𝐉𝑖T�𝐔M − 𝐔FEM(𝛔)� − 𝛼𝐑T𝐑𝛔𝑖�, (2) 

where σi+1 is the novel conductivity approximation, σi denotes the conductivity vector from 
the previous step, and Ji represents the Jacobian expressing the sensitivity of the electrode 
potentials to a change of the conductivity in the given element. [1][2] 

The Jacobian is realized from the linear part of the Taylor polynomial. The Jacobi matrix is 
numerically simpler; however, the yield information volume is smaller. To obtain a more 
detailed image, we need to extend the Taylor polynomial to higher orders of derivatives. The 
expression of the quadratic polynomial is defined as follows: 

𝑇2(𝐱) = 𝑓(𝐱0) +
1
1!
�

𝜕𝑓(𝐱0)
𝜕𝐱0𝑗

𝑚

𝑗=0

(𝐱 − 𝐱0) +
1
2!
�

𝜕2𝑓(𝐱0)
𝜕𝐱0𝑗

2

𝑚

𝑗=0

(𝐱 − 𝐱0)2 , (3) 

where x is the vector of unknown points, and x0 denotes the vector of the function roots. 
The second order of the Taylor polynomial does not lead to the solution of the Jacobian but 

facilitates the computation of the Hessian matrix, which is more time-consuming and 
mathematically more complex. [3][4] 
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3. Proposed solution  
This section briefly introduces the inverse problem algorithm with Tikhonov 

regularization, including the modifications in the GPU-based implementation. The algorithm 
was designed in Matlab R2016a. The flowcharts of the original program and the novel GPU-
based implementation are presented in Fig. 1. 

 

 

Figure 1: The flowcharts of a) the program for image reconstruction via EIT and b) the proposed GPU 
implementation (the CPU-based computation is shown in grey, while the GPU-based calculation is indicated in 

light green; the Jacobian resolved via the CUDA function is then presented as the highlighted green box). 

The major part of the program was originally solved via the employed CPU; more 
concretely, the operations thus solved included the input data loading, computation of the 
regularization matrix, forward solution by means of the FEM, evaluation of the impedance 
inside the examined object, computing the conductivity vector σ via the Gauss-Newton 
method, and resolving the regularization parameter α. The Jacobian matrix was implemented 
in the CUDA function [2]. As regards speeding up the Jacobi matrix calculation, the present 
work is focused on implementing the rest of the algorithms into the GPU. The proposed GPU-
based implementation required corrections in the initialization phase, where we had to 
relocate the input data from the RAM to VRAM. 

The computation utilized the GPU but one part of the algorithm could not be implemented 
in Matlab. This problem with the symamd function for the symmetric definite matrix could not 
be resolved because Matlab does not have an equivalent feature with the GPU support. The 

A) B) 
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necessary data transfer between the RAM and VRAM caused a higher time consumption, as 
verified through relevant testing and evaluated for each part of the algorithm. 

Table 1: The times required to compute individual steps in the CPU and GPU-based reconstruction processes. 

Process CPU – time [ms] GPU – time [ms] 
Calculating the regularization matrix 0.6 0.8 
Updating the FEM matrix 0.3 0.3 
Forward solution 1.6 4.3 
Jacobian computation 10.9 0.5 
Solving σ with the Gauss-Newton method 2.3 14.6 
Total time consumption per iteration 15.7 20.5 

 
The results shown in Table 1 indicate that the GPU-based implementation proceeded at a 

slower pace in most of the steps. The Calculating regularization matrix procedure increased 
the overall time intensity due to the multiplication of a one-dimensional vector with a two-
dimensional regularization matrix. The multiplication of the vector with the matrix was slower 
than expected, whereas the Update FEM matrix process proved to be slightly faster. We 
assume a larger difference for higher numbers of elements. The proposed Forward solution 
implementation was hampered by the data transfer between the RAM and VRAM. Within this 
phase, the function for the symmetric definite matrix was resolved. The CUDA-based 
implementation of the Jacobian computation exhibited a very high speed, being more than 
twenty times faster than the original CPU process. The last of the procedures, solving σ with 
the Gauss-Newton method, increased the total time consumption. In this type of computation, 
a GPU is used to facilitate the matrix division. The matrix division function comprises a 
process resolved via systems of linear equations, Ax = B. During the testing, we established 
that each evaluation cycle strongly depends on the results previously achieved by the function. 
The sequential behavior of the systems of linear equations was found to embody the factor 
that most prominently decelerates the discussed process. 

4. Hardware and software  
The applied hardware and software tools are as follows: 

- CPU: Intel Core i5 – 4460; number of cores: 4; clock rate: 3.2 GHz; main memory: 
8 GB RAM; operating system: Windows 10, version x64; Matlab R2016a;  

- GPU: NVIDIA GTX 970; max. number of threads in a block: 1024; clock rate: 
1.215 GHz; graphics memory: 4 GB, GDDR5; Windows 10 x64; Matlab R2016a. 

5. Conclusion 
The paper mathematically describes the reconstruction of an image in EIT, with a special 

view to the possibility of increasing the yield information volume and implementing the GPU-
based computational procedure. Such a process is advantageously employed to accelerate the 
solution of the Jacobian. During the realization and testing of the proposed solution, a 
problem was detected with the symamd function to compute the symmetric definite matrix. 
The function could not be resolved via Matlab due to a lack of support for the GPU platform 
and had to be solved via the applied CPU. This approach nevertheless required data transfer 
between the RAM and VRAM. Another issue consisted in the sequential behavior of the 
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Gauss-Newton solving process, which slowed down the actual computation. The discussed 
procedure resolved systems of linear equations, depending on the previous results of the actual 
function. The time consumption of the proposed solution was higher (20.5 ms) compared to 
the original approach (15.7 ms). The knowledge acquired through the experiments and 
outlined herein shows that Matlab does not constitute a suitable option for either fast VRAM 
administration or the parallelization of computational algorithms in EIT. The results of the 
GPU-based parallel processing can be improved via a direct implementation of CUDA C; 
such an operation is generally supposed to comprise manual setting of graphical memory [7], 
using libraries to enable fast computation with sparse matrices and vectors [8]. 
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Jiří SLIŽ1 

Using Perona-Malik Filtering to Detect  
the Transition between an Embryogenic Tissue 

and a Culture Medium in MRI Images 

In this paper, the Perona-Malik (PM) filtering method is applied to MRI images 
of an embryogenic tissue. The filtering enables us to reduce the noise and to preserve 
the shape of the narrow transition between the given tissue and the related culture 
medium. For comparison, Gaussian filtering is used as well; this technique then 
shows an SNR nearly twice higher than that obtained with PM. The following stage 
consists in segmenting the transition region and employing selectivity and specificity 
to compare the results. The segmentation via PM filtering yielded the selectivity 
value of 93.8 %.  

1. Introduction  
Real images invariably contain certain amounts of noise, which is usually spurious and 

makes the actual image processing more difficult. In cases where only a small level of noise is 
present, simple denoising methods are applicable; these include, for example, mean, median, 
or Gaussian filtering. Such methods, although very fast and impressive in noise reduction, 
nevertheless suppress small details and sharp edges too: generally, the higher the noise level, 
the more visible the adverse effect of denoising. It is then advisable to utilize an approach that 
preserves the edges and details; in this context, the procedure outlined by Perona and Malik 
(PM) [1] embodies an advantageous instrument. The concept exploits the heat equation (HE), 
whose solution leads to Gaussian filtering. Importantly, PM supplies a nonlinear part into the 
HE, and when the modified equation is employed as the image filter, the diffusion process is 
slower in regions with large brightness changes than in homogeneous ones. This scenario has 
become known as anisotropic diffusion. 

The practical application of the PM method is demonstrated through filtering an image 
obtained through magnetic resonance imaging (MRI). Reference [2] presents a 
characterization of the embryogenic tissue of the Norway spruce. In our paper, the purpose of 
the image processing consists in localizing the narrow transition between the embryogenic 
tissue and the culture medium discussed in [2]. As the MRI image contains a high level of 
noise, we assume that PM filtering is suitable for the corresponding reduction because it 
preserves the shape of the objects. The outcomes of the filtering and segmentation are 
compared, using the signal-to noise ratio (SNR) to assess the noise reduction quality and 
employing selectivity (SE) and specificity (SP) as the segmentation measure.  

                                                 
1 Ph.D., Brno University of Technology, Technická 12, 616 00 Brno, CZECH REPUBLIC,  
tel. +420 54114 6277, e-mail: jiri.sliz@vutbr.cz 



 
 

65 
 

2. Anisotropic diffusion 
The commonly used Gaussian noise filter is virtually equivalent to isotropic diffusion; 

moreover, it embodies the solution of the HE, which can be edited to create an anisotropic 
diffusion filter. We have the HE formula 

 
2 2

2 2 ( ).u u uu u
t x y

∂ ∂ ∂
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where u is the image function depending on the coordinates x and y; t denotes the time; and 
s=|∇u|. To maintain the edges during the filtering, a nonlinear part c(s) can be added to the 
HE; the resulting nonlinear model is represented by the equation 
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If c(s) = 1, then eq. (2) is the same as eq. (1). In order to preserve the edges, the function c(s) 
should be chosen to yield small values for a large gradient value and vice versa. This approach 
is used in PM. 

3. Perona-Malik method 
The relevant anisotropic diffusion model for image filtering was originally presented in [1]. 

As mentioned in the previous section, PM basically exploits the modified HE, which, in the 
discussed case, comprises the nonlinear function c(s). Two options for the c(s) function were 
presented, namely, c1(s) and c2(s); we then have 

 
2( )

1 2 2
1(s) e , (s) ,

1

s
kc c

s
k

−
= =

 +  
 

 . (3) 

 
The coefficient k represents the diffusivity, and its setting influences the final result; more 
details are available from source [3]. There is a minor difference between the c1(s) and the 
c2(s): while the former option prefers high-contrast, very sharp edges to weak ones, the latter 
preserves larger regions rather than small ones. In the basic sense, the applied PM is 
formulated in eq. (4) below, where the variant c2(s) is used, and k = 1. 
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The above formulation, however, has a disadvantage in that false objects can be generated 
due to a high noise level. A solution is proposed in reference [4], whose authors discuss the 
regularized PM.  
 

4. NMR image filtering 
As already pointed out in Section 1, source [2] employs MRI to characterize an 

embryogenic tissue. The measured images indicate two items: the tissue proper and a small 
transition between the tissue and the culture medium. In this context, we focus on localizing 
the transition. Because of the high noise level in the reconstructed MRI images, the filtering is 
carried out via PM; Gaussian filtering is then applied for comparison, with the SNR utilized to 
correlate the results. Figure 1 shows a reconstructed MRI image of the tissue and the culture 
medium.  

 

  

Figure 1 A reconstructed MRI image of the tissue and the culture medium. The grayscale (left) and color 
(right) versions are identical; the colors are added only to improve the visualization. 

Dataset was provided by Institute of Scientific Instruments of the CAS and contains twenty 
reconstructed images for three samples of axial tissue slices gathered during growing process 
for T1 and T2 relaxation times. More information in [2]. Images were scaled for better view in 
figures but original resolution is 132x123 pixels and colorspace is 8-bit grayscale. In addition, 
color visualization was added to images below so the transition is more visible to human.  

The transition detection occurs via simple thresholding preceded by noise reduction to 
prevent the segmentation result from being influenced by the noise. Firstly, the Gaussian filter 
is utilized (the filtering and segmentation results are shown in Figure 2).  
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Figure 2 The Gaussian filtering (left) and segmentation of the transition (right). 

 

  

Figure 3 The PM-based result (left) and segmentation of the transition (right). 

Secondly, the PM filter is used (the resulting images appear in Figure 3). An overall look at 
the results yielded through the two methods reveals the advantages of the PM technique. The 
quantitative comparison of the outcomes is performed by using the SNR, and also the quality 
segmentation is investigated. The SNR parameter compares the signal level with the noise 
level. Within this article, the SNR is computed using the formula 

 ,SNR
s
µ

=   (5) 

where µ is the mean value of brightness in the area of the object (the green region in Figure 1, 
2, and 3); and s denotes the standard deviation expressing the noise level of the background 
(the light blue area). The SNR values for the original image, Gaussian filter, and PM filter are 
summarized in Table 1; a higher SNR value indicates better filtering, and it is obvious that the 
PM-based option is more effective than the procedure using the Gaussian filter. 
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Filter SNR [-] Time [s] 
None 17.2 0 

Gaussian 22.1 0.036 

PM 40.6 1.54 

Table 1 The SNR parameter values related to time. Ten images were randomly selected from dataset for 
testing purposes because of manual standard transition creation need. Table shows one representative image 

results while other testing images had similar values. Image resolution: 132x123 pixels, colorspace: 8-bit 
grayscale. 

The segmentation results are not as clear-cut as those of the filtering process; thus, the 
parameters SE and SP were chosen for the given purpose. At the initial stage, let us define 
four types of pixels: true positive (TP), true negative (TN), false positive (FP), and false 
negative (FN). Using these parameters, the SE and SP can be computed as follows: 

 , .TP TNSE SP
TP FN TN FP

= =
+ +

  (6) 

In the SE, a higher value expresses a better ability to select the pixels of an object; the SP 
operates similarly, only for the pixels of a background [5]. The SE and SP values in relation to 
the segmentation results are in Table 2, where the SP parameter is not very descriptive, 
because the major portion of the segmented image consists in the background; a small pixel 
selection error thus has a merely negligible impact on the resulting value. Conversely, the SE 
parameter shows a higher segmentation efficiency after the actual PM filtering. 
 

Filter SE [%] SP [%] 

Gaussian 28.4 99.3 

PM 93.8 99.7 

Table 2 The selectivity and specificity values for the segmentation results. Same images used as in Table 1. 

5. Remarks and conclusion  
The initial section of the present paper discusses the image filtering procedure proposed by 

Perona and Malik, namely, a prominent approach using an anisotropic diffusion filter. The 
main advantage of the method lies in the ability to reduce noise while preserving the sharp 
edges of the investigated object. In its original form, PM is derived from the heat equation, 
whose solution leads to a Gaussian filter behaving as isotropic diffusion. 

The following parts then describe the filtering and segmentation of the narrow transition in 
an MRI image containing the embryogenic tissue of the Norway spruce and the related culture 
medium. Two different filters find use in the experiment: a Gaussian filter behaving as 
isotropic diffusion, and a PM filter exhibiting traits of anisotropic diffusion. The results are 
compared using the SNR, with the PM method having a value nearly twice as large as that 



 
 

69 
 

yielded by the Gaussian filter. After noise reduction, segmentation via threshold is performed. 
Consequently, the selectivity and specificity parameters are used to correlate the segmentation 
results of both the methods. In the Gaussian filter, the selectivity corresponds to 28.4 % - a 
value which makes the approach unusable for this application. The PM method achieved the 
specificity of 93.8 %, confirming the assumption that PM is suitable for the described 
purpose. The specificity parameter is not descriptive in the case of the given image.  
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Antenna Control using Assignment Algorithm for
Dynamic Distributed Sensory Network

Monitoring animals’ behaviors and live quality using distributed sensory network is
possible. Antenna control algorithm for the monitoring station is proposed with the
use k–means clustering and compared for 2D clustering and azimuth scenarios. The
proposed 2D clustering solution is better two times for small number of assumed clus-
ters up to eight times for more then tens of clusters. Monte Carlo tests are provided
for random and sequential initialization of clustering.

1. Introduction
Sensory networks are applied in numerous applications [4, 9]. The availability of low power

devices, biometric sensors and GPS system allows the application of sensory network in ad-
vanced monitoring of animals [13]. Geofencing is the solution available nowadays for the
monitoring of animals in herds, what is important for cost reduction and safety enhancement of
animals [1]. Geofencing allows the transmission of animal position data to management com-
puter as well as to local portable devices weared by farmers. The progress in development of
biometric sensors allows the measurements of temperature, humidity and estimation of behav-
ior (motion) of animals [17]. Such data could be applied for the monitoring of behaviors and
detection of diseases or injuries. Improvement of animal live is important for modern farming
and animals live quality.

Such sensory network is dynamic, because animals’ changes own positions and attached
transmitting devices. One of the most important problems is the power requirement for data
transmission [7] and the solar powered device, supported with small rechargeable battery, is the
most interesting solution. The lack of direct connection between node (animal) and monitoring
station is typical due to land profile as well as signal losses due to trees and bushes. The node
antenna should be omnidirectional, because orientation of particular animal is unknown. The
problem of transmitting power of node could be reduced using directional antenna at moni-
toring station. Mechanical scanning (rotating) antenna or electronic scanning antenna (phase
array) [16] could be applied for improving directional sensitivity. Such system is depicted in
Fig. 1.

The rotation of antenna in full range of azimuth is not necessary in most cases. Only some
azimuth ranges should be used for the data reception from nodes. The availability of GPS data
allows the estimation of direction to nodes. The rotating antenna can be oriented in specific
azimuth at one time. The electronic scanning antenna could be oriented in one specific azimuth
or multiple azimuths at one time. The multiple azimuth mode requires more sophisticated digital
signal processing device.
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Technology Szczecin, Gen. Sikorskiego 37 St., 70–313 Szczecin POLAND, e-mail: dawid.bak@zut.edu.pl
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Figure 1: The model of dynamic sensory network.

1.1. Related Works

The problem of tracking animal is similar to the radar system with TWS (Track–While–
Scan) mode [2]. TWS mode assumes radar time assignments for specific azimuths related to
the detected and tracked object (airplanes or rockets). This radar time assignment is necessary
for the improving estimation of object position and velocity (especially for Doppler radar).
Second time assignment is related to scanning area, because new objects should be detected if
they are in range. TWS is more effective then simple radar that uses rotating antenna with fixed
angular velocity.

Dynamic sensory networks are widely used in geofencing [12]. The GPS system connected
to the interconnected nodes of the sensory network [15] is ideally suited for creating virtual
fences around a geographical area. Such solutions can be successfully used to monitor animals
moving around a particular area [5], and by using sensory networks, there is no need for a direct
connection to each of the monitored node. In addition, wireless sensory networks are ideal for
collecting information about animal behavior and health [18].

1.2. Content and Contribution of the Paper

Assignment algorithm for nodes (animals) using k–means algorithm is proposed and ana-
lyzed in this paper. The Monte Carlo approach is applied for the evaluation of properties using
synthetic model of herd. A specific initialization is proposed also for dynamic system.

The proposed solution using k–means algorithm is considered in Section 2. Monte Carlo test
results are shown in Section 3. Discussion of results is provided in Section 4. Conclusions are
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considered in Section 5.

2. Proposed Solution using K–Means Algorithm
The segmentation of 2D distributed observations using unsupervised approach is possible

using clustering algorithms, like k–means [14, 10].

This algorithm, depicted in Fig. 2, provides clustering data into predefined number N of
groups of animals in particular case. The position of animal obtained from GPS is transmitted
to monitoring station and used in next time moment for the prediction of animal position. It is
not necessary to use predictors based on the motion model with small movements of animals
and frequent data transmissions.

Figure 2: K–means algorithm

There are two possible approaches for clustering. The first variant assumes 2D position and
clustering in 2D space. The second variant assumes azimuth based clustering. Both of them are
compared in test. The initialization of K–means algorithm assumes random position in 2D space
or azimuth 1D space. The obtained position is propagated to next iteration as an initialization.

3. Monte Carlo Tests and Results
Dedicated software tool was developed for the simulation of network. Simulation software

is written in C++ language using the SFML (Simple and Fast Multimedia Library) library for
rendering graphics. OpenCV library is used for optimal implementation of the K–means algo-
rithm. Developed software uses a swarm algorithm to simulate the behavior of the monitored
animals. The use of such approach gives the possibility of analyzing dynamic sensory networks
that may arise between partially random moving groups of animals.

The simulation applied in our work uses Monte Carlo approach. A few parameters, like ini-
tial position, velocity and direction, are randomly generated using predefined constraints. The
behavior of all objects is random in early stages of simulation. Velocities and directions are
grouped during starting iterations. The boid algorithm is applied together with random distur-
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bances of direction and velocity that are applied individually to every object. The applications
of random parameters for initialization reduce the risk of erroneous results due to bias of test.
Monte Carlo approach is applied for the initialization of centroids in k-means algorithm and
assignment of objects to centers of clusters.

Monte Carlo tests give possibilities of complex system analysis by numerical evaluation
of large case sets and random starting conditions. The number of test for particular number
of groups N should be large for stable results. Mean value is calculated for particular set.
Increasing numbers of test cases stabilize results. In this work there are 2000 cases for each N.

The evaluation criteria could be defined using numerous approaches. The antenna charac-
teristic also influences communication quality as well as modulation, because reduced bitrate
with proper selection modulation improves SNR (Signal–to–Noise Ratio). Distributed sensory
networks give the possibility of communication using node as a proxy, that is important if poor
communication conditions occurs for direct connection between node and monitoring station.
The criterion of analysis use the following formula after clustering for every test case:

Ek (N) =
N

max
i=1

N j
max
j=1

∣∣∣−→Ai, j−
−→Ci

∣∣∣ , (1)

where: Ai, j is the 2D position of animal (node) N j is the number of nodes inside particular
cluster j, Ci is the central node (that is used as proxy) inside cluster. For 2D clustering Ci
is nearest existing cluster to cluster computed center. For 1D clustering the cluster center is
computed using CoG (Center of Gravity) algorithm. This criterion assumes communication
through proxy node from most distant node in cluster to proxy. The mean value of E (N) is
computed from Ek (N) and the results are shown in Fig. 3 and Fig. 4.

3.1. Test for random initialization

In this case clustering is initialized randomly and previous clustering results are not applied.

Figure 3: Performance of network for random initialization
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3.2. Test for recursive system

In this case clustering is initialized randomly for first iteration and results of clustering are
reused in next step.

Figure 4: Performance of network for recursive initialization

4. Discussion
Monte Carlo tests shows stable results, after 2000 test for every configuration of cluster

numbers. It is expected that errors are higher for small number of assumed clusters. Increasing
of clusters number reduces error for all scenarios.

Proposed solution based on 2D clustering gives better result for assumed criteria, comparing
to the azimuth only clustering scheme. It shows the advantage of the application of geolocal-
ization data. The communication with proxy is more reliable in such case. The improvement is
about two times for small number of clusters Fig. 3 and Fig. 4. The improvement is about eight
times for large number of clusters. The advantage of proposed solution is that every proxy is
dynamically selected node.

5. Conclusions and Further Work
Proposed solution, based on clustering 2D space, is better in comparison to the azimuth clus-

tering. Considered scenario does not assume predictors for the estimation of possible position of
proxy. Numerous factors could be incorporated to the analysis also, like directional sensitivity
of antenna, that will be considered in next work.

Additional problem is related to the time of rotation for mechanically rotated antenna. The
rotation could be based on steps or could be smoother. Both cases require different control
algorithm, that influences assignment algorithm.

Sensory networks with the use of clustering algorithms for the antenna control could be use-
ful in various applications. There are numerous cases where the results presented in this paper
could be applied. One of the exemplary applications is wireless communication systems for

74



military use [9, 6, 11]. The application of sensory network allows the acquisition of soldiers’
positions as well as biometric data. Such systems are used nowadays, and are important for
the improvement of soldiers’ effectiveness and safety. Another possible application is the com-
munication with the group of autonomous mobile robots [19]. The transmission power is the
important factor [8] for the design of power limited robots. The application of proposed algo-
rithm reduces power requirements necessary for the communication purposes. It provides to the
extension of working time of entire system. Sensory network devices could be spread from the
air on ground [3] of Earth or surface of other celestial objects. The communication with such
localization of static or dynamic network is difficult and proposed solution is important for the
improvement of communication.
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Nullspace Method for the Reaction Forces
Uniqueness Analysis in Rigid Multibody Systems

with Redundant Nonholonomic Constraints

A nullspace method for Jacobian-based reaction uniqueness analysis of redundant
rigid multibody systems (MBS) is presented. So far, the method was used for holo-
nomic systems only. The aim of this paper is to show that this method may be extended
for the case of linear nonholonomic systems. The approach is applicable for planar
or spatial MBS described by absolute or natural coordinates. In order to illustrate the
method, planar MBS with knife-edge Pfaffian constraints is considered.

1. Introduction
Algorithms for rigid multibody systems (MBS) are in general much less computationally

expensive than those for flexible MBS. However, if the considered system is redundantly con-
strained (which is very common), rigid body approach is subjected to some limitations. One
of them is a problem with numerical simulations. The simulations of redundantly constrained
MBS must be carried out with the use of appropriate algorithms [9, 10, 12, 13] . It should be
emphasized that some papers are devoted to algorithms which may be used to analyze systems
without redundant constraints (see, e.g. [1]) or to study serial systems only, e.g. [2]. The other
problem which is considered in this paper is a reaction indeterminacy (see, e.g. [4,5,7,18,21]).
This feature is very important because it may lead to unrealistic results of simulations or faults
in the design process [4, 17, 18, 21, 22]. Non-uniquelly calculated reactions may lead to false
conclusions (e.g. when bearings for the mechanism are selected) or may affect results of analy-
sis of motion, e.g. when the friction in joints is considered (it is worth noting that friction itself
may cause problems with solution uniqueness which in some situations are exactly equivalent
to problems caused by redundant constraints – see, e.g. [19, 20]). However, despite the gen-
eral indeterminacy of reactions, some of them (or their components) may be always uniquely
determined [17, 18, 21, 22].

There are methods which allow to detect unique reactions. They are based on the analysis of
Jacobian matrix of constraints (see, e.g. [4, 15, 18]) or on kinetostatic equations (described, e.g.
in [14]). These methods use one of two approaches based on linear algebra, i.e. direct sum or
nullspace approach.

In this paper, a nullspace-based method of Jacobian matrix analysis is studied. The method
may be used for planar or spatial mechanisms described by means of absolute or natural coor-
dinates. Herein, absolute coordinates are used. In some works (see, e.g. [4, 6]), the nullspace
method for reaction uniqueness analysis was formulated for single reaction components (La-
grange multipliers). It was stated that every Lagrange multiplier laying in the nullspace of
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transposed Jacobian matrix of constraints is non-unique. Unfortunately, in many cases it is not
enough to study the Lagrange multipliers. For example, the total joint reaction in a compound
joint with non-unique reaction components may be unique. Therefore, in [15], the nullspace
method was extended to encompass such cases. The extension was made for holonomic sys-
tems only.

So far, it was shown in [22] that the direct sum method is applicable for nonholonomic
systems with linear constraints (only Pfaffian constraints which are linear and scleronomic were
considered). The aim of this paper is to show that the nullspace method can be used for linear
nonholonomic systems as well. In order to illustrate the approach, a planar nonholonomic
mechanism with knife-edge Pfaffian constraints is modelled and considered.

The structure of the publication is as follows. The next section introduces basic equations for
the constraints described by absolute coordinates, Section 3. presents the nullspace approach.
In Sect. 4. the exemplary system is considered. Finally, Sect. 5. contains conclusions.

2. Constraints in absolute coordinates
A vector of absolute coordinates used to describe the considered system may be written as [8]

qn×1 =
[
qT

1 qT
2 . . . qT

N
]T

= [q1 q2 . . . qn]
T , (1)

where N and n are numbers of bodies and coordinates, respectively.

In this formulation, the considered system is treated as a set of bodies subjected to constraints
that describe kinematic pairs. A vector of holonomic position constraints has the following
form [3, 8]

ΦΦΦ =ΦΦΦ(q, t) = 0, (2)

which, after differentiation, yields [8]

Φ̇̇Φ̇Φ =ΦΦΦqq̇+ΦΦΦt = 0, (3)

where ΦΦΦq is a Jacobian matrix of constraints later on used in the joint reactions uniqueness test.

When the considered system is additionally subjected to linear nonholonomic (Pfaffian) con-
straints, the following equations at velocity level must be fulfilled [22]

ΨΨΨq̇ = 0, (4)

where ΨΨΨ is a constant matrix.

Eqs. (3) and (4) may be combined to obtain[
ΦΦΦq
ΨΨΨ

]
q̇ =

[
−ΦΦΦt

0

]
, (5)

where
[
(ΦΦΦq)

T (ΨΨΨ)T ]T is so-called constraint matrix [22]. Transposition of this matrix is used
for uniqueness test. Hence, the following notation may be introduced

J =
[
(ΦΦΦq)

T (ΨΨΨ)T ] . (6)
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Finally, Lagrange equations of the first kind of the rigid MBS have the form [11]

Mq̈−Jλλλ = Q, (7)

where M is a matrix of inertia terms, λλλ is a vector of Lagrange multipliers, Q is a vector of
remaining generalized forces and velocity dependent inertial components. Since Jλλλ represents
generalized reactions, the uniqueness of joint reactions may be examined by analyzing matrix J.

3. Nullspace method
If the considered system is redundantly constrained, Jacobian matrix is rank deficient (see,

e.g. [9, 10]). This is also true for constraint matrix. In that case, a nullspace matrix N of matrix
J (which contains basis vectors of the nullspace N (J)) may be calculated. This matrix fulfills
the following condition [16]

JN = 0. (8)

Subsequently, a studied element U is selected. It may be, e.g. total joint reaction in a
compound joint. For this element, submatrices JU and NU are selected. Matrix JU is built from
the columns of J describing the studied element U , while matrix NU is created analogously
from the rows of nullspace matrix which correspond to the element U . Eventually, a uniqueness
criterion is checked. This criterion has the following form [15]

JU NU = 0. (9)

If it is fulfilled, then the studied element is unique. The justification of the criterion for the case
of nullspace method based on Jacobian matrix may be found in [15] and is not repeated here.
For the constraint matrix, the justification is analogous.

4. Example
To illustrate the nullspace method for the uniqueness analysis based on matrix of constraints,

planar nonholonomic mechanism is considered. This system is shown in Fig. 1. It has a mobile
platform and a trailer. Such mechanism may be used, e.g. in mobile robotics. It has 7 bodies
connected by: 1 translational joint denoted Gt, 6 revolute joints: Ar, Cr, Er, Fr, Hr and Ir
respectively, and 1 doubled revolute joint Jr built of 2 revolute joints Jr1 and Jr2 (and placed
in the same point J). Such redundancy may be introduced in real system, e.g. because of the
strength reasons. Moreover, nonholonomic constraints are introduced by 5 wheels denoted Aw,
Bw, Cw, Dw and Kw, which (for the sake of simplicity) are represented by knife-edge Pfaffian
constraints. The main dimension of the considered system is h = 0.2 m (see Fig. 1). The
uniqueness test is performed when the system is in the position shown in Fig. 1. Moreover,
vector of absolute coordinates for body i has the form qi = [xi yi ϕi]

T (see Eq. (1)).

For this system, an appropriate vector of constraints ΦΦΦ (see Eq. (2)) has to be specified. This
vector is not written here due to the limited space, but constraints describing exemplary joints
are shown. Hence, the constraints specifying revolute joint Ar have the form

ΦΦΦ
Ar ≡

[
p1 +R1r1

A−
(
p2 +R2r2

A
)]

= 0, (10)
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Figure 1: Planar nonholonomic mechanism.

where pi = [xi yi]
T , ri

K is a distance vector from the center of the body i reference frame to

point K (resolved in local reference frame i) and Ri =

[
cos(ϕi) −sin(ϕi)
sin(ϕi) cos(ϕi)

]
is a rotation matrix.

The constraints describing translational joint Gt may be written as

ΦΦΦ
Gt ≡

[
ϕ1−ϕ4

(R4v4)T (p4−p1−R1r1
Gt)+(v4)T r4

Gt

]
= 0, (11)

where v4 is a vector perpendicular to the axis of joint Gt (resolved in local coordinate frame 4),
r1

Gt = [0 5h]T is a position vector specifying a point laying in the axis of translational joint Gt
described in local coordinate frame 1 and r4

Gt is an analogous position vector. The last vector
will vanish in Jacobian matrix, hence its exact value is not introduced here.

Assume that the kinematic constraints are written in vector ΦΦΦ in the following order: Gt,
Ar, Cr, Er, Fr, Hr, Ir, Jr1 and Jr2. Differentiation of constraints vector ΦΦΦ with respect to
coordinates q yields Jacobian matrix of kinematic constraints which may be written as

ΦΦΦq=



01×2 1 01×2 0 01×2 0 01×2 −1 01×2 0 01×2 0 01×2 0
−(R4v4)T a 01×2 0 01×2 0 (R4v4)T b 01×2 0 01×2 0 01×2 0

I2×2 ΩΩΩ1r1
A −I2×2 −ΩΩΩ2r2

A 02×2 02×1 02×2 02×1 02×2 02×1 02×2 02×1 02×2 02×1

I2×2 ΩΩΩ1r1
C 02×2 02×1 02×2 02×1 02×2 02×1 02×2 02×1 −I2×2 −ΩΩΩ6r6

C 02×2 02×1

02×2 02×1 I2×2 ΩΩΩ2r2
E −I2×2 −ΩΩΩ3r3

E 02×2 02×1 02×2 02×1 02×2 02×1 02×2 02×1

02×2 02×1 02×2 02×1 I2×2 ΩΩΩ3r3
F −I2×2 −ΩΩΩ4r4

F 02×2 02×1 02×2 02×1 02×2 02×1

02×2 02×1 02×2 02×1 02×2 02×1 I2×2 ΩΩΩ4r4
H −I2×2 −ΩΩΩ5r5

H 02×2 02×1 02×2 02×1

02×2 02×1 02×2 02×1 02×2 02×1 02×2 02×1 I2×2 ΩΩΩ5r5
I −I2×2 −ΩΩΩ6r6

I 02×2 02×1

I2×2 ΩΩΩ1r1
J 02×2 02×1 02×2 02×1 02×2 02×1 02×2 02×1 02×2 02×1 −I2×2 −ΩΩΩ7r7

J
I2×2 ΩΩΩ1r1

J 02×2 02×1 02×2 02×1 02×2 02×1 02×2 02×1 02×2 02×1 −I2×2 −ΩΩΩ7r7
J



}
Gt

}Ar
}Cr
}Er
}Fr
}Hr
}Ir
}Jr1
}Jr2

,

(12)
where a = −(R4v4)TΩΩΩ1r1

G, b = −(R4v4)TΩΩΩ(p4−p1−R1r1
Gt), ΩΩΩi = ΩΩΩRi, ΩΩΩ =

[
0 −1
1 0

]
, I2×2 is an

identity matrix of dimensions 2×2 and 0i× j is a zero matrix of dimensions i× j.

Knife-edge Pfaffian nonholonomic constraints are introduced as in article [22]. Hence, the
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matrix of nonholonomic constraints for the whole system may be written as

ΨΨΨ=


01×2 0 (R2n2

A)
T (n2

A)
TΩΩΩr2

A 01×9 01×2 0 01×2 0
(R1n1

B)
T (n1

B)
TΩΩΩr1

B 01×2 0 01×9 01×2 0 01×2 0
01×2 0 01×2 0 01×9 (R6n6

C)
T (n6

C)
TΩΩΩr6

C 01×2 0
(R1n1

D)
T (n1

D)
TΩΩΩr1

D 01×2 0 01×9 01×2 0 01×2 0
01×2 0 01×2 0 01×9 01×2 0 (R7n7

K)
T (n7

K)
TΩΩΩr7

K


}Aw
}Bw
}Cw
}Dw
}Kw

,

(13)
where ni

k is a vector perpendicular to the allowed direction of motion of the nonholonomic
knife-edge Pfaffian constraint k described in local reference frame i.

Hence, constraint matrix (see Eq. (5)) has dimensions 23×21, and rank r = 19.

The uniqueness analysis is performed using transposed constraint matrix J. For this matrix,
nullspace matrix N is calculated. It has the following form

N23×4 =
[
04×3 (N11×4)

T 04×1 (N21×4)
T 04×8 (N38×4)

T 04×1
]T

, (14)

where Ni is a submatrix containing nonzero elements. The exact elements are not shown, be-
cause they depend on the algorithm used for the computation of N. From this nullspace matrix,
it may be easily seen (see, e.g. [4,6]) that single Lagrange multipliers: λ4, λ6, λ15 – λ22 are non-
unique. However, in many cases, e.g. when the uniqueness of total joint reactions is requested,
it is not enough to know the uniqueness of a single Lagrange multiplier. This is because a unique
joint reaction may have non-unique components. Hence, the nullspace method should be ap-
plied. In Tab. 1 the data for uniqueness test using this approach are shown. Column Studied
Element U specifies the examined element, column Constraint Localization specifies the row
localization of the constraints in Jacobian matrix (which is equivalent to the column localization
in matrix J). Column Value of (9) presents the results of uniqueness test. If the condition is
fulfilled (i.e. it equals zero), then the studied element is unique.

Studied Elem. U Constr. Loc. Value of (9) Studied Elem. U Constr. Loc. Value of (9)
Reaction in Gt 1 – 2 = 0 Reaction in Jr2 17 – 18 6= 0
Reaction in Ar 3 – 4 6= 0 Reaction in Jr 15 – 18 = 0
Reaction in Cr 5 – 6 6= 0 Reaction in Aw 19 6= 0
Reaction in Er 7 – 8 = 0 Reaction in Bw 20 6= 0
Reaction in Fr 9 – 10 = 0 Reaction in Cw 21 6= 0
Reaction in Hr 11 – 12 = 0 Reaction in Dw 22 6= 0
Reaction in Ir 13 – 14 = 0 Reaction in Kw 23 = 0
Reaction in Jr1 15 – 16 6= 0

Table 1: Reaction uniqueness analysis of nonholonomic planar mechanism

The uniqueness analysis of the nonholonomic constraints gave the results consistent with
intuition, i.e. reactions in the wheels of the mobile platform (Aw, Bw, Cw and Dw) are non-
unique, while the reaction in wheel Kw of the trailer is unique. As may be expected also,
reactions in joints Jr1 and Jr2 are non-unique. However reaction in doubled joint Jr (composed
of Jr1 and Jr2) is unique. It confirms the fact that a unique reaction may have non-unique
components. A quite unexpected result is also obtained. Non-unique nonholonomic constraints
Aw and Cw cause non-uniqueness of reactions in two revolute joints Ar and Cr.
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5. Conclusions
The paper presents an extension of the nullspace method used for the reaction uniqueness

analysis. The approach is based on the analysis of the constraint matrix and it is applicable for
planar and spatial rigid MBS described by absolute or natural coordinates. Using the method,
the range of applicability, and thus fidelity of the rigid body model, may be assessed.

It was shown that redundant rigid MBS with linear nonholonomic constraints may be studied
using the presented method. In this paper, nonholonomic constraints in the form of knife-edge
Pfaffian are considered. It is useful to point out that the extension presented in this paper signif-
icantly improved the applicability of the nullspace method, because the usage of nonholonomic
constraints allows us to study broader classes of MBS, e.g. some kinds of vehicles or mobile
robots.
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Edyta ROLA1 

The effect of child position in child restraint system 
on safety 

The objective of this study was to investigate the effect of selected positions of a 
child in a CRS on the injury potential during the frontal crash. The Q3 dummy 
model travelling in a forward-facing child restraint systems in the rear seat of a 
passenger car was considered. The dummy model kinematic response and the serious 
injury risk in each case were compared. It was concluded that child's position prior 
to the crash influences the injury response of Q3 dummy model. 

 

1. Introduction  
Child restraint systems (CRSs) are designed to provide protection for child occupants in the 

event of a crash. The effectiveness of CRSs is influenced by many variables [4][5][9]. Several 
studies found out that the position of a child which is different from a standard dummy 
position may have influence on the kinematics and passive safety of a child [1][7][6][14]. The 
objective of this study was to investigate the effect of selected positions of a child in a CRS on 
the injury potential. 

The research presented in this paper focuses on the frontal impact, which is the most 
frequent type of crash. In this study, particular attention was paid to the neck injury criteria. 
Cervical spine injuries are not common but because of the tendency for occurring in the upper 
cervical spine in young children, the effects can be severe [2][10]. In the ECE Regulation No. 
129 (Date of entry into force: 9 February 2017) upper neck tension force and upper neck 
flexion moment for frontal impact are for monitoring purpose only [3]. In this study, neck 
injury criteria based on additional components of neck load were taken into account. 

2. Methods  
The Q3 dummy model travelling in a forward-facing CRSs in the rear seat of a passenger 

car was considered. The frontal impact was configured according to the European regulation 
ECE R129 (with a closing speed of about 50 km/h) [3] (Figure 6 in Appendix). Before the 
impact pre-crash braking with acceleration of 0.7g was simulated. The following cases were 
investigated: 

a) Reference case - standard dummy position - Case A (Figure 4 in Appendix), 
b) Head lean right - Case B (Figure 4 in Appendix), 
c) Head lean right and hand near head - Case C (Figure 5 in Appendix), 
d) Limbs out of positions - Case D (Figure 5 in Appendix). 
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A series of numerical simulations were carried out with the use of MADYMO v7.5.1 
software [8]. A facet CRS model was taken from previous research [13]. During the 
simulations, injury criteria connected with the head, neck, chest and pelvis were controlled.  

The defined injury criteria connected with the head were: the highest center of gravity of 
head acceleration that is exceeded during at least 3ms - Cumulative 3ms Head Injury Criterion 
(Head_3ms) and the Head Injury Criterion with the time interval of 15ms (HIC_15). Injury 
criterion related to the chest was Cumulative 3ms Thorax Injury Criterion (Chest_3ms) – 
chest resultant acceleration that is exceeded during at least 3ms. Injury criterion connected to 
the pelvis was Cumulative 3ms Pelvis Injury Criterion (Pelvis_3ms) - pelvis resultant 
acceleration that is exceeded during at least 3ms. Injury criteria for the neck were: Neck Injury 
Predictor - Tension-Extension (N_TE) and Tension-Flexion (N_TF), Compression-Extension 
(N_CE) and Compression-Flexion (N_CF), Neck Injury Criterion - Tension Negative 
(NIC_TN) and Positive (NIC_TP), Shear Negative (NIC_SN) and Shear Positive (NIC_SP), 
Bending Negative (NIC_BN) and Positive (NIC_BP). The defined injury criteria were based 
on the signals that may  interact with the Q3dummy measurements. Reference values at which 
injury may occur with probability of  about 10-20 percent of AIS3+ injury are called critical 
values. These critical values for a 3-year-old child are presented in Table I [11][12]. 

 
TABLE I 

PROPOSED INJURY CRITERIA AND THEIR CRITICAL VALUES 
 Injury Criterion Units Critical Value   
1 Head_3ms g 80  
2 Chest_3ms g 55  
3 Pelvis_3ms g 80  
4 HIC_15 - 800  
5 N_TE - 1  
6 N_TF - 1  
7 N_CE - 1  
8 N_CF - 1  
9 NIC_TN N 1130  
10 NIC_TP N 1130  
11 NIC_SN N 500  
12 NIC_SP N 500  
13 NIC_BN Nm 16  
14 NIC_BP Nm                       16    

 

In order to compare injury risk in different cases the resulting value of each injury was 
divided by its critical value which was based on Table I. The effectiveness of configurations 
was estimated by comparing the normalized values of all injury criteria. Q3 dummy model 
responses were monitored for 200ms from the initiation of the frontal impact pulse. All 
signals were filtered (SAE J211-1, CFC filters).  

3. Results  
For all cases the head resultant acceleration is presented in Figure 1. Most cases have 

a similar peak value of head and chest acceleration. Only the Case D has different acceleration 
history of the head: the first peak is lower and the second occurred earlier. Figure 2 shows the 
Q3 model chest acceleration in each case. The highest value of chest acceleration can be 
observed for the Case D (limbs out of positions) and maxiumum value occured the earliest. In 
other cases both timing and maximum value of the chest resultant acceleration are similar. 
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Figure. 1: Time histories of the center of gravity of the head resultant acceleration for Cases A-D. 

 

Figure. 2: Time histories of the center of gravity of the chest resultant acceleration for Cases A-D. 

The injury criteria of each case are shown in Figure 3. In Cases A, C and D four of the 
injury criteria referring to the neck exceeded their limits. In Case B three injury criteria 
reached critical values. It should be emphasized that not only the criteria of injury based on 
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tensile and bending forces have reached critical values but also those based on the shear force. 
Table II in Appendix shows all normalized values of injury criteria. 

  

Figure. 3: Normalized values of injury criteria. 

4. Remarks and conclusion  
To provide a real life safety effect, the injury mitigation systems should provide 

appropriate protection in the range of pre-crash sitting position and natural variation between 
individuals in population [11]. The obtained results suggest that child's position prior to the 
crash influences the injury response of Q3 dummy model. Moreover, some of child occupant 
positions significantly increase the likelihood of occurring a serious injury. 

It was noticed that in all cases the critical value of some neck injury criteria were exceeded. 
Despite of considering frontal impact not only neck tension force and upper neck flexion 
moment reached high values. This was due to the asymmetry of the position of Q3 dummy 
model. The current regulation requirements do not take into account various positions of 
children, so they are significantly different from the real conditions in which children travel 
and need to be improved. However, the research deals with uncertainties which are common 
in car accident analyses. Further research is essential both for numerical simulations and 
experiments. 
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Appendix 
 

 

Figure. 4: Reference position – Case A (left) and Head lean right position (right) ) – Case B. 
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Figure. 5: Head lean right and hand Case C (left) and Limbs out of positions (right) – Case D. 

 

Figure. 6: The impact pulse with corridors. 

TABLE II 
NORMALIZED VALUES OF INJURY CRITERIA 

Injury Criterion Injury Criterion Value 
 Case A Case B Case C Case D 

Head_3ms 0,52 0,53 0,51 0,49 
Chest_3ms 0,28 0,27 0,29 0,62 
Pelvis_3ms 0,51 0,52 0,50 0,70 

HIC_15 0,16 0,16 0,15 0,11 
N_TE 1,14 1,14 1,12 1,21 
N_TF 0,25 0,19 0,18 0,29 
N_CE 0,66 0,59 0,75 0,79 
N_CF 0,02 0,02 0,04 0,09 

NIC_TN 0,32 1,25 0,37 0,15 
NIC_TP 1,28 0,57 1,23 1,22 
NIC_SN 1,26 0,12 1,28 1,30 
NIC_SP 0,09 0,03 0,08 0,09 
NIC_BN 1,09 1,02 1,18 1,21 
NIC_BP 0,40 0,40 0,36 0,41 
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Grzegorz DRAŁUS1, Zbigniew GOMÓŁKA2, Damian MAZUR3, Andrzej SMOLEŃ4  

Seasonal models of energy forecasting in 
photovoltaic systems using artificial neural 

networks  

The paper presents methods of energy forecasting in photovoltaic systems. A short-
term forecast e.g. a day-ahead forecasting is presented. A forecasting methods that 
uses MLP and RBF neural networks are studied. A comprehensive set of explanatory 
variables for forecasting models are presented. The parameters of the forecasting 
model were determined and forecasts were made for several time periods (e.g. –year-
round forecast, seasonal forecasts) and final conclusions were formulated.  

1. Introduction  
The production of energy from renewable sources, especially in the case of photovoltaic 

panels, is strongly dependent on weather conditions. Changes in the size of this production 
must be compensated on a regular basis through conventional sources using regulatory 
reserves or in the future through the use of energy storage. Particularly dangerous for the 
power system can be short-term changes in the amount of energy produced from renewable 
sources due to sudden changes in weather. Therefore, with the increase in the share of 
renewable energy in the total energy balance, it is increasingly important to forecast its 
production in the short term and to optimize production in real time. 

Forecasting the production of electricity from renewable sources can be considered in 
several different horizons: ultra-short-term, short-term (up to several dozen hours), medium-
term (from several to dozens of days), long-term (from several months). The terminology used 
for forecasting, especially for renewable energy sources, may be different depending on the 
application of the forecast or their complementarity. For example, short-term forecasts are 
used to plan the work of photovoltaic sources and the power system. Therefore, forecasting a 
one day-ahead  is a category of short-term forecasts. 

In addition to the time horizons, the quantities that are subject to forecasting are also 
important. Of course, the forecasted volume depends on the prediction objective. For short-
term forecasts, average power values in portions of 15 minutes to 1 hour are usually used. For 
forecasts with longer horizons peak powers and cumulative energy produced in the longer 
term can be used. In case of the one day-ahead forecasts are usually used total solar irradiation 
in a day, total precipitation in a day, total energy generated on a given day, and average values 
(e.g. temperature, visibility, pressure, wind speed, cloudiness) or maximum values (e.g. 
temperature). 
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Neural networks are the most popular tool among artificial intelligence methods for 
forecasting electrical energy generation. Their main advantage is the ability to generalize 
knowledge based on learning data, typically derived from the measurement data of objects or 
systems. In addition, they enable us to designate model parameters through a learning process. 
Their disadvantage is the lack of knowledge about the object under investigation [3]. 

The use of artificial neural networks for energy forecasting in photovoltaic systems is very 
popular. Different types of neural networks are used, and neural network combinations with 
fuzzy logic or genetic algorithms are also used. The choice of the network type depends on the 
horizon of forecasts, the availability of various historical data and forecasts from Numerical 
Weather Prediction (NWP).  

The most commonly used neural network for predicting the amount of energy produced in 
photovoltaic systems is the MLP neural network (Multilayer Perceptron) [1, 2, 4, 7]. Other 
types of neural networks, such as RBF neural networks, are also used in forecasting [2, 7, 8]. 
In addition, support vector machines (SVM) are used [2, 5], recurrent neural networks [8]. 
Very promising results are provided by methods using several neural network models (several 
different learning algorithms) to obtain a final prediction. This solution was confirmed by 
using a set of four neural networks [7]. Physical models [4] and time series analysis [6] are 
also apply to energy forecasting. The physical model uses the conversion of the irradiation 
forecast to the energy forecast in the solar PV system.  

2. The solar photovoltaic system and dataset 
The data used in forecast models were collected from a solar PV installation. Data 

measurement covers the period from 1 November 2013 to 31 October 2014. The results of 
measurements of the intensity of solar irradiation, the power and energy of the photovoltaic 
system before and after the inverter in the period of 1 year were used to build prognostic 
models. The photovoltaic system from which the data were derived was located in Rzeszow 
(50°02' N 22°17' E). It consists of three monocrystalline modules with a total peak power of 
330 [Wp], connected to a voltage inverter. Photovoltaic modules are mounted on a frame at a 
fixed angle of 30° to the horizon. Annual irradiation on inclined surface was 1284 
[kWh/m2/year]. The following measured data from the solar PV system were used: daily total 
irradiation, and daily total value of generated energy behind the inverter, converted into 1 [m2] 
of the active surface of the photovoltaic panels. 

The input data for the forecasting model were eight explanatory factors. Seven of them 
were weather factors taken from the meteorological station in the locality where the solar PV 
system is located. The eighth factor was the irradiation measured in the system. The following 
seven weather factors were chosen as the input data of the forecast models: average 
temperature, maximum temperature, visibility, average wind speed, precipitation, cloudiness, 
wind direction. The output of the model was the forecast of energy production. 

3. One day-ahead energy forecasting models 
Renewable energy in photovoltaic systems strongly depends on the seasons and weather 

conditions throughout the year [4, 7]. At different times of the year, the length of the day 
changes, such as the effect of the sun, the height of the sun on the horizon, cloudiness and 
temperature. Various strategies for constructing the one day-ahead forecasting models can be 
found in the literature. Mostly, the year-round models, which forecast the amount of energy 
production the one day-ahead for any day of the year on the basis of yearly learning data were 
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developed. Another way is to build seasonal or monthly the one day-ahead forecasting 
models. 

Based on the analysis of the weather data and time periods of the year, we have decided to 
select several types of forecast models based on the length of period. Division of periods was 
due to the conditions of the irradiation and weather conditions in particular periods of the 
year. 

The following the one day-ahead forecasting models were adopted: 
• Year-round model, 
• Seasonal models (‘spring’, ‘summer’, ‘autumn’, ‘winter’ models). 
The purpose of this division was to check how the weather conditions and seasons affect 

the accuracy of energy production forecasts in the system. 
The year-round model was based on all year data. Seasonal models were based on data 

from particular seasons (spring data: from 1 March to 31 May, summer data: from 1 June to 
31 August, autumn data: from 1 September to 30 November, winter data: from 1 December to 
28 February). Seasonal models were used to forecast production for a given season only. The 
differentiated approach will allow you to build more accurate models by taking appropriate 
weather conditions into account for each season. 

The explanatory data were divided into two groups: teaching data (estimation) and test data 
(verification), respectively, for the periods. Teaching and testing data were scaled to a range 
of 0-1 by dividing them by the maximum values of the appropriate factors. In the estimation 
of the parameters of the year-round model used data from 280 days of the year. Verification of 
this model was conducted using selected data from 60 days of the year. In seasonal models, 
teaching data from 78 (or less) days of a given season were used to determine their 
parameters. To verification of these models were used test data from 14 days of the season. 
Test data did not participate in the estimation of model parameters. 

4. Forecasting models 
To build forecasting models, which will predict the amount of energy generated by the 

photovoltaic system, MLP neural networks and RBF radial bias neural networks were used. 
A simple feed-forward two-layers MLP neural network is described in Figure 1.  

 
Figure. 1: Feed-forward MLP neural network. 

The output of j-th neuron of neural network is given by equation (1):  
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The output layer uses the linear transfer function, which is denoted f2()∈Φ2 in equation (1). 
The hidden layer typically processes using a nonlinear function, for example the sigmoidal 
transfer function, denoted as f1()∈Φ1 in equation (1) described by the following equation:  

 xe
xf −+
=

1
1)(  (2) 

For solar PV energy forecasting, the input should be the weather information,  i.e. NWP 
data, and the output is the output energy of the solar PV system.  

In order to determine the optimal parameters of the forecasting model, a quadratic quality 
index should be minimized:  

 ( )∑
=

−=
T

t

p tyty,,Q
1

2)2()1()2()1( )()(
2
1),(min bbww  (3) 

where: )(ty  is the generated energy in the PV system in t-th day, and )(ty p  is predicted 
energy in t-th day by neural model, T is number of days.  

The Levenberg-Marquardt algorithm [3] was used to minimize the quality index (3) and 
determine the parameters of the MLP neural networks as the forecasting models. 

The models of MLP neural networks were made in two variants differing in the number of 
neurons in the hidden layer. The structure of the neural model were based on the analysis of 
the number of weather factors at the input of the neural network and based on preliminary 
simulations with different number of neurons in the hidden layer. 
Forecast models as MLP neural networks have the following structure: 

• Option 1: 8-7-1 ( the structure: 8 input neurons, 7 neurons in the hidden layer, 1 
neuron in the output layer); 

• Option 2: 8-9-1 (the structure: 8 input neurons, 9 neurons in the hidden layer, 1 neuron 
in the output layer). 

In MLP neural networks all neurons in hidden layers use the sigmoid activation function, and 
the neurons in the output layer use the linear activation function. In RBF networks, the 
number of neurons in the hidden layer was dependent on the set of learning data and accepted 
parameters of the network. The neurons in hidden layer use the Gaussian radial basis function. 

Figure 2 shows the structure of MLP neural network as the one day-ahead forecasting 
model.   

  
Figure. 2: The structure of neural network as a forecasting model (option 1, the net 8-7-1). 

As a measure of the quality of the forecast of energy generation in the system, the MAPE 
(Mean Absolute Percentage Error) measure was used: 

 1001
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−
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where: iy  - real measured energy in PV system in the i-th day, p
iy - energy production 

forecast in the i-th day, T - number of days. 

5. Forecasts of energy production in the photovoltaic system 
For all types of models and their options the one day-ahead forecasts of energy production 

in the solar PV system were determined. In Table 1 are shown the errors forecasting the 
volume of energy production by the year-round model and seasonal models using MLP neural 
networks. The errors forecasting the volume of energy production by models using RBF 
neural networks are shown in Table 2. Forecast errors were estimated by the MAPE  measure 
of accuracy, both for the estimation date (learning phase) and for the verification data (testing 
phase).  

Table 1. Errors of the one day-ahead forecasts of energy production using the MLP neural 
networks as forecasting models. 

Option Model 
structure 

Year-round 
model 

Seasonal 
model  

‘spring’ 

Seasonal 
model 

‘summer’ 

Seasonal 
model 

‘autumn’ 

Seasonal 
model  

‘winter’ 
Estim
ation 

Verifi
cation 

Estim
ation 

Verifi
cation 

Estima
tion 

Estima
tion 

Estim
ation 

Verifi
cation 

Estim
ation 

Verifi
cation 

  MAPE 
[%]  

MAPE 
[%] 

MAPE 
[%] 

MAPE 
[%] 

MAPE 
[%] 

MAPE 
[%] 

MAPE 
[%] 

MAPE 
[%] 

MAPE 
[%] 

MAPE 
[%] 

1 8-7-1 3.195 3.283 2.187 2.092 1.544 2.077 3.282 3.219 3.103 3.041 
2 8-9-1 3.051 3.334 2.405 2.505 2.184 2.145 2.809 2.902 3.536 3.565 

 

Table 2. Errors of the one day-ahead forecasts of energy production using the RBF neural 
networks as forecasting models. 

 

Year-round 
model 

Season model 
‘spring’ 

Season model 
‘summer’ 

Season model 
‘autumn’ 

Season model 
‘winter’ 

Estim
ation 

Verifi
cation 

Estim
ation 

Verifi
cation 

Estima
tion 

Verific
ation 

Estim
ation 

Verifi
cation 

Estim
ation 

Verifi
cation 

Model 
structure  8-136-1 8-48-1 8-28-1 8-39-1 8-31-1 

MAPE  [%] 4.326 3.674 3.132 3.198 2.190 3.186 3.228 3.241 3.132 3.198 

 
Figure 3 shows the forecast of energy production and the real photovoltaic energy 

production for the test data (verification phase) by the seasonal ‘summer’ (option 1) model. 
The forecast covers 14 subsequent days throughout that season. 
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Figure. 3: The real (measured) energy and the one day-ahead forecast energy in the solar PV system (done by 

MLP neural network model (option 1, the net structure: 8-7-1)). 

6. Remarks and conclusion  
This paper presents the results of the author's research on the energy generation by solar 

photovoltaic system for the methods using MLP neural networks and RBF neural networks for 
different time periods. The forecasts of the energy production were based on eight explanatory 
factors (daily irradiation and seven weather factors). 

For the one day-ahead forecasting, the year-round model and four seasonal models were 
built. The construction of seasonal models has a strong justification for the amount of 
irradiation and weather in Poland at any time of the year.  

Almost all seasonal models provide more accurate forecasts than the year-round model. 
Forecasting models using MLP neural networks generate more accurate forecasts than model 
using RBF neural networks. However, all results of forecasted energy are reasonable for 
practical application. Models provide the forecast of energy production by the solar 
photovoltaic system with satisfactory accuracy. The forecast error for the year-round MLP 
model was around 3.33%. The errors of forecasting in the majority seasonal models are less 
than 3.30%. Only in the ‘winter’ model, option 2, the errors of forecasting are about 3.56%. 

Similarly, the forecast error for the year-round RBF model was around 3.67%. The forecast 
errors for all seasonal RBF models were less than 3.20%. The most accurate forecasts were 
obtained in the seasonal 'summer' model using MLP neural networks (option 1). 
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Texture Classification for Autonomous Cleaning
Robots

In the paper the experimental results of texture classification based on Haralick fea-
tures for autonomous cleaning robots are presented. Since the classification based
on the application of four classical features has not led to satisfactory results, some
additional features based on their variance have been considered. For verification pur-
poses a fragment of popular ALOT texture database has been used representing the
most typical textures for cleaning robots. Considering the computational cost, the ex-
periments have also been made for decreased number of gray levels applying various
color to grayscale conversion methods.

1. Introduction
The development of machine vision applications in robotics becomes more and more popular

as the information amount derived by cameras allows more accurate visual classification and
recognition of various objects as well as materials and textures. One of such popular areas of
applications of texture analysis may be the analysis of images captured by drones. However,
the classification of surfaces may be important also for mobile wheel or walking robots e.g. for
autonomous cleaning robots. Knowing what kind of surface is ahead of the cleaning robot, it
can apply adequate action. It could choose specific detergent, use specialized cleaning brush
or set surface-specific moving velocity, or even decide if this surface is to be worked on, or
skipped. The application of texture analysis for the latter ones is considered in this paper,
although similar approach may also be successfully applied for some other purposes related
e.g. to self-navigation of autonomous mobile robots.

2. Texture database
For the purpose of this article, the image database consisting of 700 photographs of 7 differ-

ent materials has been prepared. Those images have been obtained from Amsterdam Library Of
Textures (ALOT), which is a color image collection of 250 textures recorded in specific labo-
ratory conditions. During photographing some parameters such as viewing angle, illumination
angle and illumination color were varying according to the provided technical specification [1].
This resulted in 100 images for each material. The complete ALOT texture database consists
of wide range of different materials - some are more of an "object" nature, and some are more
of "pattern" nature. Seven materials of "pattern" nature have been chosen as the most similar to
working area of cleaning mobile robot (see Figure 1). In addition, each texture image has been
resized to 320×320 pixels and saved as 24-bit RGB bitmap.
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Figure 1: Texture database used in experiments - from left: (57) cork, (74) terry cloth, (98) marble, (184) carpet,
(189) hardboard, (205) carpet no.2 and (206) wood plank.

3. Standard (basic) approach
There are three basic approaches in texture analysis: statistical, geometrical and model based

methods [3].

Model based methods aim to describe a texture by a mathematical model. Their nature
qualifies them to be useful mostly for analyzing artificial textures. Geometric methods utilize
the principle that a texture is composed of small geometrical elements trying to identify those
repetitive elements and analyze them separately, either with statistical approach, or geometric
methods. Statistical methods compute texture features based on spatial distribution of gray
levels over the image. Because of "naturalness" of the texture database and lack of obvious
geometrical patterns in images, the statistical approach has been chosen in our experiments.
One of the most popular approaches in texture classification is to compute the Gray Level Co-
occurrence Matrix (GLCM) of an original image, then calculate Haralick features from it and
use those parameters for classification purposes. One of the motivations of its choice for our
experiments is the possibility of efficient implementation in the FPGA based systems allowing
fast computations with low latency as described in the paper [7].

The GLCM illustrates the spatial relations between the pixels in the specified neighborhood.
For the given offset (∆x,∆y) its values can be determined as:

C(i, j) =
P

∑
p=1

Q

∑
q=1

{
1 if A(p,q) = i and A(p+∆x,q+∆y) = j
0 otherwise (1)

where P = M−∆x and Q = N−∆y.

Each element of the GLCM (C(i, j)) represents the number of occurrences of pixels having
the given luminance level i in the specified neighborhood, defined by the offset (∆x,∆y), with
pixels of the other chosen luminance level j. As for each image four directions can be consid-
ered: horizontal, vertical as well as both diagonals, four different matrices can be calculated for
each specified distance (not necessarily equal to one pixel).

The GLCM matrix used for the calculation of Haralick features is typically symmetrical so
the luminance level i of a pixel above j is considered equally as i below j for the vertical GLCM
(and similarly left and right neighborhood for the horizontal matrix). It leads to even or zero
values on its diagonal. Such a matrix can be additionally normalized ensuring the sum of the
GLCM values being equal to 0 and therefore a reliable comparison of textures (represented by
the GLCM features) can be made independently on the resolution of the original images.

In the original paper [4] 14 different features have been proposed but four of them have
become the most relevant. A more detailed analysis of their influence on texture classification
accuracy is presented e.g. in the paper [2]. Therefore four Haralick features shown in Table 1
shall be used as parameters for classification purposes.
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Table 1: Haralick features used in experiments.

Feature Formula
Contrast ∑

i, j
|i− j|2C(i, j)

Correlation ∑
i, j

(i−µi)( j−µ j)C(i, j)
σ jσi

Energy ∑
i, j

C(i, j)2

Homogeneity ∑
i, j

C(i, j)
1+ |i− j|

The quantities in Table 1 calculated for the normalized symmetrical GLCM are: C(i, j) -
value of the normalized symmetrical GLCM at position (i, j); i, j - gray levels of the neighboring
pixels; µ - average value of p, σ - standard deviation of p.

4. Proposed extended approach
It is possible to extend the described method to acquire more data for classification purposes.

Although Haralick features were originally proposed to be calculated for the whole texture im-
age, one can divide a texture into arbitrary chosen smaller parts and calculate those features for
each part separately. Then, one can use a simple statistical measure such as variance to obtain
a new set of features of the texture. For given N×M image first one has to cut it evenly across
r rows and c columns into r + c pieces, each of N/r×M/c resolution (see Figure 2). Then,
for each of I(r,c) images, calculate Haralick feature F(r,c) value. Finally, one can compute
the variance var[F] of such data. This method will be later referred as the VHF (Variance of
Haralick features).

Figure 2: Illustration of the texture cutting process (left - before cutting, right - after cutting into 9 images).

For each Haralick feature the additional variance parameter shall be calculated resulting
in four additional parameters used for classification. Texture classification shall be performed
using this extended method, and quality of classification shall be compared to standard approach
(based on four Haralick features).
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5. Color to grayscale conversion
One of the purposes of this work is to determine whether using extra information about colors

could lead to better classification compared to standard (BT-601 or BT-709) grayscale images,
hence the need to use texture database consisting of color images. Because of that, application
of any of the described methods requires previous conversion of those images from 24-bit RGB
color to 8-bit grayscale images. There is no unique method to do so - one can choose one
of the many conversion algorithms. Choosing a proper conversion method is very important -
appropriate method will provide good quality data for later processing.

For purposes of this paper, six different methods will be used originating from various color
models: RGB, HSV, HSL, HSI and CIE LAB. First two methods use simple linear combina-
tion of red, green and blue channels in RGB model to compute grayscale value of this pixel
according to ITU standards for SDTV [5] and HDTV [6]. Next three operate on cylindrical-
coordinate representation of color model. Grayscale image can be obtained by separating
"lightness-oriented" coordinates from these models (respectively V, L, or I channel). Calcu-
lating those values is pretty simple - in every model it is just a combination of R,G,B values.
The last method used on experiments is based on CIE LAB color space, where L coordinate
represents lightness of a color. It is the only one method from those six that require two-step
conversion. First, one has to convert RGB image to CIE XYZ color space, and then compute
L coordinate. Conversion formulas for all these six methods can be found in Table 2 where
Y0 for CIE LAB space denotes the Y value of the specified white point. Texture classification
shall be performed using each of those conversion techniques to see the influence of conversion
technique on quality of classification.

Furthermore, the number of grayscale levels will be reduced to 7-bit (128 levels), 6-bit (64
levels) and 5-bit (32 levels), and texture classification shall be performed using those reduced
grayscale images to observe how the decrease of the number of gray levels influences the clas-
sification quality.

Table 2: Color to grayscale conversion methods.

Method Grayscale value
ITU BT.601-7 g = 0.2989 ·R+0.5870 ·G+0.1140 ·B
ITU BT.709-6 g = 0.2126 ·R+0.7152 ·G+0.0722 ·B
HSV g = max(R,G,B)
HSL g = 0.5 · (max(R,G,B)+min(R,G,B))
HSI g = (R+G+B)/3
CIE LAB 1) RGB→ XY Z; 2) g = 116 · 3

√
Y/Y0−16 for Y/Y0 > 0.008856

or g = 7.787 ·Y/Y0 +16/116 for Y/Y0 ≤ 0.008856

6. Classification
Three different classification methods have been used to rule out false-positive (or false-

negative) results, namely: linear discriminant analysis (LDA), naive Bayes classifier, and deci-
sion tree learning.

For linear discriminant analysis the pseudo-inversion has been used to invert the covariance
matrix, which is the same for every class. Naive Bayes classifier has been trained using basic
Gaussian distribution model. In decision tree learning, the maximum number of splits has been
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limited to 15 to avoid tree overgrowing that could result in producing too many decisions, which
could lead to false-positives matches of control data.

For comparison purposes, a quality criterion for classifiers has to be introduced. In this paper
the resubstitution loss (RL) and F-measure will be used to compare classification results using
different classification methods and different set of textural features. The RL value is adequate
to percentage of misclassified observations from training data set (reversely to accuracy which
is interpreted as the ratio of all correct classifications - true positives and true negatives - to all
samples). F-measure is the harmonic mean of precision and recall, which are common measures
used in binary classification tasks i.e. precision is calculated as true positives to all positives
ratio and recall as the ratio of true positives to sum of true positives and false negatives.

7. Results
Texture database was split into two parts - training data and validation data. Firstly, classifiers

were trained using set of training data of 7 categories (textures). Then, using validation data
as a new observation, the quality of classification was evaluated based on whether classifier
assigned new observation to correct category.

In order to assess the classification accuracy the resubstitution loss (RL) error and F-measure
for different sets of classification parameters were calculated. Firstly, we have examined how
”good” is each of four Haralick features and each of four VHF’s to be used as a single parameter
for classification purposes. We have calculated those parameters (as described in sections 3. and
4.) for grayscale images (used the same method to convert all images), calculated the RL errors
presented in Tables 3 and 5 and then calculated F-measures presented in Tables 4 and 6. As can
be clearly seen, using only one parameter for the classification is not very effective. Also, we
can see that ”tree” classifier seems to be working best of those tree. It also looks like Haralick
features work better in one-parameter classification than VHFs.

Table 3: RL error using only one Haralick feature.

contrast correlation energy homogenity
LDA 0.636 0.629 0.681 0.629
Bayes 0.627 0.619 0.677 0.604
tree 0.560 0.511 0.569 0.544

Table 4: F-measure using only one Haralick feature.

contrast correlation energy homogenity
LDA 0.1426 0.1473 0.1183 0.1473
Bayes 0.1476 0.1526 0.1222 0.1590
tree 0.1830 0.2149 0.1811 0.1945
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Table 5: RL error using only one VHF.

var. contrast var. correlation var. energy var. homogenity
LDA 0.764 0.684 0.753 0.729
Bayes 0.753 0.707 0.707 0.747
tree 0.599 0.617 0.564 0.601

Table 6: F-measure using only one VHF.

var. contrast var. correlation var. energy var. homogenity
LDA 0.0823 0.1179 0.0867 0.0989
Bayes 0.0867 0.1081 0.1081 0.0904
tree 0.1637 0.1529 0.1822 0.1597

After that, we have examined the impact of color to grayscale conversion method used to
obtain grayscale images. We have used six different methods described in section 5. and cal-
culated Haralick features as well as the VHF features for those images, trained classifiers using
either only Haralick features or those features together with the VHF features, and finally cal-
culated RL errors shown in Tables 7 and 9 and F-measures shown in Tables 8 and 10. We
can observe some kinds of correlation between the chosen method, chosen classifier and the
quality of classification. Some methods work better with some classifiers, so to achieve the
best classification, one should match color to grayscale conversion method with the type of the
classification method. In general, we can see that the HSL method seems to be working best for
most cases although there are few exceptions. Nevertheless, this method has been applied also
in further experiments.

Table 7: RL error for different conversion methods (Haralick features only).

BT-601 BT-709 HSV HSL HSI LAB
LDA 0.417 0.420 0.430 0.390 0.391 0.414
Bayes 0.420 0.423 0.400 0.383 0.409 0.417
tree 0.291 0.304 0.280 0.267 0.321 0.307

Table 8: F-measure for different conversion methods (Haralick features only).

BT-601 BT-709 HSV HSL HSI LAB
LDA 0.2878 0.2871 0.2788 0.3089 0.3081 0.2892
Bayes 0.2871 0.2816 0.3000 0.3163 0.2956 0.2878
tree 0.4104 0.3966 0.4235 0.4418 0.3767 0.3944
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Table 9: RL for different conversion methods (Haralick features + VHF).

BT-601 BT-709 HSV HSL HSI LAB
LDA 0.414 0.409 0.417 0.387 0.380 0.404
Bayes 0.381 0.379 0.344 0.350 0.361 0.384
tree 0.189 0.196 0.220 0.180 0.196 0.200

Table 10: F-measure for different conversion methods (Haralick features + VHF).

BT-601 BT-709 HSV HSL HSI LAB
LDA 0.2892 0.2956 0.2878 0.3139 0.3179 0.2978
Bayes 0.3171 0.3223 0.3539 0.3467 0.3360 0.3155
tree 0.5541 0.5418 0.5032 0.5655 0.5418 0.5333

Finally we have checked how the decrease of the number of grayscale levels influences the
quality of classification. We used four different bit depths (256, 128, 64 and 32 levels) and
calculated Haralick features and VHF features for those images. Then we have trained the
classifiers using either only Haralick features or those features + VHF features, calculated the
RL errors presented in Tables 11 and 13 and F-measures presented in Tables 12 and 14 . The
classification quality is roughly the same for all those methods. Because there is no signifi-
cant difference in RL errors, the computational complexity of our algorithm can be reduced
by decreasing number of grayscale levels to 32 without a strong influence on the classification
results.

Table 11: RL error for different grayscale levels (Haralick features).

256 128 64 32
LDA 0.417 0.414 0.407 0.407
Bayes 0.420 0.414 0.411 0.413
tree 0.291 0.300 0.293 0.290

Table 12: F-measure for different grayscale levels (Haralick features).

256 128 64 32
LDA 0.2878 0.2892 0.2963 0.2963
Bayes 0.2871 0.2892 0.2906 0.2899
tree 0.4104 0.4000 0.4092 0.4116

Table 13: RL error for different grayscale levels (Haralick features + VHF).

256 128 64 32
LDA 0.414 0.393 0.386 0.369
Bayes 0.381 0.379 0.367 0.370
tree 0.189 0.193 0.199 0.171
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Table 14: F-measure for different grayscale levels (Haralick features + VHF).

256 128 64 32
LDA 0.2892 0.3073 0.3147 0.3316
Bayes 0.3171 0.3223 0.3325 0.3273
tree 0.5541 0.5455 0.5382 0.5804

8. Conclusions
Analyzing the results one can conclude that introducing the VHF parameters in addition

to the standard Haralick features improves the quality of classification for the proposed tex-
ture database in all considered cases. It can also be observed that the reduction of the number
of grayscale levels from 256 to 32 does not decrease the quality of classification, so one could
safely use the smaller number of levels to reduce computational complexity of the algorithm. Fi-
nally, color to grayscale conversion method should be chosen in pair with classification method.
Although the HSL method not always leads to the best results, in most of the cases it allows
a proper classification of textures leading to promising results. One of the directions of our
future work will be the implementation of the proposed method using the experimental robot in
order to verify the lighting conditions in real environment, considering the highly demanding
nature of the ALOT database used mainly for the verification of general purpose texture classi-
fication algorithms. Another considered direction of research is the combination of the GLCM
features with some other texture analysis methods such as e.g. Structural Texture Similarity [8].
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Dariusz SOBCZYŃSKI 1  

PSIM Model of Single-Phase Inverter for IGBT 
Transistor Power Loss Analysis  

Renewable energy sources become more important day by day. There are many 
different inverter topologies without transformers for green energy sources. This 
paper presents a comparison of semiconductor losses of H5 inverter and NPC 
inverter used in renewable energy sources. Concept of the power losses calculation 
was described. Power losses have been calculated by thermal module provided by 
PSIM software. Based on the largest and smallest power losses, in order to verify 
validity of the presented converter topology the comparative analysis of individual 
converters has been made. 

1. Introduction  
Recently many of energy economies become independent of traditional energy sources 

like: coal, oil and natural gas. Fossil fuels are running out, the renewable energy resources will 
never run out. Green energy sources in most cases require transformation into electricity, so 
small scale converters become the focus of researchers [8]. There are topologies of converter 
with and without transformer. Even though transformer has an important role in safety and 
leakage current eliminating, it has disadvantages such as the increased the cost and the power 
losses, so the efficiency of the system is reduced [3][4][14][15]. Hence, transformer-less 
inverters are nowadays one of the most popular power electronic devices used to connect 
green energy sources to the electrical grid due to their excellent performance in the energy 
conversion process: they are smaller, lighter, highly cost effective, and more efficient 
[5][6][9][11]. Nevertheless, the lack of transformers leads to worse safety issues. Leakage 
currents can be dangerous for human, as well as for the converter and whole energy system. In 
order to solve the problem, many of new power electronics converters have been proposed 
[13]. The important property is the reduction of current harmonics contents, so control 
mechanisms have been proposed to regulate the inverter output current that is injected into the 
utility grid [1][2]. 

Many of the converter topologies in literature show the efficiency in the range of 96%-
98%, but the power losses distribution of individual semiconductor components in the 
converter are not described. The new idea of this paper is intended to show the semiconductor 
devices loss distribution of selected inverters, that is important during the design process of 
the converter. The simulation results have been obtained by using PSIM software [10]. 

2. Calculation of power electronics semiconductor losses in PSIM 
The methodology of the power losses calculation of the discussed converter was explained 

in this section. Power losses have been calculated by thermal module provided by PSIM 
software. It is possible to calculate semiconductor losses quickly based on power electronics 
switch datasheets using PSIM software.  
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2.1. IGBT 
The switch model consists of transistor and antiparallel diode. Power losses of IGBT 

transistor and antiparallel diode are divided into: blocking (leakage) losses, static losses also 
called conduction losses, and the transient losses known as switching losses [12]. In general in 
comparison to other IGBT's and anti-parallel diode losses, leakage losses are low and can be 
neglected. Therefore, the switch total power losses can be described by the formula: 

 ADswADconTswTconADTotTTotSTot PPPPPPP +++≈+=  (1) 

Where, PSTot are the total switch losses,  PTTot are the transistor total losses, PADTot are the 
antiparallel diode total losses, PTcon and PADcon are sequentially transistor and antiparallel 
diode conduction losses. PTsw and PADsw are sequentially transistor and antiparallel diode 
switching losses.  

PSIM calculation of IGBT conduction losses mainly depends on required average IcAV and 
the RMS values IcRMS of a load current, the transistor voltage uce0 and a collector-emitter on-
state resistance rC. 

 2
0 cRMScVcAceTcon IrIuP +=   (2) 

If the average diode current is IADAV, and the RMS diode current is IADRMS, the average 
diode conduction losses are: 

 2
0ADcon AD ADAV AD ADRMSP u I r I= +  (3) 

The ratio of switching energies (the turn-on energy ETon and the turn-off energy EToff) and 
the switching frequency fsw determines power losses during switching periods. The switching 
losses of the transistor are calculated by formula:  

   (4) 

The loss calculation for device integrated with the anti-parallel diode is the same as was 
presented above, however due to the small amount of turn-on energy, the following 
relationship is assumed: 

 swADoffADsw fEP ≈  (5) 

2.2. Power diode  
Diode conduction and switching losses are calculated following the same approach 

described previously for the switch consisting of IGBTs and anti-parallel diode. The power 
diode conduction losses depend on: 

  (6) 

As mentioned in the previous subsection, diode turn on energy is neglected, so switching 
losses are calculated as: 

 swDoffDsw fEP ≈  (7) 

3. Transformer-less inverter topologies  
The H-bridge converter topology is well known and widely used in both DC-DC and DC-

AC inverters. This topology is also known as H4 circuit [7]. There are two main modulation 
strategies commonly used for AC output voltage generation. Bipolar and unipolar modulation 
strategy differs in current ripple, leakage current, electromagnetic interference 

swToffTonTsw fEEP )( +=

2
0 DRMSDVDADDcon IrIuP +=
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troubleshooting, passive elements losses and efficiency. When full H-bridge transformer-less 
converter is used, a common-mode voltage appears as an undesirable result. A varying 
common-mode voltage can generate a leakage current, flowing by circuit consisting of the 
stray capacitor between DC source and the ground.  

This section presents a modified converter topologies that have been selected based on 
their main features, among which is the low number of semiconductors, which by nature can 
reduce the power losses and costs. First, the one phase H5 topology, which consists of only 5 
semiconductors was analysed. Second topology considers circuit of the NPC converter with 6 
semiconductor devices. 

3.1. H5 inverter topology 
H5 inverter was made by an extra switch (IGBT5) between the DC circuit and full H-

bridge (H4) addition. This topology is shown in Fig. 1.  

 

Figure. 1: PSIM model of H5 inverter topology. 

a)        b) 

    

Figure. 2: Control signals for a) H5 inverter, b) NPC inverter.  

The H4 converter’s switches (IGBT1-IGBT4) are not complementarily commutated, two 
switches are high frequency and two are low frequency operated.  When the switches IGBT3 
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and IGBT4 are operated with high switching frequency, the IGBT1 and IGBT2 are turned on 
complementarily. Than current flows through  IGBT1, IGBT4, and IGBT5. The zero voltage 
vectors are achieved when IGBT4, and IGBT5 are turned off, then the current paths flow 
through  IGBT1 and  IGBT3. Because the current path flows through three semiconductor 
elements, H5 converter has higher conduction losses then H4 topology. Control strategy for 
H5 inverter has been presented in Fig. 2a. 

3.2. NPC inverter topology 
NPC inverter was shown in Fig. 3. That topology consists of 6 semiconductors (four 

transistors and two diodes). Because of the power transmission to the grid, the DC link 
voltage must always be higher than the output voltage amplitude. The NPC’s transistor 
switching control signals have been presented in Fig. 2b, and can be described as follows. 
During the first half of the cycle, IGBT2 remains turned-on, transistor IGBT1 is operating at 
switching frequency, then IGBT3 and IGBT4 are turned-off. So, when IGBT1 is turned-on, 
current increases and its path flows through IGBT1 and IGBT2. While IGBT1 is turned off,  
current decreases flows through DD1 and IGBT2. During the second cycle, IGBT3 remains 
turned-on while IGBT4 changes at the switching frequency and IGBT1 and IGBT2 are off. 
When IGBT4 is turned-on current is increasing, flows through IGBT3 and IGBT4. When 
IGBT4 was turn-off, current is decreasing, flows through IGBT3 and DD2. 

 

 

Figure. 3: PSIM model of NPC inverter topology. 

4. Power loss analysis 
Use of the thermal model from the PSIM library allows to calculate the power loss of 

semiconductor devices. Thermal models of semiconductor devices include both static and 
dynamic properties such as conductor voltage drop or dynamic resistance. Computer 
simulation was performed in the PSIM program. The IGBT MH1000HA-24H transistor 
thermal model was used for the study. Simulation tests were performed for the following 
parameters. The DC circuit voltage was set at 350V for both H5 and NPC inverters. However, 
the NPC adopts the two times higher inverter voltage, compared to those of the previous 
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topology. The converters load is the grid with Lg=1.8mH, the voltage Umax=325V and the 
frequency f=50Hz. 

 
a)                                                                  b) 

    

                                                                      c) 

 

Figure. 4: H5 inverter with - power losses distribution of switches a) IGBT1, b) IGBT3 c) IGBT5, where: 
PT1, PT2, PT5 are respectively total losses of switches; PT1c, PT3c, PT5c - conduction losses of transistors 

number 1, 3 and 5; PT1sw, PT3sw, PT5sw - switching losses of transistors number 1, 3 and 5; PTD1c, PTD3c, 
PTD5c - conduction losses of anti-parallel diode 1, 3 and 5; PTD1sw, PTD3sw, PTD5sw - switching losses of 

anti-parallel diode 1, 3 and 5. 

Simulations have been made for several instances - calculation of switching, conduction 
and total losses of all semiconductor components (transistors and diodes) in both H5 and NPC 
inverter’s topologies. The Fig. 4a to 4c present simulation results for H5 inverter. Simulation 
of  switching and conduction losses for IGBT1, IGBT3 and IGBT5 was done. As shown in 
Figure 4, the high conduction losses were recorded for transistor IGBT1 because of its square 
control signal (Fig.2a). The IGBT3 has a higher switching frequency, so and accordingly 
higher switching losses occur. Due to the longest conduction times and high switching 
frequencies, the highest total power loss was recorded on IGBT5. For each semiconductor 
switch, power losses in anti-parallel diodes are significant, but only in conduction state. 
Switching parts of diodes’ power losses are neglected. 

 The semiconductor devices losses of NPC converter were shown in Fig. 5. Because of the 
high switching frequency, the higher power losses are noted in switches IGBT1. Switch 
IGBT2 has less power losses because of low switching frequency. The smallest losses 
characterized diode DD1 due to losses associated with conduction state only. Total losses of 
all semiconductor switches in H5 and NPC converter are presented in Fig. 6. The figure shows 
that the NPC is characterized by lower losses than the inverter H5. It can be observed that 
where the frequency of semiconductor devices is big, the switching connected losses 
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dominate. Transistor and diode conduction losses are comparable but the switching losses of 
power diodes are practically close to zero. The waveforms shown in Fig.4-6 illustrate in a 
good way uneven load on each of semiconductor element.  

 
a)                                                                 b) 

    

                                                                      c) 

 

Figure. 5: NPC inverter with - Power Losses distribution of switches a) IGBT1, b) IGBT2 c) diode DD1, 
where: PT1, PT2, PD1T respectively total losses of switches; PT1c, PT2c - conduction losses of transistors 1 and 

2; PT1sw, PT2sw - switching losses of transistors 1 and 2; PTD1c, PTD2c —conduction losses of anti-parallel 
diode 1 and 2; PTD1sw, PTD2sw - switching losses of anti-parallel diode 1 and 2, PD1c - switching losses of 

diode DD1, PD1sw - conduction losses of diode DD1                                                                    

a)                                                                 b) 

    
 

Figure. 6: a) H5 inverter with power losses distribution of switches  IGBT1- IGBT5, where: PT1, PT2, PT3, 
PT4, PT5  denote a total losses of listed switches, b) NPC inverter with power loss distribution of switches  

IGBT1 – IGBT4 and diodes PD1T, PD2T where: PT1, PT2, PT3, PT4, PTD1, PTD2 denote a total losses of 
listed switches. 
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The power losses have been illustrated by the instantaneous power with high maximum 
value, but the mean values are lower. Therefore, in the following in Fig.7a and Fig.7b, the 
average values of the instantaneous power of the selected semiconductors were presented for 
the discussed topologies of converters. The simulation results for all semiconductor 
components occurring the H5 and NPC circuits have been used to develop the graphs in 
Figure 6. The calculated active power values are divided into conduction, switching and total 
losses. 

a)                                                                     b) 

   

Figure. 7: Comparison of power loss on individual components of a) H5 inverter , b) NPC inverter. 

As was shown in Fig. 7, the lower  power losses over both discussed converter topology 
has the NPC inverter, although the NPC inverter consist six semiconductors – four transistors 
and two diodes. The H5 converter is characterized by higher power losses because of five 
activ active elements and control scheme while the total number of semiconductor is lower 
compare to NPC. 

5. Conclusion  
The power loss analysis of  transformer-less inverters for renewable applications has been 

performed considering parameters of switches. The analysis of the characteristics of those 
converters, was done. Thermal Module for a real semiconductor device model from PSIM was 
used. The main advantages of these systems are the small power losses as shown in the paper, 
low cost and small size. Simulation results show the differences in loss dissipation achievable 
in each converter. Important to know is the power dissipated by each transistor to calculate the 
right parameters and ensure reliable operation of semiconductors.. For all discussed converters 
the power losses have been calculated in  the combinations: IGBTs - anti-parallel diodes and 
power diode. The analysed NPC topologies have significant lower power dissipation so these 
topologies are suitable for high-performance renewable energy systems. Further investigations 
will be performed in the future by implementing and testing real prototypes for each of 
discussed topologies. 
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Tomasz BINKOWSKI1,  

Space Vector Modulation with One-Phase 
Asymmetry Compensation 

The paper presents the space vector modulation strategy with one-phase load 
asymmetry compensation used in three phase three wires voltage source inverter. 
The asymmetry compensation is elaborated based on the projective geometry. The 
scaling function was derived and the rotation operators were introduced for different 
cases of an asymmetry location. The whole analysis was conducted in the two 
dimensional Cartesian coordinate system by the output current behaviour analysis. 
The transformation functions were defined and verified by simulation. Based on the 
elaborated transformation, the control strategy was implemented in the vector type 
modulator in order to eliminate the current asymmetry.  

1. Introduction 
The voltage source inverter (VSI) of three phase, three wires topology (3P-3W) is used in 

many power applications. It is a base topology of three phase induction motor (IM) drives [1] 
and the BLDC motor drives [9]. The dynamically developing renewable energy often uses this 
converter to convert the produced energy and to deliver it to the power network [10,7]. In 
many cases, the quality of the energy is insufficient as a result of improper control or 
unpredictable disorder. The one factor which results in an energy quality indicators reduction 
is the load asymmetry coefficient. As an unbalanced load of 3P-3W VSI effect, the output 
current trajectory changes and ceases to be circular [2, 8]. In order to limit this deformation of 
the current trajectory several methods can be proposed. In [4] the fuzzy logic system used in 
the correction of the VSI output trajectory was presented. The scaling method of the 
modulating functions was investigated in [5] as a way leading to the circular form of current 
trajectory. As an effect of the modulating functions scaling the non-sinusoidal currents were 
observed at circular trajectory in case of load asymmetry. The similar effects have had the use 
of double-modulation in 3P-3W VSI with load asymmetry described in [6]. 

Assuming the target of the VSI control in the form of a current circular trajectory the 
unbalanced load effect must be corrected. The power converter operation at unbalanced load 
is investigated by many researchers. In the paper the control strategy was introduced. Based 
on the mathematical model of load asymmetry of 3P-3W VSI the control strategy was defined 
and verified using the popular Power Sim software [3,11]. The paper is limited only to the one 
phase load asymmetry analysis. The other cases will not be considered. 

2. Space vector modulation 
The three phase, three wires VSI can be in one of the eight states. The two states connect 

the load terminals to the positive or negative pole of the DC source. The other states allow 
energy flows between source and load. These states can be illustrated in αβ coordinate system 
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as the active vectors, which position describes the matrix U, defined in the projective 
geometry (1). 
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where Ud is the input DC voltage. As an effect of the active voltage vectors generation, in 
case of the balanced resistive load, the geometrical form of the load currents trajectory have 
the same character, scaled by the load resistance value. In case of the load asymmetry, the 
output current vectors have different position then the voltage vectors. Such a situation effects 
the current trajectory as a deformation. The observed deformation connects the current vectors 
with the input voltage vectors by the scaling transformation. Such a transformation changes 
the position of the current vectors in relation to the proper voltage vectors. The asymmetry 
localization determines only a direction of scaling process. Thus, the output current trajectory 
form is different at the same asymmetry factor in relation to the asymmetry localization.  

Taking into account the one phase asymmetry, the general form of the transformation 
matrix can be expressed as follows 

 ( ) ( )α−α= RotSRotT , (2) 

where α is the rotation angle relative to the z axis, S describes the general scaling in relation to 
the asymmetry localization and can be expressed as (3). 
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The coefficients and angle selection for S matrix can be taken from Table 1 in relation to 
the asymmetry localization. 

Table 1.  Parameters of S matrix 

Asymmetry localization Zx α 
Phase A 1 0 
Phase B ZB π/6 
Phase C ZC -π/6 

The output current space vector in case of unbalanced load can be calculated as the matrix 
operation using transformation matrix T and the current space vector calculated for 
symmetrical load Isym as shown in (4). 
 symTII =  (4) 

An idea of the unbalanced load compensation in case of the one phase asymmetry was 
implemented in the VSI control strategy. Taking into account the transformation matrix 
shown as (2), the new position of the active vectors was calculated. Based on it the vector 
modulation strategy was updated, using new values of the vectors position. The general 
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scheme of a modulation technique for the load asymmetry compensation in relation to the 
classical SVM method is presented in Fig. 1. 

 

Figure. 1: The general scheme for the reference vector synthesis on the basis of V1 and V3 active vectors and 
on the TV1 and TV3 transformed active vectors for asymmetry compensation. 

The new positions of the transformed active vectors, shown as TV1 and TV3 for sector 
number Nv=1, were used in the fill factor calculation for TV1’ and TV3’ vectors achievement 
using standard vector calculation methods for sinusoidal output waves. The number of active 
sector selects the proper VSI states, realized by vectors switched-on during time per each VSI 
tact calculated as (5), (6) and (7) for two active and one zero vector respectively. The kl and kr 
coefficients are the scaling factors of the active vectors, Tp is the modulation period (inverter’s 
tact).  
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3. Investigations  
The main objective of performed investigations is to show the specific cases of the space 

vector modulation usage for asymmetry compensation. An application area description was 
deliberately omitted in order to confirm the effectiveness of single phase asymmetry 
compensation idea. Thus, the three characteristic features were investigated. The first of them 
refers to the static asymmetry compensation, where the currents are balanced. The proposed 
vector base modulation with an asymmetry compensation was investigated using Power Sim 
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software. The output currents were obtained in case of the classical vector modulation strategy 
and proposed modulation technique in order to achieve symmetrical  load currents. The output 
currents in case of the unbalanced and balanced load are presented for different cases. Figure 
2 shows the transient output currents of the VSI in case of an asymmetrical load where the 
classical space vector modulation strategy for the sinusoidal functions was used.  

 

Figure. 2: The output currents waveforms of VSI in case of a load asymmetry. 

The load asymmetry causes in unbalanced load. In order to achieve balanced currents the 
modified modulation strategy was used. As an effect of the transformed active vector usage in 
modulation strategy, the balanced currents were observed, as in Figure 3. 

 

Figure. 3: The output currents waveforms of VSI in case of a load asymmetry using the space vector 
modulation with an asymmetry compensation. 

The second investigated case refers to the situation, when the symmetrical load (R=1Ω, 
L=1mH) changes after 30 ms to the asymmetrical. The asymmetrical load is achieved as an 
effect of a partial short circuit in phase A or the VSI supply the three phase line with one 
phase switched loads. After this short circuit the resistance in phase A is R=0.5Ω and 
inductance is L=0.5mH. The R and L parameters in phases B and C were not changed. This 
case was simulated and transient waveforms for the classical sinusoidal modulation were 
presented in Figure 4. Figure 5 shows waveforms for the space vector modulation with an 
asymmetry compensation. Based on the results shown in Figure 3 and Figure 5 the static and 
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dynamic asymmetry compensation features of the proposed modulation were confirmed. They 
are very important futures when the load needs balanced currents to proper operation. For 
example, as an effect of an electro-mechanical resonances, which take place in a high speed 
sleek drives, the dynamically corrected currents can reduce rotor rubbing effect, when the 
motor is started.  

 

Figure. 4: The output currents waveforms of VSI in case of a load asymmetry occurring after 30ms. 

 

Figure. 5: The output currents waveforms of VSI in case of a load asymmetry occurring after 30ms using the 
space vector modulation with an asymmetry compensation. 

The last presented case refers to the short circuit in the phase A after 30ms. Then the 
resistance and inductance in phase A equals zero. This feature of an asymmetry effect 
compensation is the current limitation in emergency situations. As an effect of short circuit, 
the current magnitude in a phase A is growing. The analysis of such a situation is shown in 
Figure 6. The usage of the presented modulator with asymmetry compensation eliminates an 
effect of short circuit, making the VSI currents become symmetrical. The simulation results 
for short circuit in the phase A are presented in Figure 7. The short circuit moment is observed 
as the increased high-frequency components. 

 

Figure. 6: The output currents waveforms of VSI in case of a short circuit in phase A after 30ms. 
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Figure. 7: The output currents waveforms of VSI in case of a short circuit in phase A after 30ms using the 
space vector modulation with an asymmetry compensation. 

Figures 2, 4 and 6 show that the VSI legs have different loads resulted from asymmetry, 
extremely during short-circuit. The shorted load may damage transistors used in the VSI as an 
overcurrent effect. When the modulation with asymmetry compensation is used the output 
currents are symmetrical, switches are prevented and the control of a VSI maintain the supply 
making currents symmetrical as a part of a short-circuit protection system. This and other 
features will be tested in the future. 

4. Remarks and conclusion  
Presented solution refers to the asymmetry effect limitation by modulation process 

correction. Such a correction results from transformation matrix which was elaborated as an 
effect of the current first harmonic trajectory description in x-y coordinate system in case of 
the one-phase load asymmetry. The presented idea of the space vector modulation is the same 
as for widely known space vector modulation. The same active vectors were used as in the 
classical vector modulation, but the voltage sectors and the vector fill-factors were calculated 
in the different way. Such a situation makes the modulator as an open-loop control system. 
The same effect can be obtained using more complicated closed-loop controls, for example 
current control using d-q system, fuzzy correctors or dual-modulation method. Using the 
current correction in the modulation level, the control system treats the asymmetrical load as a 
symmetrical, even at short-circuit. The proposed modulation technique implemented in the 
classical vector control technique eliminates the asymmetrical load influence making the 
currents become symmetrical. If the proposed space vector modulation technique will be used 
to control of VSI which supplies the electrical motor, the supply maintenance with 
symmetrical currents prevents it in case of shorted load. The main advantages of elaborated 
modulation method in comparison to other known methods which compensate the load 
asymmetry  are the simple structure of the modulator and simple calculations. Proposed load 
model based on the projective geometry allows to better understand the processes which take 
place at unbalanced load. 
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Numerical and experimental analysis of heat fluxes
in a smart building

Abstract. In the paper the simulation and measurements of temperature distribution
and humidity in a room of smart building have been discussed. Initially, mathematical
and simulation models have been created. For this purpose ANSYS Fluent has been
used. The values obtained from measurements and simulations have been compared
and errors have been analyzed. These studies are preliminary and concern of pro-
viding thermal comfort level in smart building and HVAC (Heating, Ventilation, Air
Conditioning) control. In this work only the thermal comfort is considered.

1. Introduction
The sense of temperature comfort is related to several environmental factors such as lighten-

ing, humidity and air quality. The American Society of Heating Refrigerating and Air Condi-
tioning Engineers (ASHRAE) proposed the thermal sensation scale (Table 1) with the purpose
of quantifying people’s thermal sensation (Predicted Mean Vote – PMV). PMV is an indicator,
which allows estimating the predicted average value of rating in a seven-level scale of ther-
mal sensations by a large group of people [1]. The index depends on six factors: metabolic rate,
clothing insulation, air temperature and humidity, air velocity and the mean radiant temperature.

Table 1: The ASHRAE thermal sensation scale

cold cool slightly cool neutral slightly warm warm hot
-3 -2 -1 0 1 2 3

One more indicator – PPD (Predicted Percentage of Dissatisfied) is used for thermal comfort
assessment. Everyone feels warm and cold in a different way – this is a subjective assessment.
That is why it is important to know what percentage of people will be dissatisfied with the ambi-
ent temperature. The relationship between PMV and PPD was evaluated during the experiments
and it is written as a mathematical formula (1):

PPD = 100−95e−0.03353PMV 4−0.2179PMV 2 (1)

With this formula we can conclude that in the case of thermal indifference of the environment
(PMV = 0), about 5% of people may be dissatisfied with the ambient temperature.

The norm [1], divides the rooms into three categories as shown in Table 2. At least Category
B is recommended to ensure the thermal comfort of people in the room.

1Department of Electrical Apparatus, Lodz University of Technology, ul. Stefanowskiego 18/22, 90-924
Łódź, POLAND, e-mail: arkadiusz.ambroziak@p.lodz.pl (Ph.D. student), magdalena.stasiak@p.lodz.pl (Ph.D.),
piotr.borkowski@p.lodz.pl (Professor)
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Table 2: Categories of comfort defined in [1]

Category PPD PMV
A <6% -0.2<PMV<0.2
B <10% -0.5<PMV<0.5
C <15% -0.7<PMV<0.7

The indoor temperature depends on many factors, such as: the outdoor temperature, relative
humidity, solar radiation, wind speed, indoor human activity, etc. All of them are difficult to
measure or to quantify for an ordinary household.

2. Mathematical and simulation models of the room in a smart building
The energy balance in a room is described by the differential equations (2).

Cp
∂Tr

∂ t
= Q̇d − Q̇o

Cp = mpcp = ρpVrcp

(2)

where: Q̇d – heat flux supplied to the system, Q̇o – heat flux emitted by the system, Cp – heat
capacity of the air, Tr – air temperature, mp – air mass, cp – specific heat at constant pressure,
Vr – volume of the room and ρp – air density.

Ansys Fluent takes into account the heat capacity of the walls through the specific heat
parameter of the wall material. Walls are defined by 2R1C model. Its’ mathematical description
is given by equation (3).

ρwVwcw
∂Tw

∂ t
=

Text −Tw

R1
− Tw −Tr

R2
+ Q̇rad (3)

where: Tr – air temperature in room, cw – specific heat of wall material, Vw – volume of the
wall, ρw – density of wall material, Tw – temperature of the wall, Text – external air temperature,
R1 – thermal resistance from the outside to the wall, R2 – thermal resistance from the wall to
the room, Q̇rad – heat flux related to solar radiation.

In this research, Ansys Fluent has been used to the solve the partial differential equations.
Boundary conditions for external walls were mixed (convection and radiation), but for internal
walls were only convective. In Ansys Fluent [2] the convection boundary condition is described
by equation (4).

q = α(Tw −Tp) (4)

where: q – heat flux, α – convective heat transfer coefficient, Tw – wall surface temperature, Tp
– local fluid temperature. In the external radiation boundary condition the heat flux to the wall
is computed by (5).

q = εextσ(T 4
∞ −T 4

w ) (5)

where: q – heat flux to the wall, εext – emissivity of the external wall surface, σ – Stefan-
Boltzmann constant, T∞ – temperature of the radiation source on the exterior of the domain, Tw
– temperature of the wall surface.
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Figure 1: Dimensions of the room (in centimeters) Figure 2: Mesh used in simulation

The proposed model (Fig. 1) has been discretized by hexahedron mesh in 3D, which consists
of 60052 nodes and 53263 elements (Fig. 2).

Simulations have been conducted for 5 days (from 5 to 10 May), taking into account the
actual weather data. In order to improve the accuracy of the simulation the procedure in C
(script User Defined Function [3]) has been developed and the mesh for the window model has
been thickened. The input data for this script are: month, day, and start time of the simulation,
the time zone, the duration of the simulation, and the path to the weather data file. On this basis,
the data needed to calculate the boundary conditions are determined: heat transfer coefficient
for external walls, direct and diffuse radiation, outdoor temperature, increase of the temperature
on the surface of the walls related to the solar radiation. ASHRAE papers and models have
been used to determine the heat transfer coefficient [4] and the natural convection heat transfer
coefficient for inner walls [5]. Stefan-Boltzmann’s law has been used to calculate the increase
of the temperature on the wall caused by the solar radiation.

The considered room is located on the third floor of a three-storey building at the Technical
University of Lodz. The room is equipped with HVAC system. The dimensions of the room,
location and size of windows and doors are shown in Figure 1.

The room is equipped with building management system produced by LCN company. There-
fore all sensors used in measurements are compatible with this system. For measuring the tem-
perature LCN-GRT sensors have been used. The resolution of these sensors is 0.1◦C and the
accuracy is 0.3◦C (for temperatures between 15◦C -30◦C). For measuring the relative humidity
LCN-EFS sensors have been used. Their resolution is 1% and the accuracy is ±4% in the range
20%-80%.

In order to control and visualize all LCN system data an additional module from DOMIQ
company has been installed. It collects all current data from every module in LCN network.
Data acquisition is done via LAN. A Raspberry Pi microcomputer with own program connects
to the DOMIQ module at regular intervals. All data is collected and stored in the PostgreSQL
database.

The weather data needed to complete the boundary and initial value conditions for the sim-
ulations have been collected from the weather station located at Lodz Reymont Airport. The
sunlight data comes from the weather station that is in the considered room. The sun sensor
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Table 3: Real materials and equivalent material of western wall

Thickenss
[m]

Density
[kg/m3]

Specific heat
[J/kg*K]

Thermal
conductivity

[W/m*K]
Styrofoam EPS 70-040 0.12 20 1460 0.04

Prefabricated concrete element 0.16 2300 1000 2.3
Styrofoam 0.02 20 1460 0.045

Aerated concrete 0.12 500 840 0.17
Plaster 0.01 1700 840 0.8

Equivalent material (on the bottom) 0.6 1086.33 962.42 0.69
Equivalent material 0.43 1041.4 975.364 0.102

is connected to the intelligent building system and is located at the southern wall of the room.
The sensor provides the sunlight data in luxes, and the values must be converted into W/m2 [7],
which is used in Fluent. This relation has been determined experimentally [6].

On the basis of the guidelines contained in Norm [1] and own experiments the positions of
the temperature and humidity sensors have been set in the center of the western wall at 0.1, 0.8
and 1.1 meter.

Due to the complex structure of the walls, floor and ceiling in the considered room, it was
necessary to determine the average thermal conductivity, density and specific heat for each wall.
Table 3 present the complex structure of the selected wall.

3. Results and conclusion
The simulations and measurements have been carried out for the May for Lodz – latitude

51◦43’19"N, longitude 019◦23’53"E . The sunrise was about 5 AM and the sunset at 8 PM
(hour from 5 AM to 8 PM – the day). Figures 3–5 present the simulated and real temperatures
run over one day with day and night division.

Divergences in temperature values in measurements and simulations are the result of appli-
cation of many additional models, averaging and indirect values in the simulations.

In the measurement data analysis, the accuracy of the temperature sensor should be consid-
ered, it is 0.3◦C.

A statistical evaluation of the measurement was made and a random error was calculated for
the measurement data. The random error is described by the formula (6) – the mean standard
deviation estimator [8].

u(x)≡ S(x̄) =

√
∑

m
i=1(xi − x̄)2

n(n−1)

u(x) = 0.02

(6)

Taking into account sensor specifications, a systematic error connected with the accuracy of
the measurements was calculated. In general, the uncertainty of measurements is described by
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(a) Day (b) Night

Figure 3: Temperature in the room at 0.1 m

(a) Day (b) Night

Figure 4: Temperature in the room at a height of 0.8 m

(a) Day (b) Night

Figure 5: Temperature in the room at 1.1 m

the formula (7) [8]:

∆x =

√
(∆xL)2 +

1
3
(∆xS)2 (7)

where: ∆xL – random error, ∆xS – systematic error.
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The uncertainty measured for the measurement data from 5 to 10 May days was 0.1745, at
the accuracy to the decimal place ∆x=0.2.

Based on simulation data mean radiant temperature [10], average PMV and PPD [9] values
has been calculated (by UDF). The results of PMV and PPD presents table 4 (standard deviation
of PMV is 0.5). Therefore it is necessary to apply HVAC system for providing of thermal
comfort.

Table 4: Averege PMV and PPD values for simulated room

Average PMV Average PPD
-1.4 46%

Simulations and measurements were made for the spring month, without considering the
heating elements in the room. The future research will take into account heating elements and
presence of people in the room.
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Highly Effective Number Recognition System 
Dedicated for Industrial Usage 

In this paper an experimental system allowing an automatic recognition of digits and 
numbers has been presented. Strictly fitted character of the system and its industrial 
application is related to the requirements limiting the use of some typical OCR 
solutions e.g. based on Tesseract or application of the HOG descriptor. Obtained 
experimental results are promising providing high recognition accuracy and allowing 
to increase the effectiveness of a production line in a packaging company. 

1. Introduction   
 
The industrial need for quality and certification policy in one of the packaging 

manufacturing companies was the primary motivation of the presented work. In such a 
company, a system generating a post-production report is implemented within a production 
line. The final report consists information about several parameters from several dozen 
production cycles. It is created and printed using a dot-matrix printer by the automatic control 
system based on the PLC. 

The lack of information on the minimum, maximum, and average process data values in 
such a report has resulted in the necessity of manual typing dozens of rows and several 
columns into a spreadsheet. It is obvious that such an operation may cause errors and generate 
additional costs. In addition, after the implementation of an automatic system, a highly 
qualified laboratory worker would be able to deal with other duties at that time. 

The first attempt was the modification of the production file format. For some reasons, the 
PLC code could not be changed to supplement the report with the required data. Therefore it 
was decided to create a system allowing to calculate the missing parameters and archive them 
digitally. Several boundary conditions have been set. Firstly, the system should have an open 
code based on publicly available software with the appropriate license with the possibility of 
installation in several locations. It should also allow an easy change of character recognition 
parameters. Another important requirement is its very high performance and accuracy so that 
nobody should over-control it and make adjustments. Nevertheless, the recognition of letters 
is not demanded for its proper work. However, in addition to the recognition of digits, the 
system should be able to convert them into numbers, sort the results, place them in the 
appropriate columns, and calculate statistics. It means, the system has to know that the 
number in position X,Y represents  e.g. density of material in third cycle. 
For this purpose, considering the licensing issues, the experimental environment consisting of 
SCILAB version 5.5.2 with SIVP and IPD libraries has been chosen. The program, after some 
modifications, works in OCTAVE 4.2 as well. 
                                                           
1 Ph.D. student, West Pomeranian University of Technology, Szczecin - Faculty of Electrical Engineering, 
Sikorskiego 37, 70-313 Szczecin, POLAND, e-mail: Grzegorz.Sypniewski@zut.edu.pl 
2 Assoc. Prof., West Pomeranian University of Technology, Szczecin - Faculty of Electrical Engineering, 
Sikorskiego 37, 70-313 Szczecin, POLAND, tel. +48 91 449 53 13, e-mail: okarma@zut.edu.pl 



 
 

127 
 

2. Proposed solution   
 
    The production machine prints a report using a dot-matrix printer on a special paper that is 
troublesome for scanning. In addition, there is always the possibility of report loss, dirt or 
destruction making proper scanning impossible, not to mention that it takes time. To prevent 
this, a device emulating the printer has been used that stores the PLC data sent to the printer as 
a PRN file. It is in fact not a text file, but a code in the language ESC / P EPSON [1].   
The next step has been related to processing the PRN source file into an image in TIFF format 
by a dedicated script. Considering the emulation of a monochrome printer, it has been 
assumed that the image is binary or grayscale (subjected to further binarization). This has 
been done utilizing, inter alia, the ImageMagick graphics package [2].  A fragment of the 
original report is presented in Figure 1 where some quality issues originating from the limited 
resolution and the used dot-matrix printer can be easily observed.  

 

Figure 1: Fragment of the original report. 

The source image is converted into the negative for the convenience of further processing 
and binarized (in case of the greyscale source file as mentioned earlier). Observing the 
numbers, some imperfections of their shapes, influencing the recognition accuracy, can easily 
be noticed. A typical example is shown in Figure 2 where the result of weighting of the raw 
material is presented. 

 

Figure 2: Example of a number subjected to recognition. 
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In Figure 3 it can be observed that even some identical digits can be randomly changed. 
The application of some typical morphological operators such as erosion or dilation has not 
led to satisfactory results. Better results have been obtained using a median filter allowing to 
smooth the shapes of digits due to the elimination of single pixel distortions. What is 
significant, the best result has been achieved using uncommon square mask of 2×2 pixels, 
instead of default 3×3 mask.  An exemplary result of such pre-processed image is shown in 
Figure 4. 

 

 
 

Figure 3: Illustration of differences among the shapes of the same digit. 

 

Figure. 4: Results of image preprocessing. 

Another task has been related to the identification of the Region of Interest (ROI) as the 
recognition of the table header has not been required and only a table with numbers has been 
important.  

Firstly, it is necessary to count how many rows are in the picture. Since the size of the 
header (marked by the red frame in Figure 1) is constant it can be easily removed and then 
only the table may be further processed.  A simplification of this task is the fact that the 
source image is almost always very similar. At this stage picture is treated as the binary image 
represented as the matrix containing logical zeros and ones. The number of "ones" is counted 
for each row of the matrix. Grouping several rows of matrix containing ”ones”, it can be 
treated as a line of text. An exemplary line of text is shown in Figure 5. 

 

 

Figure 5: Illustration of an extracted single line of numbers. 



 
 

129 
 

Grouping individual characters can be made similarly to rowing. However, at this point 
there is a risk that there are still single pixels left so they have to be detected and rejected. It is 
important that the characters should not come into contact with each other as they might be 
improperly recognized. It may be assumed that single characters have a fixed height but they 
can have different width. The selected character is processed by a special function (discussed 
in the next section) that recognizes which given mini-array is the most similar. The output is 
recorded as a number representing the most similar pattern. 

3. Classification  
 
The recognition algorithm utilizes the fact that each digit has its own characteristics. 

Observing the shape of the digit "8" it can be seen that there are some areas where the pixels 
should be zero (representing the background of the binary image) whereas in the centre of the 
digit the pixels should be equal to 1. The digit "3" is similar to "8" but the pixels on the left 
side should be equal to zero. The digit “1” should have a vertical line in the central part of the 
ROI. The comma occurs only in the lowest part of the ROI array. A very important 
simplification of the recognition is the assumption of only one font occurring in the printed 
document. Moreover due to avoiding scanning and the use of a virtual printer a lot of typical 
errors do not appear. The rest of the orphan pixels is removed by the median filter mentioned 
in section 2 and the possible small rotations can be determined analysing the slope of each 
detected line of text or connecting the dots visible in the header of the document.  

The algorithm is based on the extraction of the areas specific to a given digit (exemplary 
areas are shown in Figure 7) and calculation of the arithmetic mean of the coordinates of 
logical "ones" (in fact representing the centre of gravity of the binary sub-image representing 
a single digit) which should fall within the predefined limits. For example the local average of 
the area inside the representation of the digit "0" should be low although it may be greater 
than zero, because there can always be some single pixels differing from the background. The 
algorithm of character recognition is presented in Figure 6. Each matrix containing a single 
digit is tested step by step using consecutive logical conditions. A good example is the picture 
with the digit “three” shown in Figure 7. First it is checked for being similar enough to the 
digits 0, 1 and 2. When the condition is fulfilled, the program returns the recognized digit "3". 
If none of the conditions is fulfilled, the program returns the value "255" interpreted as "digit 
unknown". 
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Figure 6: Algorithm of digits recognition. 

 

 Figure 7: Example of logical condition – red color denotes the areas with expected low values (mainly 
"zeros" representing the background) and the green color the areas with expected high values (mainly "ones"). 

 To correctly recognize a character, three or four conditions should be used  which can be 
expressed as follows in the fragment of code in Scilab (for the digit "3" as shown in Figure 7 
assuming the origin of the coordinate system in the determined centre of gravity of the digit): 
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If mean(test1(7:9,1:10))<0.2 & mean(test1(16:19,1:10))<0.2 & 
mean(test1(5:7,$-4:$-1))>0.55 & mean(test1(15:19,$-3:$))>0.6 then 
    answer=3  //it is ‘3’ 
 

During this part of the task the appropriate trigger levels had to be selected experimentally. 
Most of the characters have been quite easy to classify and the most attention has been 
devoted to the digit "8", which caused the biggest problems due to the similarity to the 
numbers "0", "3" and "9". As shown above, the exemplary digit "3" is recognized using the 
four conditions, however some of the digits may be recognized using only three conditions. 

    After processing the entire line, single characters (digits) can be converted to numbers 
and assigned to appropriate values. For this purpose a special function has been prepared in 
which characters of the char type are grouped into one string depending on their position in 
the image. The string is converted into a number and written to the appropriate place in the 
matrix. Finally, the resulting matrix is presented on the main screen. Having recognized the 
numbers, displaying the statistics is just a few lines of code. As long as the input report is 
prepared correctly and there are no empty production cycles, it is possible to calculate easily 
some additional parameters such as weight and total volume. 

4. Comparison with alternative solutions 
 
Probably the most obvious question is why our own character recognition system has been 

created seeing that the OCR technology has been developed for a very long time and usually 
leads to excellent results. To verify its usefulness during the production tests, the Tesseract [3] 
package has been used as a well-known system developed for many years by Google. The 
principle of its operation is discussed in the paper [4]. 

After several experiments, the Tesseract's performance in recognizing numbers from 
a production report can be estimated at around 92%. The most common mistakes are the digit 
"0" converted to "8" and the "minus" sign converted to "7". A frequent mistake is also the 
substitution of the comma with a dot. Unfortunately, the application of this solution has not 
been effective enough. There have also been some problems of exporting the file to 
a spreadsheet and arranging the data in tables. The time spent on these activities is still 
significant, although the application of the Tesseract OCR has simplified the work related to 
manual typing. 

To compare the effectiveness of the presented algorithm, the effectiveness of OCR 
recognition implemented in the Matlab package has been checked as well. This comparison 
has led to very interesting results and the OCR function implemented in Matlab is very 
versatile and turned out to be much more effective than Tesseract with its effectiveness about 
97.2%. However, it has been assumed that there have been no letters to recognize. It is 
interesting that it has been mistaken the most often for the digit "7". Sometimes "0" has been 
wrongly recognized. In addition, some commas, dots and spaces appear making it difficult to 
properly process the numbers. 

The next solution that has been compared analyzing the quality of the digit recognition has 
been the application of the Histogram of Oriented Gradients (HOG) [5] and the SVM 
(Support Vector Machine)[5] used for classification. The idea of HOG is based on dividing 
the image into small cells, calculating gradients and then computing histograms of these 
gradients. These features keep the representation of an object and allow for a little variations 
in shape as well. The second part is training of the SVM classifier with a large amount of 
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training data. Such a solution gives very good results, comparable with the algorithm 
presented, but the amount of work needed to implement this algorithm is significant for 
commercial usage and the calculation time is also very long. Testing script has been written in 
Matlab, with use of existing commands concerning HOG and SVM methods.  

The most common mistake in the proposed algorithm is improper recognition of the digit 
"8". Sometimes there have been some problems with the digit "3" and the overall 
effectiveness is about 97.4%. The results obtained by recognition of ten samples are presented 
in Table 1. Each report used in experiments has about 775 signs in the Region of Interest.  

  
Number  

of sample 
Developed 
algorithm Tesseract HoG/SVM Matlab OCR 

1 1 3 2 2 
2 2 0 3 2 
3 2 8 3 2 
4 0 1 4 2 
5 2 10 3 1 
6 3 8 3 5 
7 3 14 2 2 
8 3 6 2 4 
9 2 10 3 1 
10 2 1 3 1 

Sum 20 61 28 22 

Table 1: Number of errors in recognizing digits. 

For the purpose of reliable comparison of time of operation the proposed industrial 
algorithm has been implemented additionally in Matlab and all calculations have been made 
using the same platform. The average results of comparison obtained for several runs for each 
algorithm are shown in Table 2.  

 

 Developed 
algorithm Tesseract HOG/ SVM Matlab OCR 

Average time  
of calculation [s] 4.1 6.1 106.6 7.9 

Table 2: Comparison of the average time of calculation for the set of images used in experiments. 

5. Remarks and conclusions  
 
The number recognition system presented in the paper is highly effective. During its 

normal usage its accuracy is nearly 100%. The common weakness is related to recognition of 
the digit "8", but this is quite a rare case. The other tested solutions have not been resistant to 
small artefacts, and treated them as dots. 

In the near future, a solution similar to presented system is planned to be implemented for 
the next production line. One of the other directions of our future work may be related to the 
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automatic prediction of the recognition accuracy e.g. in relation to the assessment of the 
binarization results [6] in similar industrial systems without the use of virtual printers where 
the analysed image may be obtained by a camera. Another possibility of further extension of 
the developed application is the use of shape descriptors [7] allowing a more reliable 
recognition of different types of various characters also in presence of distortions. 

A disadvantage of the proposed solution is its specificity limiting its usage and much lower 
universality in comparison to some other general purpose OCR algorithms. Nevertheless, in 
industrial applications it is compensated by its fast work. In the applications where some 
limitations such as e.g. available font shapes or the overall organization of documents are 
known, the proposed solution may perform better than the universal OCR solutions not only 
in terms of speed but considering the recognition accuracy as well. Another advantage is fully 
automated work allowing a proper computation of all necessary data as some other solutions 
usually have problems working with columns. Although there is a significant number of 
different similar solutions proposed by many authors, they are concerned on deep learning 
approach [8] or OpenCV library [9] and could be quite problematic in usage for end users. 
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Kazimierz KIEŁKOWICZ1 

Automatic unsupervised machine learning in latent 
concept space 

Paper introduced unsupervised machine learning method based on modified Bat 
Algorithm. Modified Bat Algorithm has automatically adjusted control parameters 
using fuzzy inference system. Learning is performed in so-called latent concept 
space induced using SVD decomposition. A centroid-based Bat solution encoding is 
introduced allowing optimization process to search for both optimum number of 
clusters as well as optimal centroids position in search space. Two cost function 
were used to evaluate solution CH-index and DB-index. Presented algorithm was 
tested on well-known Iris dataset. 

1. Introduction  
Unsupervised learning also known as cluster analysis or classification is a process of 

exploring the unknown structure of the data by separating finite data set into so called clusters. 
In particular, partitinal unsupervised learning divide data object into some predefined number 
of clusters. Formally in mathematical terms it can be stated as follows [11]. Given a set of 𝑚 
objects 𝑋 = �𝑥1, … , 𝑥𝑗, … , 𝑥𝑚�, where 𝑥𝑗 = �𝑥𝑗1, 𝑥𝑗2, … , 𝑥𝑗𝑛� ∈ 𝑅𝑛, find a K-partition of 𝑋, 
𝐶 = {𝐶1, … ,𝐶𝐾}  (𝐾 ≤ 𝑚) such that 𝐶𝑖 ≠ ∅ for (𝑖 = 1, … ,𝐾) and ⋃ 𝐶𝑖𝐾

𝑖=1 = 𝑋 and 𝐶𝑖 ∩ 𝐶𝑗 = ∅ for 
𝑖, 𝑗 = 1, … ,𝐾 and 𝑖 ≠ 𝑗. The problem of unsupervised learning can be stated as optimization a 
predefined criterion function so that data objects belonging to cluster 𝐶𝑖 are more similar then 
objects belonging to cluster 𝐶𝑗. In principal, such optimization can be performed by so called 
brute force methods, but in practice it’s often infeasible. An alternative is to use a heuristic 
algorithm like K-means. However, such a hill-climbing-like algorithm suffer from being 
sensitive to initial starting point and are likely to get stuck in local minima. To overcome these 
limitation, it’s advised to use more sophisticate metaheuristic algorithm.  

In principal metaheuristics algorithms can be divided into few groups, e.g. algorithms 
based on evolutionary approach that models evolutionary process or algorithms exploring 
phenomena of a Swarm Intelligence [6]. Others approach, such as algorithms for modelling 
response of a human immune system (e.g. Artificial Immune System algorithms) might be 
considered as separate category due to their multiplicity of proposed solutions. 

Metaheuristics methods which are focused on exploring models of a natural evolution are 
(mostly but not limited to) as follows: Genetic Algorithms (GA) [10], Genetic Programming 
(GP) and Differential Evolution (DE) [21]. Algorithms based on Swarm Intelligence are 
broadly presented by Particle Swarm Optimization (PSO) [13], Ant Colony Optimization 
(ACO) [4] or some of its modifications. 

In recent years, unsupervised learning based on a natural inspired metaheuristic algorithm, 
including PSO [7][14][22] and Ant algorithms [5] has attracted attention thanks to it 
demonstrated effectiveness in solving complicated optimisation problems   
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Recently introduced method, based on population of solutions which explore phenomena 
of Swarm Intelligence was presented by Yang [23] in 2010 and it is called Bat Algorithm 
(BA). In [23] by modelling the behaviour of bats hunting for prey and by exploring 
phenomena of their echolocation capabilities, author managed to incorporate methods for 
balancing the exploration phase as well as exploitation phase of a modern Swarm Based 
Algorithms. 

Bat Algorithms had already been applied to solve numerous hard optimization problems 
such as multi-criteria optimization [24] or optimization of topology of microelectronic circuits 
[9]. Growing popularity of the Bat Algorithm has encouraged researchers to focus their work 
on its further improvements. Most work has been done within the area of hybridization of Bat 
Algorithm with other metaheuristics or local search methods [8]. Some other solutions were 
involved within the area of adding self-adaptability capabilities to algorithm [1]. Some works 
has also been in area of adaptation of standard Bat Algorithm for binary problems [20] and on 
modifying scheme of acceptance of a new solution [16].  

Unfortunately, most of these modifications not only improves the quality of obtained 
solutions, but also increases the number of control parameters that are needed to be set to 
obtain solutions of expected quality. This makes such solutions quite impractical. More recent 
work [15] introduces fuzzy logic control system build on Mamdami-Type inference method to 
control the exploration and exploitation phase of an evolutionary system based on modified 
Bat Algorithm [16]. Application of fuzzy logic to control the exploration and exploitation 
phase frees the user from explicit specifying control parameters and only require defining 
expected behaviour in a human readable knowledge-base form of if-then sentence. 

This paper introduced modified Bat Algorithm with automatic adjusting control parameters 
thru fuzzy inference Mandami-type system for a problem of unsupervised learning in so-
called concept (or semantic) features space induced from raw data point input space. 
Presented algorithm learns the optimal clustering of the data as well as optimal number of 
clusters in dataset. 

Section 2 describe Modified Bat Algorithm used as optimization algorithm. Section 3 
provide information about incorporating fuzzy logic controller to dynamically adjust the 
behaviour of a Modified Bat Algorithm and define linguistic variables used in “if-then” 
sentences in knowledge-base. Section 4 introduce solution encoding as Bat positing in search 
space appropriate for both searching optimal clusters as well as optimal number of clusters in 
the context of clustering 𝑁 data poins into 𝐾 clusters with cluster centroids. Section 5 describe 
used cost functions (DB and CH Index) that are used to evaluate given solution. Section 6 
provide information about inducing semantic feature space from raw data point space using 
singular value decomposition (SVD). Section 7 provide experimental results. Section 8 
concludes these paper.  

2. Modified Bat Algorithm  
     Bat Algorithm is recently proposed bio-inspired metaheuristics method for solving hard 
real valued optimization tasks. It tries to mimic behaviour of bats hunting for their prey. 
Algorithm was introduced by Yang in 2010 [23]. Bat Algorithm is based on population of 
bats, which by flying thru solution search space explore it in order to find interesting areas. 
Each single bat represents one solution in multi-dimensional search space. Solutions are 
evaluated in terms of their fit value by provided fit function. Full discussion about Bat 
Algorithm, it shortcoming as well as some proposed modification to form a Modified Bat 
Algorithm (MBA) can be found author other work in [16]. Modified Bat Algorithm is 
presented as pseudocode in figure 1. 



 
 

136 
 

1: Randomly initialize position 𝑥𝑖 and velocity 𝑣𝑖 of i-th bat in population. Bat is a encoded solution described in 
section 4 

2: Initialize pulsation frequency 𝑄𝑖 ∈ [𝑄𝑚𝑖𝑛 ,𝑄𝑚𝑎𝑥], pulsation 𝑟𝑖 and loudness 𝐴𝑖 of i-th bat in population 
3: while not termination conditions are satisfied: 

  𝑄𝑖=fuzzyInferenceSystem(diversity, iteration) Q adaptation using FLC described in section 3 
4:   for_each bat in population: 
5: 𝑣𝑖(𝑡) = 𝛼𝑖𝑣𝑖(𝑡 − 1) +  𝑄𝑖�𝑥∗ − 𝑥𝑖(𝑡 − 1)� + 𝑄𝑖(𝑥𝑒𝑣𝑒𝑟∗ − 𝑥𝑖(𝑡 − 1))   

𝑥𝑖(𝑡) = 𝑥𝑖(𝑡 − 1) + 𝑣𝑖(𝑡)  
 

6:     if randn(0,1) > 𝑟𝑖𝑡: 
        𝑥𝑖′  ← generate new solution around current bat 𝑥𝑖  

7:         if 𝑓(𝑥𝑖′) < 𝑓(𝑥𝑖) or randn(0,1) < 𝐴𝑖𝑡: 
            𝑥𝑖 ←  𝑥𝑖′ 
    Update values of pulsation and loudness, respectively 𝑟𝑖𝑡  and 𝐴𝑖𝑡 as: 
     𝐴𝑖𝑡+1 ← 𝛼𝐴𝑖𝑡;  𝑟𝑖𝑡+1  ←  𝑟𝑖𝑡(1 − exp (−𝛾𝑡)) 

8:   Evaluate bats population using of of the fit function 𝑓 described in section 5 
9: 
10 

  Find best bat in population and mark him as 𝑥∗  
  if 𝑓(𝑥∗) < 𝑓(𝑥𝑒𝑣𝑒𝑟∗ ): 

11     𝑥𝑒𝑣𝑒𝑟∗ ← 𝑥∗  

Fig 1. Pseudocode of Modified Bat Algorithm (MBA). 

where: 
𝑟𝑖𝑡 ,  𝐴𝑖 𝑡                - pulsation and loudness of i-th bat, 
 𝛾, 𝑄𝑚𝑖𝑛,𝑄𝑚𝑎𝑥 - constants. 
 
Bat velocity and position update equations: 

𝑣𝑖(𝑡) = 𝛼𝑖𝑣𝑖(𝑡 − 1) +  𝑄𝑖�𝑥∗ − 𝑥𝑖(𝑡 − 1)�+ 𝑄𝑖(𝑥𝑒𝑣𝑒𝑟∗ − 𝑥𝑖(𝑡 − 1))  (1) 
𝑥𝑖(𝑡) = 𝑥𝑖(𝑡 − 1) + 𝑣𝑖(𝑡) (2) 

 
where: 
𝑣𝑖(𝑡) - real-valued velocity vector of i-th bat, 
𝑥𝑖(𝑡) - real-valued position vector of i-th bat, 
𝑄𝑖     - pulsation frequency of i-th bat, 
𝛼𝑖     - cognition coefficient of i-th bat, 
 
  Modifications to Bat Algorithm introduced by Kiełkowicz and Grela in [16] are twofold: 
scheme of acceptance of a new solution, and velocity equation (eq. 1 and eq. 2) is modified to 
overcome some limitation of an original Bat Algorithm introduced in [23]. Memory of the best 
solution found during the process of optimization by the algorithm is also introduced.  

3. Parameters auto-adaptation using fuzzy logic controller  
The dynamic of Modified Bat Algorithm is defined by position and velocity update 

equations (1) and (2).  Pulsation frequency  𝑄𝑖 was chosen to be dynamically adjusted using 
fuzzy logic Mamdami-Type inference type system since this parameter has most influence on 
the movement of bats in the flock. Dynamical changes of parameter can improve overall 
performance of algorithm.  

In these paper, fuzzy logic Mamdami-Type inference system is used to control 
exploration/exploitation phase of a Modified Bat Algorithm thru dynamic modification of a 
pulsation frequency  𝑄𝑖, as it was introduced and analyzed in author other publication [15].  

Mamdami-Type inference system required to define input values range, define linguistic 
variable and knowledge base in form of an if-then sentence as well as output values range (with 
their defuzzification method). In these paper as it was introduced in [17] we use diversity of the 
flock and the iterations number as input parameters. As our output parameter, we choose 𝑄𝑖. 
We expect all our input and output parameters to be in range of [0, 1]. 
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The diversity (dispersion) of the flock is defined by following equation (3): 

𝑑𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦(𝑡) =
1
𝑛
����𝑥𝑖𝑗(𝑡) − 𝑥𝑗∗(𝑡)�

𝐷

𝑗=1

2𝑛

𝑖=1

 

 

  (3) 

Diversity to be considered as input to fuzzy inference system needs to be normalized before, 
since input must be in [0, 1]. Equation (4) was used to normalize diversity: 

𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑𝐷𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦(𝑡) = �
𝑖𝑓 𝑚𝑖𝑛𝐷𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦 = 𝑚𝑎𝑥𝐷𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦, 0

𝑖𝑓  𝑚𝑖𝑛𝐷𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦 ≠ 𝑚𝑎𝑥𝐷𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦,
𝑑𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦(𝑡) − 𝑚𝑖𝑛𝐷𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦

𝑚𝑎𝑥𝐷𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦 − 𝑚𝑖𝑛𝐷𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦
 

(4) 

 
For iteration to be considered as input to fuzzy logic inference system it needs to be 
normalized, we used formula (5): 

𝐼𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝐼𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝑚𝑎𝑥𝑖𝑚𝑢𝑚𝑁𝑢𝑚𝑏𝑒𝑟𝑂𝑓𝐼𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛
 (5) 

Membership functions defining input and output linguistic variables over crisp [0, 1] interval 
were triangular functions shown in fig. 2 and fig. 3. 
 

Knowledge base for Mamdami-Type inference is in form of a set of an if-then sentence, 
each sentence is constructed using linguistic variables and (possibly) “and/or” connectors and 
hedges. In these paper author considers two linguistic variables diversity and iteration as input 
to inference system and one output linguistic variable Q. Each variable can take linguistic 
values from set {small, big} which are shown in fig. 2 and fig. 3. Input and output linguistic 
values are fuzzy sets defined on interval [0, 1]. Hence, we expect crisp input values and output 
to be in interval [0, 1]. Used Knowledge-base is as follow: 

KnowledgeBase: = �

"𝐈𝐟 diversity is 𝑠𝑚𝑎𝑙𝑙 and iteration is very 𝑠𝑚𝑎𝑙𝑙, 𝐭𝐡𝐞𝐧 Q is very 𝑏𝑖𝑔
𝐈𝐟 diversity is 𝑠𝑚𝑎𝑙𝑙, 𝐭𝐡𝐞𝐧 Q is 𝑏𝑖𝑔
𝐈𝐟 iteration is 𝑏𝑖𝑔, 𝐭𝐡𝐞𝐧 Q is 𝑠𝑚𝑎𝑙𝑙

𝐈𝐟 iteration is very 𝑏𝑖𝑔, 𝐭𝐡𝐞𝐧 Q is very 𝑠𝑚𝑎𝑙𝑙

 

                
Fig 2. Diversity linguistic variable and terms {small, big} 

                     
Fig 3. Diversity linguistic variable and terms {small, big} 
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4. Solution encoding as Bat position in 𝑅𝑛 dimensional space 
     One of the major design consideration in developing unsupervised learning algorithm 
based on Bat optimization metaheuristic is encoding solution as Bat positing in search space. 
In the context of clustering 𝑁 data poins into 𝐾 clusters with cluster centroids 𝑀 = {𝑚𝑖} 𝑖 =
1, … ,𝐾 (𝑚𝑖 ∈  𝑅𝑛 for learning in n dimensional space) one way is for bat position to directly 
encode the centroid positions as 𝑏𝑎𝑡𝑖: = (𝑚1, … ,𝑚𝐾) and assign data point to cluster based on 
similarity measures, eg. Euclidean distance. Which is known in literature, for other types of 
population based metaheuristics, as centroid-based representation [18]. However, in this paper 
author augment Bat representation with thresholds and encode maximum numbers of centroids 
(given as input for algorithm) in Bat position. This way optimization process search for both 
optimum number of centroids as well as optimal centroids position in search space regarding 
given cluster index (in these paper DB index was used). Solution encoded as Bat position is 
search space is given as 𝑏𝑎𝑡𝑖 ∶= (𝑡1, . . , 𝑡𝐾,𝑚1, … ,𝑚𝐾), where threshold 𝑡𝑖 ∈ [−1,1],𝑚𝑖 ∈
𝑅𝑛. If 𝑡𝑖 satisfied 𝑡𝑖  > 0 corresponding centroid 𝑚𝑖 is considered active. All active centroids 
form valid solution which is evaluated under given clustering index (discussed in section 5).  

5. Cost functions  
Two cost function are used to evaluate found solution, the CH-index and DB-index. Both 

are described below. 
The CH index [2] achieved the best performance among 30 indices in Milligan and 

Cooper’s comparison study [19]. Given a set of learning objects in form of a matrix 𝑋𝑚𝑛 with 
𝑚 learning data points 𝑥𝑖 ∈  𝑅𝑛assigned to 𝐾 clusters 𝐶 = {𝐶1, … ,𝐶𝐾} with centroids 𝑚𝑖 the 
CH index is defined as (6) 

𝐶𝐻(𝐾) =
𝑇𝑟(𝑆𝐵)
𝐾 − 1

𝑇𝑟(𝑆𝑊)
𝑁 − 𝐾

�    (6) 

where 𝑇𝑟(𝑆𝐵) = ∑ 𝑁𝑖‖𝑚𝑖 −𝒎‖𝐾
𝑖=1

2 and 𝑇𝑟(𝑆𝑊) = ∑ ∑ �𝑥𝑗 − 𝑚𝑖�
2𝑁𝑖

𝑗=1
𝐾
𝑖=1 are the traces of 

the between and within cluster scatter matrices. 𝑁𝑖 is the number of learning objects in cluster 
𝐶𝑖 and 𝒎 is the total mean vector for the entire data set. Large value of CH(K) suggest a good 
clustering. 

The DB-index [3] attempts to maximize the between cluster distance while minimizing the 
distance between the cluster centroid and the other data objects. By defining each individual 
cluster index 𝑅𝑖 as the maximum comparison between cluster 𝐶𝑖 and other clusters in the 
partition (7) 

𝑅𝑖 = max
𝑗,𝑗≠𝑖

�
𝑒𝑖 + 𝑒𝑗
𝐷𝑗𝑖

� (7) 

where 𝐷𝑖𝑗  =  �𝑚𝑖 − 𝑚𝑗�
2
is the distance between the centroid of cluster 𝐶𝑖 and 𝐶𝑗 and 𝑒𝑖 

and 𝑒𝑗 are the average errors for clusters 𝐶𝑖 and 𝐶𝑗, respectively, given as 𝑒𝑖 = � 1
𝑁𝑖
�∑ �𝑥 −𝑥∈𝐶𝑖

𝑚𝑗�
2
 the DB index can be written as (8) 

𝐷𝐵(𝐾) =
1
𝐾
�𝑅𝑖

𝐾

𝑖=1

 
(8) 

Small values of DB(K) suggest good clustering. 
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6. Latent Semantic analysis using SVD 
Before unsupervised learning can take place, learning dataset must be transformed to 

vector space of reduced dimensionality, the latent space. The transformation is linear and is 
based on Singular Value Decomposition [12]. SVD factorise given learning data (in form of a 
matrix 𝑋𝑚𝑛 with 𝑚 learning data points 𝑥𝑖 ∈  𝑅𝑛, 𝑋𝑚𝑛 = [𝑥1; … ; 𝑥𝑚]) to three matrices 
𝑋𝑚𝑛 = 𝑈𝑚𝑟Σrr𝑉𝑟𝑛𝑇 , where 𝑈 and 𝑉 are orthogonal matrices 𝑈𝑇𝑈 =  𝑉𝑇𝑉 = 𝐼 and the diagonal 
matrix Σ contains 𝑟 singular values of 𝑋𝑚𝑛. Approximation of X is computed by setting all by 
the larges k singular values in Σ to zero (=Σ�). Which is rank k optimal in the sense of 𝐿2-
matrix norm. Once obtain the approximation 𝑋� = 𝑈Σ�𝑉𝑇 ≈ 𝑈Σ𝑉𝑇 = 𝑋. Notice that the data-
to-data inner products based in this approximation are given by 𝑋𝑋�𝑇 = 𝑈Σ�2𝑉𝑇 and hence the 
rows of 𝑈Σ� are defining coordinates for data points in latent space. Once latent representation 
of a training data set is induced unsupervised learning can take place. 

7. Experimental results 
For simulation experiments well known, in machine learning community, Iris dataset from 

UCI Machine Learning Repository was used. Iris dataset consist of three categories i.e., iris 
setosa, iris versicolor, and iris virginica, with each species having 50 samples represented in 
terms of four features (sepal length, sepal width, petal length and petal with). Iris setosa can 
be linearly separated from iris versicolor and iris virginica, but iris versicolor and iris 
verginica overlap greatly.   Number of bats used in simulation was set to 500 and stop criteria 
was set to 200 iterations. Knowledgebase used in simulations for dynamic parameter 
adjustments based on current state of the flock eg,: diversity and iteration number, during 
optimization process using Mamdami-type fuzzy inference system was as follows:  

KnowledgeBase: = �

"𝐈𝐟 diversity is 𝑠𝑚𝑎𝑙𝑙 and iteration is very 𝑠𝑚𝑎𝑙𝑙, 𝐭𝐡𝐞𝐧 Q is very 𝑏𝑖𝑔
𝐈𝐟 diversity is 𝑠𝑚𝑎𝑙𝑙, 𝐭𝐡𝐞𝐧 Q is 𝑏𝑖𝑔
𝐈𝐟 iteration is 𝑏𝑖𝑔, 𝐭𝐡𝐞𝐧 Q is 𝑠𝑚𝑎𝑙𝑙

𝐈𝐟 iteration is very 𝑏𝑖𝑔, 𝐭𝐡𝐞𝐧 Q is very 𝑠𝑚𝑎𝑙𝑙

 

Figure 4 shows solution found for Iris dataset when learning was performed in induced 1-
dimensional latent space and maximum number of clusters was set to 4. Figure 5 shows 
solution found for Iris dataset when learning was done in induced 2-dimensional latent space 
and maximum number of clusters was set to 4. Used cluster index was DB-Index.  

 

Fig 4. Clusters found in 1-dimensional latent space (left) in Iris dataset and corresponding solution in raw 
feature space (right). Third and fourth feature were used to depicted dataset. DB-Index was used as cost function. 
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Fig 5. Clusters found in 2-dimensional latent space (left) in Iris dataset and corresponding solution in raw 
feature space (right). Third and fourth feature were used to depicted dataset. DB-Index was used as cost function. 

Figure 6 shows solution found for Iris dataset when learning was performed in induced 1-
dimensional latent space and maximum number of clusters was set to 4. Figure 7 shows 
solution found for Iris dataset when learning was done in induced 2-dimensional latent space 
and maximum number of clusters was set to 4 for CH-Index 

 

Fig 6. Clusters found in 1-dimensional latent space (left) in Iris dataset and corresponding solution in raw 
feature space (right) for CH-Index. 
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Fig 7. Clusters found in 2-dimensional latent space (left) in Iris dataset and corresponding solution in raw 
feature space (right) for CH-Index. 

Experiments simulation show that is possible to build automatic unsupervised learning 
algorithm based on modified Bat Algorithm in so-called concept (or semantic) features space. 
Figure 4-7 (on left) show concept space induced using one and two main concept in dataset. 
However, the number of cluster found change depending on used cast function. Obtained 
results indicate that using DB-index will favour less clusters with bigger separation between 
them. While CH-index seems to be more suited to find cluster of finer granularity within 
learning set.  

8.  Summary 

This paper introduced unsupervised machine learning method based on modified Bat 
Algorithm. Learning is performed in so-called latent concept space. Modified Bat Algorithm 
has automatically adjusted control parameters using fuzzy inference Mandami-type system. 
Presented algorithm learns the optimal clustering of the data as well as optimal number of 
clusters in concept space. Latent concept feature space is induced from raw input data-points 
using linear transformation method based on Singular Value Decomposition. Concept space is 
of a reduced dimensionality, making it suitable for large datasets and for spare dataset which 
typically occur in information retrieval systems. A centroid-based solution encoding was 
introduced as Bat position in multidimensional search space with thresholds allowing to 
encode maximum numbers of centroids (given as input for algorithm) in Bat position. This 
way optimization process search for both optimum number of clusters as well as optimal 
centroids position in search space regarding given cluster index. Two cost function were used 
to evaluate solution CH-index and DB-index. Presented algorithm was tested on well-known 
Iris dataset, as proof of concepts, in 1 and 2 dimensionally latent concept feature space. 
Obtained results indicate that proposed method is suitable for preforming unsupervised 
machine learning in latent space. Performed simulation experiments shows that using DB-
index will favour less clusters with bigger separation between them. While CH-index seems to 
be more suited to find cluster of finer granularity within learning set.  
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Analysis and Comparison of Load Balancing 
Algorithms in Homogeneous Web Cluster 

For a business system, websites are considered as an essential part, therefore it is 
unacceptable for them to be unavailable due to the increasing competition on the 
global market. To achieve a higher system availability, a greater scalability, it is 
important to use load balancer in Web farms or Web clusters. The load balancer 
system is based on several scheduling algorithms. In fact, there are not any overall 
analysis that demonstrates which load balancing algorithm to use, depending on the 
characteristic of web cluster. This paper provides a detailed comparison of some 
HAProxy load balancer algorithms in homogeneous web cluster. 

1. Introduction 
Further development of information systems emphasized organizations and companies to 

increase their operations based on the availability of information anytime and anywhere. That 
is why, it is not acceptable that their web sites are unavailable, as that can detrimental their 
business revenue and reputation. Thus, websites play crucial part in business aspects. 

Therefore, for distributed and parallel systems, such solutions have become more complex 
and expensive in both architecture and infrastructure and in order to provide constant system 
availability. A distributed system consists of a set of loosely or tightly computers within a 
computer cluster. These computers connected together through fast local area network (LAN) 
and which coordinate their activities to share system resources. So the users access to the 
system as a single. To realize a higher system availability, it is necessary to take a look at 
components of the distributed system which provide best results with least amount of 
investment. Such component offers many advantages and provides scalable growth for web 
cluster to handle the increase of traffic. This component is load balancing.  

Load balancing ensures a high availability and an efficient performance for high traffic 
distributed systems or computing cluster. The load balancer dispatches the requests to back 
end servers according to load balancing algorithms or policies. The objective of these 
algorithms is to minimize the imbalance between servers of web cluster in order to reduce 
response time or to improve the throughput. The aim of this paper is to discuss a comparison 
of some dynamic and static HAProxy load balancing algorithms in homogeneous web cluster. 

The rest of this paper is organised as follows. Section 2 gives a review of HAProxy 
techniques. Section 3 describes the simulation scenario, evaluates the experimental results and 
probes an analytical comparison. Finally, Section 4 provides concluding remarks and future 
works. 
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2. HAProxy load balancer 
HAProxy or High Availability Proxy load balancer is dedicated for websites and manages 

the web cluster. It distributes the load among a farm of web servers. It also detects the 
unavailability of one of the servers. When a web server goes down, it is going out of the 
server farm until it is able to handle requests [1]. 

HAProxy works as fault tolerance system. It is being fast, efficient and stable due to its 
query processing and persistence. The persistence signifies the direction of client’s requests to 
the same server during a session that needs to complete a task. The tested HAProxy 
algorithms for load balancing include [2][3]: 

• Round-Robin (roundrobin) – This algorithm distributes all the requests sequentially 
among a pool of servers. Using this algorithm, all the servers in the farm are treated equally 
regard to the weights. Its nature is dynamic, that means the weights of servers can be altered. 
However, its limited number of active servers is 4095 per backend. 

• Static Round-Robin (static-rr) – In this algorithm, all the requests are assigned 
sequentially around a pool of servers as does Round-Robin. But its nature is static, meaning 
that it does not allow the dynamic configuration of server’s weight. That is why this algorithm 
is not limited regarding the number of servers, and when the server goes up, it is always 
immediately reintroduced into the farm. 

• Least-Connection (leastconn) – It distributes more requests to servers with lower 
number of connections. It is recommended to use when the sessions are very long or the 
connection lengths are varying. But, it is not suited for protocols using short sessions, such as 
HTTP.  This algorithm is ideal for a server group with different capacities. With its dynamic 
nature, server weights can set during the process. 

• Source (source) – It handles out the requests to servers by hashing the source IP 
address. The hashed IP address is divided by the total weight of running servers in order to 
determine which server will get the request. The same hash result ensures that the client IP 
address will be served by the same server. If the hash result changes due a change in the 
number or weight of running servers, the session will be moved to another server. Generally, 
this algorithm is used in TCP mode where no cookie may be integrated. It is static by default, 
which means that the changing of server’s weight in the process will possess no effect, 
however this can be adjusted using “hash-type”. 

• URI (uri) – With this algorithm, the distribution requests to servers can be by hashing 
the left part of the URI or the entire URI and divides the hash result by the weight of all 
running servers to determine which server will get the request. This assures that a same URI 
will reach the same server. This algorithm is used with anti-virus proxies and proxy caches, to 
maximize the cache hit rate. It can be only used in HTTP backend. Its nature is static by 
default, meaning that the changing of server’s weight on the fly will possess no effect, but this 
can be altered using “hash-type”. It supports two optional parameters “len” and “depth”. 
These parameters are followed by a positive integer number and can be both helpful to 
balance servers based on the beginning of URI only. With “len” parameter, the URI algorithm 
only deems that many characters at the beginning of the URI are used to compute the hash. 
The “depth” parameter designates the maximum directory depth to be used for computing the 
hash. 

• URL Parameter (url_param) – This algorithm is static by default, distributes requests 
to servers by looking up a particular URL parameter the query string of each  HTTP GET 
request and performing and performing a hash calculation divided by the weight of all running 
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servers. If the particular parameter is missed from the URL, the default round-robin algorithm 
is applied instead. 

• Header Name (hdr) – It is static by default, which means that the changing of server’s 
weight in the process will have no effect, however this can be adjusted using “hash-type”. The 
HTTP header <name> will be checked up in each source HTTP request with the equivalent 
ACL 'hdr()' function. If the header does not have any value or it is absent, the scheduler 
defaults to round-robin algorithm. 

• RDP Cookie (rdp-cookie) – It is a static algorithm by default. The RDP cookie 
<name> (or "mstshash" if omitted) will be checked up and hashed for every incoming TCP 
request with the equivalent ACL 'req_rdp_cookie()' function. This method is ideal for 
persistence mode as it maintains session integrity by sending the same user (or session ID) to 
the same server. If the cookie is absent, the round-robin scheduling is applied. 

3. Experimental evaluation 
This section describes the entire test environment that is based on open source tools, 

services and operating systems. Thus, the testbed environment allows for us a greater 
availability and reproducibility of further analysis study and research. Then in the rest of 
section, we present our results with discussion. 

3.1. Testbed description 

 
Figure 1: Test environment architecture 

As shown Figure 1, our test environment consists of 14 virtual machines. One machine is 
acting as HAProxy load balancer and 10 others as clients while 3 machines consist one 
homogenous web cluster with three Apache web servers. 
Server specifications: 

• Web 1, Web 2 and Web 3: RAM 1GB, local hard drive 25GB. 

• HAProxy: RAM 1GB, local hard drive 25GB. 

• Clients: RAM 1GB, local hard drive 20GB. 

Test environment specifications: 

• Physical computer:  AMD Athlon II X2 250 and X2 270 

• OS: Ubuntu v15.04 

• Virtualization platform: Oracle VM VirtualBox 
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• Load balancer: HAProxy version 1.5 

• Scripting language: xml 

• Web servers: Apache HTTP server v2.4.10 

•       Tsung version 1.6 

Tested algorithms: roundrobin, static-rr, leastconn and source. 

3.2. Experimental results 
As we mentioned earlier, the testing was done for homogeneous Apache web cluster under 

the same scenario which consist of (number of requests in test.xml file and the number of 
virtual users) in each load balancer algorithm. The simulation results are illustrated in tables 
1-5 and figure 2. 

   Table 3: Network session statistics 

Algorithm Session 
Highest rate Mean rate Count 

roundrobin 8.2/sec 1.85/sec 11045 
static-rr 10.3/sec 1.88/sec 10947 

leastconn 7.9/sec 1.68/sec 11361 
source 8.6/sec 1.78/sec 11255 

   Table 4: Network throughput statistics 

Algorithm Highest rate (Mbits/s) Total received 
packets 

Total sent 
packets Packet received size Packet sent size 

roundrobin 9.22 1.28 7.56 GB     1.05 GB 
static-rr 9.14 1.26 7.58 GB 1.05 GB 

leastconn 9.25 1.28 8.37 GB 1.16 GB 
source 10.09 1.39 8.06 GB 1.11 GB 

 

Table 5: Clients behaviour statistics 

Algorithm Simultaneous 
connected users 

Simultaneous alive 
users 

Number of 
created users 

Number of 
successfully 

executed requests 
roundrobin 1931 11203 14462 11057 

static-rr 1959 11100 14395 10948 
leastconn 1972 11202 14499 11363 

source 1996 11282 14542 11256 

 

Table 1: Network connection statistics 

Algorithm Connection 
Highest rate Mean rate Mean 

roundrobin 2620.7/sec 2435.27/sec 1.56 
sec 

static-rr 2588.5/sec 2459.94/sec 1.51 
sec 

leastconn 2624.9/sec 2440.28/sec 1.43 
sec 

source       2856/sec 2470.32/sec 1.48 
sec 

 

Table 2: Network request statistics 

Algorithm Request 
Highest rate Mean rate Mean 

roundrobin 2609.2/sec 2435.04/sec 2.25 
sec 

static-rr 2586.1/sec 2459.71/sec 2.19 
sec 

leastconn 2617.2/sec 2440.07/sec 2.12 
sec 

source  2856.55/sec 2470.12/sec 2.16 
sec 
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(1) Round-robin 

 
 

(2) Static Round-robin 

 
 

(3) Least-Connection 

 
(4) Source 

Figure 2: CPU utilization 

3.3. Analytical Comparison 

In this section, we discuss the comparison of above mentioned results for different load 
balancing algorithms. Our discussion starts by the high level comparison between load 
balancing types (static and dynamic) based on various parameters. Then, we prepare the 
comparison metrics which were explored in subsection experimental results. 

A. Static vs Dynamic 
In table 6, various comparisons between static and dynamic load balancing techniques are 

discussed using several comparative parameters [4][5]. 
Table 6: Static techniques vs Dynamic techniques 

 
Parameters Static Dynamic 
Performance Less More 
Complexity Less More 
Reliability Less More 
Flexibility More Less 
Communication Overhead Less More 
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Resource Utilization Less More 
Stability More Less 
Implementation Easy Difficult 

A. Comparison between HAProxy algorithms 
Various comparisons among HAProxy algorithms are listed in the following table 7. 

Table 7: Comparison of HAProxy algorithms 

 Nature Throughput Resource 
Utilization 

Number of 
Connection/sec 

Number of 
Request/sec 

Number of 
Session/sec 

round-robin Dynamic Low Less Good Good Good 
static-rr Static Average Less Low Low Low 
leastconn Dynamic Good Less Good Good high 
source Static High More High High Good 

4. Conclusion 
In this paper, we explore a comparative analysis with experimental results. The experiment 

shows that some HAProxy techniques provide better results than others. When looking at 
throughput, resource utilization, network connection and network request, the best results are 
obtained by source algorithm, while the poorest results are provided by static-rr algorithm. 
Therefore, this algorithm has much worst results for the heterogeneous web cluster because 
the overall request are divided equally between the available running servers, where the server 
specifications are not identical to each one in server cluster. The round-robin scheduling and 
leastconn scheduling have also good results. 

The aim of research consists to identify the load balancing algorithms which supply the 
best results in homogeneous web cluster. In the future, we are planning to implement a 
dynamic algorithm as a load balancing solution based on Ant Colony Optimization technique. 
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Application of the Hough Transform for Automatic 
Quality Evaluation of 3D Printed Surfaces 

In this paper the method of automatic quality assessment of the flat 3D prints based 
on the use of the Hough transform is presented. The idea of the method is based on 
the assumption of high visibility of relatively large number of long straight lines in 
the randomly chosen fragments of high quality printed surfaces. Obtained 
experimental results confirm the possibility of the effective classification of high and 
low quality 3D prints regardless of the colour of the PLA filament. 

1. Introduction  
In recent years the layer-by-layer Additive Manufacturing (AM) technology is still growing 

part of industrial branch. Robust manufacturing of designed prototypes makes a huge step 
forward in the process of product development. 3D printing is a specific AM method allowing 
a direct production of a 3D CAD model [7,8,14]. According to [18], four most popular types 
of the 3D printers can be distinguished: stereolithography (SLA), inkjet 3D printing, selective 
laser sintering (SLS) and Fused Deposition Modeling (FDM). 

Some actual trends in 3D printing such as house printing or possibilities of their use in 
healthcare are presented in [9,19]. In Straub's paper [16] a wide range of application 
possibilities of 3D print technology is also discussed. 

The authors of some other publications [7,8,14,17] have stated that “the new industrial 
revolution” [1] generates a lot of problems to solve. The one of the biggest problems is to 
keep the control of the highest possible quality of 3D printed objects for various applications.  

One of the first attempts of using a vision system for inspection of printing process has 
been made by Fang [5] in 1998. Online detection and identification of the AM defects in fused 
deposition ceramics have been made by comparison of the original image of 3D model and 
the image captured by the monitoring system. In the paper [2] the method of nondestructive 
inspection of the top layer before deposit of the next one has been proposed. For the 
inspection the boundary and surface of the each layer have been examined. The system is 
based on the following a “road-path” and a fuzzy model utilizing the correlation between 
adjacent layers. Another method for continuous inspection of the top layer has been presented 
by Cho [4]. In this approach a 3D sensing system using a structured light generating device 
has been proposed with image sensor measuring the distortions of the object printed by 
selective laser melting method.  

An automated system for detecting two types of errors: premature job termination and lack 
of filament application (so called dry printing), has been presented by Straub [16]. This 
system is based on five cameras connected to independent Raspberry Pi processing units. 
Unfortunately, the printing has to be stopped many times for gathering data for vision system. 
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Images obtained from the cameras are compared to the reference model using the error 
thresholding not always leading to satisfactory results. The other problems are related to the 
calibration of cameras and the compensation of lighting changes. In the recent paper of Straub 
[17] his improved application having a better performance is presented paying also attention 
to the cybersecurity issues.  

Discussion of using image processing for quality assessment of 3D printed surfaces has 
been presented in the paper [11] where the usefulness of the Gray-Level Co-occurrence 
Matrix (GLCM) has been examined. In the other publications the Feature Similarity [12] and 
Structural Similarity based image quality metrics [13] have been taken for consideration. The 
physical attributes of 3D prints obtained using the layer-by-layer manufacturing gives 
a possibility to find and measure each line in image of the scanned sample using the Hough 
transform which can be used also e.g. for defect detection of various objects [3]. Nevertheless, 
the application of this algorithm for the wooden furniture elements presented in the paper [3] 
is limited mainly to the detection of straight edges representing the junction of boards as well 
as the extraction of flat planes from the cloud of points obtained from the 3D scanner utilizing 
the fringe patterns approach. This method is usually applied for the extraction of the external 
shape of the scanned 3D objects without any information related to surfaces, their colors, 
textures and potential defects [10]. 

Long regular lines detected by Hough transform on the surface of the 3D print could 
suggest high quality of the tested sample. The novel approach to quality assessment of 3D 
prints proposed in our paper can be further utilized as a significant extension of some 
procedures discussed in [3] allowing the detection of various artifacts also in wooden furniture 
elements. However, such further modifications are out of the scope of this paper. 

2. The idea of the Hough transform and its application for 3D prints 
The idea of line detection using the Hough transform is based on the feature extraction 

approach utilizing the voting procedure applied to pixels representing an imperfect predefined 
shape. In the simplest case this method can be applied for detection of straight lines utilizing 
the slope-intercept (or rho-theta) parametrization. One of its most relevant advantages is its 
robustness to distortions e.g. related to slight deformations of a shape or the presence of small 
gaps. As the straight line y = mx + b can be represented as a point (b, m) in the parameter 
space, it can also be defined parametrically utilizing the rho (r) and theta (θ) parameters 
representing the shortest distance from the line to the origin and the angle between the 
horizontal axis and the line connecting the origin with the closest point of the line 
respectively. Two or more points belonging to the same straight line are represented by 
sinusoids crossing at the (r,θ) point in the Hough space. Applying the voting procedure it is 
possible to find the local maxima in the Hough space and determine the corresponding 
combinations of rho and theta defining the detected straight line. 

The proposed application of the Hough transform for the surface quality assessment of 3D 
prints is based on the assumption that for high quality prints the patterns consisting of straight 
lines representing the consecutive layers of filament should be easily determined. Since the 
Hough transform is typically applied for binary images, all the images used in our 
experiments have been converted to greyscale according to popular ITU Recommendation 
BT.601-7 and then binarized using the Otsu method as well as its adaptive version.  

Therefore it is possible to define the quality factor based on the number of detected lines of 
a specified minimum length allowing a proper classification of high and low quality prints. In 
the presence of surface distortions there should be some gaps causing the shortening of the 
detected lines or significantly influencing the detection accuracy. To avoid problems related to 
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small geometrical distortions of images influencing the detection results for the whole image, 
the application of the modified Monte Carlo sampling has been proposed allowing a random 
choice of the specified number of fragments of the samples with the assumption that the 
whole fragment should fit into the image and consecutive fragments may overlap. The 
illustrations of the detected lines for an exemplary randomly chosen fragments of high and 
low quality 3D prints together with the results of Otsu binarization are presented in Figure 1. 

As can be easily observed, the number of the detected lines for the marked fragments of 
both samples differ significantly. However, after some tests conducted for various colors of 
filaments both for scanned samples and photos, it can be noticed that the simple factor based 
on the number of detected lines or their total length is not enough for a proper classification. 

  
(a) (b) 

  
(c) (d) 

Figure 1: Randomly chosen fragments of high (a) and low (c) quality 3D prints and detected lines with 
marked starting and ending points detected using the Hough transform shown over the binary images (b and d) 

(for visualization purposes all images are rotated by 90 degrees). 
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3. Experimental results 
The verification of the proposed approach has been made using a set of prepared 3D prints 

with the use of two available 3D printers, namely Prusa i3 and RepRap Pro Ormerod 2, using 
various colours of the PLA filaments. For each filament both high and low quality prints have 
been prepared forcing the surface distortions by modifications of the speed of the filament’s 
delivery as well as changing the temperature.  

The 3D prints have been obtained as small flat plates for the following colours of the 
filaments (in the order of results in Figure 2): white, red, silver and green. For all colours two 
first samples do not contain any significant distortions and the next two are lower quality 
prints. All these samples have been scanned using a 2D flatbed scanner with the 1200 dpi 
resolution and converted to greyscale and normalized using standard deviation based 
luminance stretching. Due to the high luminance of the white 3D prints strongly affecting the 
obtained results, all the randomly chosen fragments of the images with the average luminance 
over 128 (for 8-bit greyscale) have been converted to negatives. Further binarization required 
for the Hough line detection have been made using the Otsu method as well as the adaptive 
thresholding implemented in the OpenCV library. Next, a specified number of image 
fragments are randomly chosen (on our experiments 50 blocks of 300×150 pixels have been 
used). 

For the classification of the 3D prints into high and low quality samples the following 
formula is proposed: 

 

𝑄𝐻𝑜𝑢𝑔ℎ =
𝑎𝑣𝑔(𝐻) ∙ 𝑠𝑖𝑧𝑒(𝐻)

𝑎𝑣𝑔(𝐿) ∙ |log (𝑎𝑣𝑔(𝐿))| 

 
where H is the vector containing the lengths of the detected lines and avg(L) denotes the mean 
luminance of the sample converted to greyscale. The above formula has been invented by 
analysis of relationships and trends between the length of the detected lines and luminance of 
samples converted to grayscale. According to conducted experiments, considering the 
correlation between the variables, the proposed formula has been verified as useful for colour 
independent classification of the 3D printed surfaces into high and low quality samples. 

  
(a) (b) 

Figure 2: The values of the proposed quality factor QHough obtained in experiments for scanned images using 
global Otsu binarization (a) and adaptive thresholding (b). 
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The results obtained for the samples used in our experiments are presented in Figure 2 
using the mentioned above order of filament's colours. Green circles denote the high quality 
samples whereas the red stars stand for low quality 3D prints. As can be easily observed in 
both cases the value of 5∙105 may be used as the classification criterion. 

Considering the fact that in real applications related to online monitoring of the progress of 
the 3D printing process allowing the correction of some distortions during the printing 
process, the direct application of the proposed approach for scanned images is at least 
troublesome, the next step of our experiments is the verification of the method for the images 
captured by a camera for the same set of 3D prints. Due to different size of obtained images 
some of the parameters have to be tuned e.g. the size of the analysed window representing the 
image fragment. Although for the scanned samples, the application of the global Otsu 
thresholding leads to better discrimination between the high and low quality samples, for the 
images captured by the camera much better results can be obtained using the adaptive 
binarization. Due to the presence of some light reflections on the captured images caused by 
uneven lighting the application of the global Otsu thresholding leads to unsatisfactory results 
and therefore the adaptive thresholding has been applied by default for photos. 

The results obtained for photos are presented in Figure 3 where green circles denote the 
high quality samples and the red stars stand for low quality 3D prints similarly as previously. 
Analysing the left plot it can be easily noticed that the application of the simple factor based 
on the average length of the detected lines does not provide a correct quality estimation and 
classification of the 3D prints. 

  
(a) (b) 

Figure 3: The values of the quality factor obtained in experiments for photos using average length of detected 
lines (a) and proposed quality factor QHough for the adaptive thresholding (b). 

 

4. Remarks and conclusions  
In comparison with earlier papers [11-13] it may be emphasized that the proposed method 

leads to interesting results allowing a reliable estimation of the quality of the 3D printed 
surfaces and their appropriate classification independently on the colour of the filament. Its 
application for the images captured by camera may be very useful for online monitoring of the 
quality of the printed objects allowing immediate corrections during the printing process. 

One of the directions of our future work will be related to the application of the proposed 
approach for the natural images obtained as the photos of the printed 3D surfaces obtained in 
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varying lightning conditions using more colors of the filaments as well as their different types. 
Another issue which should be resolved is related to the improvement of the computational 
efficiency by decreasing the number and size of the analyzed fragments of the image without 
affecting the classification results.  
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Web System Supporting Stock Prices Analysis

A web system supporting stock market investors with their decisions is presented. The
developed web application gathers informations from the Warsaw Stock Exchange and
from internet bank services dedicated for investors. A new approach combining tech-
nical analysis with fundamental analysis in order to achieve more effective investment
support is proposed. The simulations conducted in virtual environment showed that
obtained results are promising. Using the proposed technical analysis tools investors
have a 67% chance that the stock price would increase by 7.54% in 25 consecutive
quotations. Implementation of fundamental analysis has reduced the number of gen-
erated buying signal by 72% and improved the support effectiveness.

1. Introduction
The stock exchange is a place where two very simple transactions occur - buying and selling.

These operations can only be performed for financial instruments that have been admitted for
trading. Investment professionals over the last several years will share the ways of analyzing
the market for two main trends:

• fundamental analysis

• technical analysis

Proponents of fundamental analysis argue that investment quality for financial assets can be
classified and monitored. According to this theory, a company’s valuation consists of determin-
ing its intrinsic value. The next step is to compare the valuation with the current market price.
In case when the company priced by the market is below its value (the company is undervalued)
then the buy signal will be obtained. On the other hand, if the company is overvalued, for ex-
ample when the company’s valuation on the market is too high, a sales signal will be generated.
To determine the strength of a business, the investor must specify the following things: interest
rates, industry growth, dividend forecasts and cash turnover [8]. Another method is the collec-
tion of various investment techniques developed over the years, which is used by many stock
exchange investors, called technical analysis. Contemporary methods that are used by investors
allow to analyze trends, charts and even linear formations. Additionally, by using a whole range
of mathematical and statistical indicators, it is possible to visualize the market situation, which
enables generation of buy and sell signals [10]. While fundamental analysis had a "task" to tell
the investor what to buy, technical analysis can, with well-chosen indicators, show when to buy
and when to sell the shares. Investor examines the market using chart analysis. People who
use this method when analyzing a company are convinced that the price behavior of a company
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depends on the change in demand and supply. The belief in the effectiveness of this tactic is
based on the assumption that the market "knows everything". This means that the investor can
investigate market dynamics by observing changes in technical analysis indices. Such a pro-
cess of examining the condition of a company is based primarily on the finding of repetitive
patterns, the formation of which prices are formed. Finding the most common patterns in the
current quotes is the basis for forecasting the future [9] [2].

A beginner investor in order to avoid big losses in investing should use the aforementioned
tools. A stock exchange game is always risky. Some of stock players rely also on the informa-
tion extracted from social networks [7]. Nevertheless, experience and well-chosen tactics can
allow for regular gains [6].

The aim of the work described in the paper was to develop a system that would support
stock market investors with their decisions. Usually investors rely on fundamental analysis or
on technical analysis [4][5], depending on their investment strategy. In this paper we propose
to combine these both methods in order to achieve better results. To accomplish that technical
analysis was applied. As a result number of buy signals has been reduced by the messages from
the fundamental analysis.

2. System description
The presented web application was developed with web technologies such as NodeJS, HTML5,

JS, and CSS. It was primarily designed to visualize results of technical analysis. These are rec-
ommendations that have been prepared by algorithms based on technical analysis. A support
for generated buy signals are also messages downloaded from the stock exchange service. The
application was divided into two modules. The first module is the graphical user interface. This
is where the visualization of the data that was generated by the second module takes place. Re-
ports generated in the application contain information about the current quotes of a particular
company, the values of the calculated technical analysis indices, and a panel with stock market
notifications. The user interface has also been enhanced with the ability to visualize historical
data. The second module performs background work. This is a part of the system, which runs
from Monday to Friday at 20:00. With the help of the prepared algorithms, technical analysis of
all companies operating on the stock exchange is carried out. The process has been automated
in such a way that the user saves as much time as possible.

The application has been divided into two main parts [Figure 1]. Green represents the areas
that work as a technical analysis. Blue color was used to mark modules that work in fundamental
analysis. The target item is the investor application, which is marked in orange. This is the last
point of the program. At this point, the user’s application is running, which visualizes the results
of the technical and fundamental analysis algorithms.

The data source for the programs that carry out the technical analysis is the http://gpw.pl/
website. In the tab of historical quotes, the user can retrieve a table from a specific date, which
contains the following data:

• Company short name - Each company has its own unique abbreviation. An example for
11 Bit Studio is 11BIT. This is useful information for fundamental analysis programs.
Using such a record it is much easier to find messages for a particular company

• International Securities Identification Number (ISIN)

• Currency - Defines the currency in which quotations are made.
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Figure 1: Overall architectural schema of the application.

• Opening price [PLN] - The price of the company that occurred at the beginning of the
session.

• Maximum course [PLN] - Maximum price of the company from the session.

• Minimum course [PLN] - Minimum price of the company from the session.

• Closing price [PLN] - The price of the company that occurred at the end of the session.

• Daily change of rate [%] - Value expressed in percentages, which determines the change
in exchange rate from the previous day.

• Trading Volume - total number of securities that have changed owner.

• Number of transactions - number of completed sales and purchases.

• Turnover value [in thousands] - turnover is calculated as the product of the price and the
number of instruments sold.

The data source for the programs underlying the fundamental analysis are two pages, which
contain the latest news about companies. Seeking fields for fundamental analysis algorithms
are:

• Message title - This is the heading of the event. Most of the headlines are repeated. In
that case it became possible to filter the relevant events for the company. Examples of
such events may be: publishing quarterly reports or signing a significant agreement.

• Message Shortcut - Description of the event. It is useful if the investor wants to read the
first three sentences of a given event. This gives a general overview of the company
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• Date of the event - With the date, it becomes possible to filter news from the newest to
the oldest. Only events that are not older than 5 days are selected.

All data was downloaded using wget. The software allows for download of a web page or file
via Hypertext Transfer Protocol (HTTP), HyperText Transfer Protocol Secure (HTTPS) or FTP
(File Transfer Protocol). The program runs under a free software license. Not all servers allow
the download of entire site. Services can identify software that is not a browser [1]. Application
wget allows users to mask the user agent using the –-user-agent option. Examples of such
queries are:

• wget –-user-agent = "Mozilla / 5.0 (X11; U; Linux i686; en-US; rv:
1.9.0.3) Gecko / 2008092416Firefox / 3.0.3" https://www.gpw.pl/
notowania_archiwalne_full?type=10&date=2017-05-12

• wget –-user-agent = "Mozilla / 5.0 (X11; U; Linux i686; en-US; rv:
1.9.0.3) Gecko / 2008092416Firefox / 3.0.3" http://www.bankier.pl/
investment/ profiles/quote.html?symbol=Ciech

The first web page is used when downloading data for technical analysis modules. The
only parameter that is changed is the date parameter. In the example given, the page for the
quotations of May 12, 2017 will be downloaded. The fundamental analysis module changes the
symbol field, which takes the value of the shortened company names. This is the field that was
downloaded from the quotation table [11]. All data that has been downloaded using the wget
tool is a source for further analysis. They are properly converted or filtered depending on the
occurrence of certain signals.

In preparing the technical analysis module, the authors used the BRIndicator (Breadth In-
dicator) methodology. This is a method used by investors who want to evaluate the overall
condition of the company. There are several types of activities for this indicator. The data
source can be calculated by general force index, Chaikin oscillator, or volume difference. The
system has been programmed so that its actions are taken on the basis of previously calculated
indicators of technical analysis. Each value of the oscillator is classified according to the speci-
fied rules [3]. Each oscillator has a status that describes the company. This value can be defined
as a buy or sell signal for a particular instrument. The values of the calculated indices in the
system are defined as:

• strong sales signal

• sales signal

• neutral signal

• buy signal

• strong buy signal

Only for certain indicators such as ROC (Rate of Change), FI (Force Index) or EMV (Ease of
Movement) value can only be classified as a buy or sell signal. When the system calculates all
the values of the oscillators and assigns each signal, the overall value of all the indicators will
be calculated. Companies can get value from a defined range, for example strong sales signal
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adds only 1 pt. For the indicator BR, while the strong buy signal already has 5 points. Figure 2
illustrates the BR scale. The arrow points to the sum of all points. In this case, many indicators
met the criteria for signals that are considered positive.

Figure 2: Visualization of the overall condition of the company.

To determine whether a given indicator value can be considered as a sales or purchase signal,
two criteria have been used:

• Indicator values must be within a certain range.

• The moving average of the indicator must be greater or less than the current value.

Based on such information, the system classifies the company assets. An example of classi-
fication for the stochastic index is as follows:

• Strong buy signal: The only difference compared to buy signal is the criterion that checks
if the index value is less than 45.

• Buy signal: the value of the indicator is in the range 25 - 75. The value of the moving
average, which was calculated from the 5 previous quotations, is less than the current
value of the indicator.

• Neutral signal: The value of the STS indicator and the average of the four previous values
are in the range of 45 to 55. The value of the STS indicator is greater than 80 or less than
20. This means the market situation is overdue or sold out.

• Selling signal: the value of the indicator is in the range 25 - 75. The value of the moving
average, which was calculated from the 5 previous quotations, is higher than the current
value of the indicator.

• Strong Selling Signal: The only difference compared to a sales signal is a criterion that
checks if the indicator value is greater than 65.

Classification for the ROC indicator is already much simpler. In this case only the value of
the indicator is checked. Such criteria are as follows:

• Buy signal: indicator value is greater than 0

• Sales signal: indicator value is less than 0

The BR indicator values vary from 13 (very strong sell signal) to 65 (very strong buy signal).
By using this division, the user application gets the answer in the form of buying or selling
advice.
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An additional advantage of the implemented system is that it combines two different types
of information. Each of them comes from a combination of technical and fundamental anal-
ysis. The system detects the information published by the company that serves as an initial
buy signal. Then, the technical analysis is used to pre-classify messages that were published.
These moments, in which the company published its financial results and which were also rec-
ommended by the system as buy signals are shown for two exemplary companies: KGHM in
Figure 3 and CD PROJEKT in Figure 4. The buy signals on the graphs are marked by blue
points.

Publishing the buy message by a company will not always meet the same reaction of in-
vestors. Unfortunately, buying large amount of shares can immediately reverse the upward
trend into downward one. This case took place for the KGHM company.

Figure 3: Generated buy signals for KGHM company.

Figure 4: Generated buy signals for CD PROJEKT company.

3. Results of the research
Two methods used by investors have been presented. Using them in the preparation of the

BR indicator has produced interesting results. With the BR indicator it’s possible to predict
whether the company’s ratings are in an upward or downward trend. The calculated rolling
average values for the BR ratio very well reflect the condition of the company. The simulations
have been conducted in virtual environment on the basis of the real data gathered from the
Warsaw Stock Exchange (www.gpw.pl) and from internet bank services dedicated for investors
(www.bankier.pl). Tests for buy signals have confirmed that the investor has a 58% chance
that in the next 7 quotations the company will reach a higher price than in the day, when the
signal occurred. Even better results came out when the longer periods were tested. For the
25 quotations, the probability of course growth was 67%. Average growth rate was 7.54%. All
back tests were performed on companies whose listing lasts more than 2 years. The BR indicator
was the worst performer in the horizontal trend. Values were able to reach minima and maxima
in a few days. However, the value of the moving average indicator BR oscillated around the
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neutral signal. The biggest problem was checking whether the downloaded news from stock
exchange websites were gossips or facts. The user himself has to classify the message and
decide whether the company is worth further observation of its condition. However, the fact
of retrieving messages and filtering them only to companies in which a sudden extreme change
has been occurred, reduced the number of buy signals by 72%.

4. Conclusions
In this paper a web system supporting stock market investors is presented. We proposed

to combine technical analysis with fundamental analysis in order to achieve more effective
investment support. The conducted simulations showed, that the probability of correct buy
signal decision, taken on the basis of technical analysis was about 67% and that the number of
buy signals has been reduced by 72%, when the messages from fundamental analysis module
were taken into account.
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Acceleration of image reconstruction in 3D
Electrical Capacitance Tomography in

heterogeneous, multi-GPU, multi-node distributed
system

Electrical Capacitance Tomography (ECT) is an effective and non-invasive visualiza-
tion technique, which is used in many industrial applications. Unfortunately, image
reconstruction in 3D ECT is a complex computational task requiring operations on
large size matrices. In this paper, a new approach to 3D ECT image reconstruction is
proposed. A new heterogeneous, multi-GPU, multi-node distributed system has been
developed, with a framework for parallel computing and a special plugin dedicated to
ECT. The LBP and the Landweber reconstruction algorithms have been implemented
in this system. Problems of data distribution and transmission between the computing
nodes are discussed in the paper.

1. Introduction
Electrical Capacitance Tomography (ECT) is a relatively new measurement technique that

can be used for non-invasive monitoring of industrial processes in 2D [5], 3D [1] and even 4D
dynamic mode. ECT is performing the task of imaging of materials with a contrast in dielectric
permittivity by measuring capacitance from a set of electrodes placed around the investigated
object.

In order to achieve a high quality of 3D image, complex reconstruction algorithms perform-
ing many matrix calculations have to be applied [11][12]. Therefore different solutions ac-
celerating these calculation have been reported in the past by the Authors [6][8], especially
these dealing with sparse matrices and Finite Elements Method [7] as well as neural networks
approach [3][4].

In this work we discuss problems of data distribution and transmission between the com-
puting nodes in a novel heterogeneous, multi-GPU, multi-node distributed system. The system
network layer and its efficiency have been tested and compared to the previously developed
distributed system based on the Xgrid platform.
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1.1. Image reconstruction in ECT

The scheme of image synthesis in Electrical Capacitance Tomography is called image recon-
struction. It is based on solving the so called inverse problem, in which the spatial distribution
of electric permittivity from the measured values of capacitance C is approximated. We can
distinguish two groups of image reconstruction algorithms. Firstly, there are linear algorithms,
which, because of higher temporal resolution, are used for monitoring fast-varying industrial
process applications, like oil-gas flows in pipelines [1] or gravitational flows and discharging
of silo and secondly, non-linear algorithms, which allow reconstructing images with a higher
quality.

Image reconstruction using deterministic methods requires execution of a large number of
basic operations of linear algebra, such as transposition, multiplication, addition and subtrac-
tion. Matrix calculations for a large number of elements is characterized by a high computa-
tional load. Moreover, their computational complexity class is polynomial. For example, in
the case of multiplication, which in itself is an algorithm of O(n3) class can be simplified to as-
sume that n-fold increase in the multiplied matrix dimensions will n3 fold increase the execution
time. Matrix multiplication is a key operation in ECT imaging and therefore many researchers
decided even to build a custom hardware for this purpose.

In this work, an approach based on computations on GPUs is proposed, as it allows for high
flexibility and relatively low application costs. Algorithms of ECT image reconstruction in
a distributed multi-node, multi-GPU (Graphics Processing Units) environment were developed
and tested. Two image reconstruction algorithms were implemented: the Linear Back Projection
(LBP) and the Landweber algorithm. For both of them sensitivity matrices with sizes ranging
from 8488x496 to 157264x496 were used.

The LBP algorithm is based on the following equation [2][12]:

ε = SCm (1)

where:
ε - electric permittivity vector (output image),
S - sensitivity matrix,
Cm - capacitance measurements vector.

The Landweber algorithm is based on the following iterative equation [2][12]:

εk+1 = εk −αST (Sεk −Cm) (2)

where:
εk+1 - image obtained in current iteration,
εk - image from the previous iteration,
α - convergence factor (scalar),
ST - sensitivity matrix, transposed,
S - sensitivity matrix,
Cm - capacitance measurements vector.

In the case of the Landweber algorithm each iteration improves the overall quality of the
output image. Nevertheless, due to its nature it is necessary to exchange the data (εk+1) in
every iteration. Moreover, it can be assumed that the more iterations are performed the better
image quality is obtained. As a result acceleration of image reconstruction process is a very
important issue. Nowadays, industrial applications of 3D Electrical Capacitance Tomography
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are mainly limited by the two combined factors: image quality and computation complexity of
image reconstruction process.

2. Distributed system
Distributed systems are one of the most important technological achievements of recent

years, which have had a significant impact on the development of modern computing. The
scope of distributed systems applications in everyday life is very wide, from local systems such
as cars, ships, aircraft to global systems of millions of nodes used for data processing services;
from simple built-in systems consisting of very small and simple sensors to those containing
powerful computational components; from built-in systems to those that support advanced in-
teractive user interfaces. We can define a distributed system as a such one in which the hardware
components or software on the computers in the network communicate with one another and co-
ordinate their actions only through the transmission of messages. This simple definition covers
a whole range of systems in which networked computers can be successfully used to perform
tasks faster or more accurately than a single unit. The main motivation for the construction and
use of distributed systems is the desire to separate resources [10]. The concept of "resources"
that can be effectively shared on a computer network includes both hardware components such
as disks and printers, and software such as files, databases, and other objects such as video
streams that are transmitted from a digital video camera or a voice signal transmitted between
mobile phones and stations.

2.1. Design assumptions

As a result of the earlier performed studies [6][9] the Authors have developed a new dis-
tributed system dedicated to ECT computations. The system is specially designed to accelerate
matrix computations that are a crucial part of reconstruction algorithms used in ECT [7][9].
The architecture of the designed system is shown in Figure 1. The earlier developed solution
was based on the Xgrid platform, used as a network layer. However, the analysis of this system
showed the limitations of this solution, and the main conclusion from the previous research was,
that the new software for the system should be developed. A special framework was designed
and built that provides software tools needed both for the system architecture expansion and
new algorithms development and implementation in a distributed heterogeneous environment.
The proposed approach allows for a greater flexibility of the developed solutions, provides tools
for their easy testing and enables further acceleration of ECT image reconstruction.

The framework was designed to ensure an efficient use of the computing power of all the
devices in which the nodes are equipped. This architecture is scalable and allows users to ex-
pand the computing power of the system by adding more nodes. The above assumptions pose
many challenges in the architecture of the system itself, but their application makes it straight-
forward to use the environment to speed up computations in existing projects, thus testing and
developing new distributed algorithms is much faster. Expansion of the computing power of the
system is possible through the use of "plug-in" architecture (by adding support for new devices,
such as FPGAs). The basic operations of linear algebra were implemented in the system as a
set of functions in the form of an API (Application Programming Interface). The use of a het-
erogeneous system for distributed computing in ECT required the implementation of a series of
algorithms without which the proposed system would not work properly. The most important
of these are as follows:
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• Division of matrices between nodes
• Basic operations of linear algebra (transposition, addition, subtraction, multiplication)
• Data transfer between nodes
• Planning and division of tasks
• Support for heterogeneous devices
• Support for calculations using graphics cards
• Supports modern multi-core processors as a set of devices
• Possibility to extend existing solutions with pseudo inheritance from implemented layouts

Figure 1: Schematic of a designed heterogeneous distributed computing system comprising graphics cards

3. Test results
In the design of a distributed system, problems of data buffering, division and distribution

must be considered. By creating a network layer the existing solutions and networks protocols
can be used or the own ones can be developed. In the previously built distributed system a
ready Xgrid platform was applied as a network layer [6]. In the current work the author’s
system named KISDC (KIS Digital Computing) with network layer (NET) was designed and
implemented. While designing the KISDC-NET layer, the existing network protocols were
applied and tested in advance in order to choose the best solution. The network characteristics
of the previously developed solution based on the Xgrid system was compared with the new
system using other data distribution protocols: HTTP (Hypertext Transfer Protocol), FTP (File
Transfer Protocol) and SMB (Server Message Block).

Based on the obtained results (see Fig. 2) it can be stated that the use of each of the tested
protocols ensures a shorter data transfer time than the Xgrid-based solution. Although the
results obtained with the FTP protocol are very good, the best results have been achieved for
the HTTP protocol. Therefore, HTTP protocol has been selected as the best one for the KISDC-
NET. Both distributed systems: the one based on the Xgrid platform and the KISDC have been
extensively tested and compared. In both cases the hardware was identical, consisting of two
nodes of high computing power, both using 8 thread Intel i7 930 CPUs and Nvidia GPUs (Tesla
S1070 + Tesla C2070 compute devices in the first node and dual GTX 570 in the second).
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Figure 2: Comparison of average data transmission times for different network protocols

Figure 3: Comparison of image reconstruction time in Xgrid and KISDC systems for dual computer configuration
The comparison of times of a single frame reconstruction in the two node system are shown

in Figure 3. Yellow color represents calculation time (the same for the both systems), blue color
is related to data transfer time for the KISDC system, and orange color denotes data transfer time
for the Xgrid system. For each of the analyzed data sizes, the speed up of image reconstruction
expressed in the number of reconstructed frames per second was noted. The most significant
acceleration was achieved for 48 KiB and 96 KiB image vectors.

4. Conclusions
A flexible, distributed computing system for tomographic image reconstruction called KISDC

has been designed and developed. The work described in this paper was focused on its network
layer, i.e. on improvement of data management in the distributed system and on reducing delays
in the data transmission over the computer network. The comparison of times of data transfer
and communication between the nodes shows very clearly that the use of the new developed
system with HTTP protocol ensures much better results than with the Xgrid platform. It is
also evident that the KISDC system allowed for a significant reduction of the total time of a
single frame reconstruction and a major speed up in implementations of both the LBP and the
Landweber algorithms.
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Improved clustering algorithm of LEACH Protocol 
in IoT Network 

The Wireless Sensor Network (WSN) consist of a large number of sensors or nodes 
that are limited in energy, storage and processing. The energy of nodes in Wireless 
Sensor Network (WSN) is the most important thing, because it is limited by the 
energy of the node. Therefore, extend WSN lifetime is a significant problem. Main 
assumption of LEACH (Low-Energy Adaptive Clustering Hierarchy) protocol is to 
decrease system delay and reduce energy consumption.  Application of the LEACH 
protocol can also extend the lifetime of Wireless Sensor Network or connected 
devices. In this paper, we propose an improvement of the LEACH routing protocol, 
which relies on choosing a cluster head node in a middle of the cluster area on the 
basis of the location of all nodes in the cluster and its minimum distance to the other 
nodes in the same cluster.   

1. Introduction 
One of the recently used network technologies in this century is WSN and one of the recent 

technology is sensing application which is used for the growth of devices with less cost and 
power. Wireless Sensor Network (WSN) is a collection of large number of sensors, also called 
nodes which are capable of sensing the environment, have communication capabilities and are 
able to compute the information. The information is processed locally and is sent to the point 
of collection using wireless links. These sensors can communicate directly with themselves or 
they are deployed over large area with one or more than Base Station (BS). The Base Stations 
have more recourses and capabilities than the nodes. The most important goal in Wireless 
Sensor Network (WSN) is to carry out of a data communication in this way to extend the 
lifetime of the network [1]. 

 The use and evolution of WSNs depends on two main points: security problems and 
routing strategies which are a great research challenge in WSNs. There are many routing 
protocols dedicated to WSN. The important one are routing protocols known as hierarchal 
protocols, for example SPIN, PEGASIS [2], and LEACH [3]. In hierarchal routing protocols 
some nodes have a higher priority than the others for example, some nodes will divide into 
clusters and these clusters will choose a cluster head. These cluster head are responsible to 
send and receive data between all nodes in the clusters [2]. In this paper a problem of 
choosing the cluster head is considered. In the LEACH protocol, cluster heads are randomly 
taken. Some cluster heads are near to the centre of the cluster in other hand some cluster heads 
are in the boundaries of the cluster [5] [6]. This feature of the LEACH protocol leads to higher 
energy consumption and it also impacts on the performance and security of the entire network. 
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Therefore, the cluster heads which are in a middle distance to the other nodes will be chosen 
as the cluster head. This makes the protocol more secure and energy consumption is reduced.  

2. Internet of Things 
Internet of Things (IoT) is a concept and a model that considers pervasive in the 

environment of a set of things or objects that through wireless and wired connections with 
unique addressing schemes are able to interact with each other and cooperate with other things 
to create new applications or services to reach goals [9].  The general idea of IoT is to connect 
objects to each other and also to the Internet, many properties made IoT one of the most 
popular technology in the field of computer science such as: advances in data analytics, 
computing economics, rise of cloud computing, miniaturization and ubiquitous connectivity.    

3. LEACH Protocol 
Low Energy Adaptive Clustering Hierarchy (LEACH) is one of major routing protocols for 

Wireless Sensor Network. LEACH protocol is a TDMA (Time Division Multiple Access) 
based MAC (Media access control) protocol. The main idea of this protocol is to expand the 
energy or battery lifetime of WSN through a distribution of the energy load among the sensors 
or nods in the network, as shown in figure 1.a. The principle aim of LEACH protocol is to 
order all sensors in the network into small clusters to choose one of them as cluster head, after 
that the cluster head will send all information received from the sensors to the base. Therefore, 
LEACH divides network operation into several rounds, and every round contain two stages 
[4] the Set up phase and the Steady phase (see Fig. 1.b). 

The selection of cluster heads is random in this protocol and it does not take into account 
the location of the other nodes, so some cluster heads  are near to the center of the cluster and 
the other in edge of the cluster [5, 6]. This feature of the protocol leads to higher energy 
consumption and it has a great impact on the performance of all sensors in the network. 

                   a) Protocol architecture [5].                                b) Illustration of phases of a round [6]. 

Fig. 1: LEACH protocol architecture (a) and phases (b). 

3. LEACH Protocol Phases 
As was mentioned previously the operation of LEACH protocol consist of several rounds 

where each round is divided into two phases. 

(1) 
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Set up phase: in this phase nodes generate randomly numbers between 0 and 1. These nodes 
in the cluster are chosen as cluster heads according to the value of threshold T(n). The 
threshold T(n) is calculated using the equation (1) [4] [10]: 

In the equation (1) n is a given node, r is the current number of rounds, P is the percentage 
of cluster nodes accounting in the total number of sensor nodes, G is the set of nodes that 
didn’t become cluster heads in the 1/P round and mod is the number of nodes which have 
been elected as cluster heads in the round r. 

 If the random number is less than threshold T(n), the node becomes the cluster head of the 
current round r, then common modes will join the nearest cluster. After the node is selected as 
a cluster head, all nodes join the corresponding cluster depending on cluster head broadcasting 
an advertisement message to all other nodes. The last step in this phase is cluster heads create 
TDMA schedule according to the number of nodes in the cluster [6]. TDMA schedule is used 
to switch the remaining nodes into sleep mode and also to prevent the collision of data sent by 
the nodes [7].  

Steady state phase: the nodes in each cluster communicate only with the cluster head 
through a single hop transmission, then the cluster head will communicate with the base 
station. When the node sends data to the cluster head in the allocated time, another nodes of 
the cluster remain in the sleep mode, because TDMA is used as it was mentioned previously 
[7]. The data transfer from the cluster head and the base station is done also with the help of 
TDMA schedule [6]. After a certain time, which is determined a priori, the network again 
goes back into the setup up phase and new cluster-heads are chosen. 

 Each cluster communicates using different CDMA (Code Division Multiple Access) codes in 
order to reduce interference from nodes belonging to other clusters [8]. Time line of LEACH 
operation: the set-up and steady state phase is shown in figure 1.b. 

4. LEACH algorithm  
In this part an original algorithm of the LEACH protocol is explained, which consist of the 

following steps: 
1. CN=> r // check candidate node with round 
2. If r > T(n) then, CH = CN else, goto step1 //node can be considered for cluster head 
3. reset all nodes to non-CH 
4. CH => G: id(CH), join adv  
5. A(i) -> CH(j) : id(A(i)) , id(CH(j)) , join req 
6. CH(j)-> A(i) : id(CH(j)) , < t(i) , id(A(i)) > 
7. CH(j) = TRUE;// node j is a candidate for cluster head 
8. CH(j) = FALSE; //node j is not a candidate for cluster head 
9. A(i) -> CH(j) : id(A(i)) , id(CH(j)) , info 

    10. CH -> BS : id(CH) , id(BS) , aggr info 
The symbols used in the LEACH algorithm are as follows: CN − candidate node to become 

the cluster head, x −  random variable (0> r> 1), T (n) − threshold value, CH −  cluster head,  
G − all nodes in the network, Id − identification number, A − normal node, Join_adv − request 
to join the cluster, T − time-slot to send the sensed data, => means broadcast and -> means 
unicast. 
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5. LEACH algorithm modification   
As it was mentioned in the section 3, the LEACH protocol uses a threshold T(n) depending 

on the number of nodes n. The sensor performance is very sensitive to the value of n in the 
network, therefore when the value of n is large, then many nodes will communicate with the 
cluster head and large distances between them will result in high loss of energy, because the 
nodes and cluster heads dissipate energy while transmitting the data. 

Therefore, to save the total residual energy of the nodes in the cluster and extend a lifetime 
of the network, we propose to choose the cluster head in the network depending on a location 
of all nodes in the same cluster and a distances between them. The modification of choosing 
the cluster head in cluster area is done in three main steps: 

Step 1: show the position of all nodes in the cluster depending on the coordinates x and y. 
The result will show a 2-dimension matrix containing the location of all nodes in the network.  

 
For j=1:size(clusterData) 
clusterData{j}.clusterNodes = []; 
end 

Step 2: calculate the distances between the nodes to choose the cluster head (near to 
middle- point comparing to the other nodes), then the nodes will join this cluster head which 
is the nearest to the middle position in the cluster area. 

 
for j=1:size(S,2) 
    x = S(j).xd; 
    y = S(j).yd; 
    minDist = Inf; 
    H = 0; 
    for p=1:size(X,2) 
        dist = sqrt((x-X(p))^2+(y-Y(p))^2); 
        if dist<minDist 
            minDist = dist; 
            H = p; 
        end 
    end 
if H>0 
        clusterData{H}.clusterNodes = ... 
           [clusterData{H}.clusterNodes; [x y] ]; 
    end 

Step 3: After the middle distance had been calculated in the previous step and the nodes 
have been ordered to the cluster head had depending on their location, the network is divided 
into regions based on a distances to points in a specific subset of the network, what can be 
done using Voronoi diagram as shown in figure 2.b. 

6. Results   
The simulation was conducted in MATLAB. First a set of random nodes and cluster heads 

in the network was generated using LEACH protocol, as shown in figure 2.a. Cluster heads 
are marked as dark stars. Then the modified algorithm was implemented and the resulting 
clusters and cluster heads positions are shown in figure 2.b. There are 9 cluster areas, each one 
consists of 1 cluster head and set of nodes. Most cluster heads in the figure 2.b are near to the 
middle point of the cluster comparing to other nodes in the same cluster. 
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Fig. 2: Simulation of cluster heads positions and distanced between the nodes for LEACH protocol: 
 a) - before and b) - after modification. 

The results are stored in an array containing two columns with x and y coordinates of the 
nodes positions in the cluster area. If the values in columns are sorted ascending or descending 
the cluster head position will be shown close to the middle of the column, as it is shown in 
figure 3. 

 
 
 
 
 
 
 

Fig. 3: Choosing cluster heads in different clusters 

Consequently, the higher percentage of the cluster head nodes are always near to the 
middle point of the cluster. This results the less amount of energy dissipation rate, comparing 
with the standard LEACH protocol, where the cluster heads are randomly distributed in the 
clusters as shown in figure 2a. LEACH protocol does not provide clarity about the position of 
a cluster head in a cluster area because it only depends on a probability model. Some cluster 
heads are at the edge of the cluster area, some cluster heads are near to each other and some 
network areas do not contain any cluster heads. Comparing figures 2.a and 2.b we can notice 
a significant difference between the cluster heads position in the cluster area. The energy 
efficiency level in the cluster heads could not maximize the energy efficiency of WSN. 
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7. Conclusion  
The energy in Wireless Sensor Network (WSN) is the most important factor in designing 

a protocol. Energy consumption is the main aspect to make the network more secure, therefore 
the energy efficiency and performance of the network depends on the position of cluster heads 
in the network. The aim of this paper is to evaluate the cluster heads in LEACH protocol, 
which is one of the most popular clustering protocols using a probability model to select 
cluster head. The modification of LEACH protocol is proposed, in which the cluster head in 
the network is chosen depending on a distance or location of all nodes in the same cluster.  
The simulation results were conducted for two different type of LEACH protocol: standard 
version and modification version. The simulation showed that the proposed modified protocol 
ensures better selection of the cluster heads, which are placed near to the middle point of the 
cluster. In the future work more factors of the Wireless Sensors Network effecting its lifetime 
will be considered, such as scalability, topology change, environment and power 
consumption.  
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Algorithms for Automatic Open Questions Scoring 
in E-Learning Systems 

This study deals with the automatic scoring of short answer question type in the e-
learning systems. The paper presents a new algorithm of open questions scoring, 
which is based on the key words method with lemmatization. The algorithm is 
dedicated to languages with complex grammar, for which the simple key words 
method is not sufficient. The algorithm has been implemented for Polish language 
and tested experimentally on a large group of students. The results obtained for the 
key words method and its modification with lemmatization have been compared and 
presented. The paper reports on the results of statistical analysis of these evaluations. 

1. Introduction and related work 
Short Answer Questions (SAQ) are generally easier to develop than multiple choice 

questions and easier to score than short or long essay questions, nevertheless they are useful in 
assessing students’ knowledge and their ability to remember foundational information such as 
terminology. Short-Answer Question can be answered in just a few words or phrases and 
well-designed SAQs provide students with clear assessments and provide the assessor clear 
marking guide.  

The automatic evaluation of SAQs has not been yet implemented for most popular  
e-learning platforms like WebCT™, Blackboard™ and Moodle™ [1]. In [2] C-rater is 
mentioned, which is a module to score responses to content-based short answer questions and 
it is based on paraphrase recognizer. C-rater matches as many sentence-level concepts as 
possible between teacher and student answers and generates a canonical representation of the 
texts using syntactic variation, anaphora, morphological variation, synonyms, and spelling 
correction for recognizing the responses that have a common meaning [3]. It extracts the 
underlying structure of the response, resolves pronoun reference, normalizes across inflected 
words, and recognizes the use of similar terms and synonyms. 

Our aim is to investigate a new algorithm in scoring open text responses automatically. The 
open text responses we are dealing with are ranging from one word up to one line. These 
responses are for the questions that typically ask the student to state, describe, suggest, 
explain, etc. These questions are from an assessment in different subjects on a web system in 
the local network in the Institute of Applied Computer Science, Lodz University of 
Technology [4]. The system is used in practice and supports academic teachers in the 
laborious process of tests' marking. It displays the assessment for the students in two 
languages, English and Polish [5, 6]. This system had been introducing open questions type 
and applied the Levenshtein measure for spell checking. The Levenshtein measure proved to 
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be inadequate for comparing answers consisting of a few words. Thus using standard syntactic 
and semantic analysis methods will be difficult. 

In [6] we examined a family of approaches to automatic scoring of SAQ basing on the 
teacher valid responses. We assumed, that the student response would be compared to up to 
four model answers prepared by the examiner with the ability to determine which answer is 
more and which is less correct. 

The proposed methods have been summarized in Table 1. 
Table 1: Variants of scoring SAQ used in [6] 

Variant name Description  

exact if one of the acceptable answers (acc_ans) exactly matches the answer given by the 
student (st_ans), the task is assessed at 5 points, otherwise – 0 points. 

exact_weight if the student's response is equal to the first model answer, he receives 5 points, if it 
matches the second one – 4 points and so on. 

Lev_exact like exact, but with approximate match; 

Lev_weight like exact_weight, but with approximate match; 

Lev_weight_compliance like lev_exact but the score reflects the degree of compliance with any of the model 
answer; 

Lev_exact_split Treating student’s and teacher’s answers as sets of words and examining the 
intersection of these sets using Jaccard index [10] 

Two kinds of short answer questions were implemented and tested: type 1 (T1) − with 
scoring by exact matching and type 2 (T2) − by approximate matching with the Levenshtein 
measure. 

From 67 questions of T1 type processed with variant exact, 58 (88%) marks were 
compliant to manual assessment and from 397 answers of T2 type processed with variant 
Lev_exact, 371 answers (93%) were correctly assessed. 

At the same time the experiment showed that the measures: exact and Lev_exact are 
inadequate for comparing answers consisting of a few words and numbers. 

Then, all questions were assessed by Lev_exact_split method. From 67 questions of T1 
type 66(98.5%) marks were compliant to manual assessment and from 397 answers of T2 type 
389 (98%) answers were correctly assessed. Empty answers were qualified as incorrect by the 
teacher and by the system. 

Currently we extend the variant Lev_exact_split with some pre-processing using dictionary 
created as a process of lemmatization [11]. 

2. Stemming and lemmatization 
Word stemming is an important feature supported by present day indexing and search 

systems and it is a popular tool technology for quantitative text processing in Information 
Retrieval and Data Mining. The main purpose of stemming is to reduce the family of inflected 
and derived words (nouns, adjectives, verbs, adverbs, negations etc.) to its stem – a sequence 
of letters common to the whole word-forming family [7]. 

The following steps are done by the stemming algorithm: 
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1. Find a unique sequence of characters for any given word form, called a stem, which 
represents the word root. 

2. Morphological forms of a word are supposed to have the same base meaning and 
should be mapped to the same stem. 

3. Words that do not have the same meaning should be left as they are.  
From a group of words: dziennikarstwo, dziennikarz, dziennik, dzienny we may obtain a 

stem dzienn. Note, that in this case the stem is not equal to the root for these words which is 
dzień and, actually dzienn is not a valid word. 

In contrast, word lemmatizing goal is obtaining the lemma that represents the word basic 
form after decoding its part of speech and part of the sentence. This is usually required 
because some words have the same spelling but different meaning (homonym or homograph). 
As analyzing the sentence may require some artificial understanding and having encoded all 
grammatical rules of a given language, it is a more complex process compared to stemming. 

 A lemma in morphology is the canonical form of a lexeme, which refers to the list of all 
the forms with the same meaning, so, the lemma, refers to the particular form that is chosen by 
convention to represent the lexeme. An algorithm that converts a word to its correct basic 
form, from linguistic point of view is called a lemmatizer, which refers to a tool that does full 
morphological analysis to identify the lemma for each word [7]. 

A valid lemma of the group: psa, pies, psach, psami, psem, psie, psom, psów, psu, psy is 
pies. 

3. The algorithm 
In current research, we will re-test the algorithm for calculation the similarity between 
acceptable answers given by the teacher and the student's response. 
As the approach assigned as Lev_exact_split in [6] became the most reliable we also use it but 
we enhance the pre-processing phase. 
Pre-processing of short answers used in [6] included: 

1. separation of numbers from other words using space; 
2. replacing all special and punctuation characters by spaces; 
3. converting all letters to lowercase; 
4. splitting text into words on spaces; 
5. removing all remaining spaces (trimming); 

The next new phase, proposed in this work, involves conversion of all separated words using 
the dictionary of words with basic form and flexion forms. 
The following steps showed how we simplify the words in the student's answers: 

1. if there is a positive hit for the examined word in the dictionary, it is converted to the 
first word in the current line (basic form); 

2. if there is a number inside the student's answer, it will be separated from other letters; 
3. if there is in the dictionary a positive hit for the upper-case form of the word (DVD, 

CD, ROM, etc.), it will converted to upper-case format 
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After the above steps are done, we calculate the score after the following steps are 
implemented: 

1. Search the whole dictionary for the acronyms in upper-case to find its lemma. 
2. When there is negative hit for some words, we search the whole dictionary for the 

nearest word (only one letter longer or shorter) and apply Levenshtein distance. 
a. If the word is so far different, it will be returned without change. 
b. If the nearest word is accepted, it will be converted to its lemma. 

Then, after searching the lemmatization dictionary and applied Levenshtein distance to 
create new student model, the splitting algorithm will be implemented to score the students 
answers as it is shown in the listing (1).  

score ← 0 
ss ← GetEditArea( ) 
s_ans ← set(Split(Filter (st_ans))) 
FOR EACH ans IN acc_ans 
                    points ← 0 
                    t_ans  ← set(Split(ans)) 
                    common_words ← t_ans∩ s_ans 
                    points ← Size(common_words ) / Size(t_ans) 
                    IF points > score 
                               score ← points 
                    END IF 

    END FOR 

Listing. 1: A pseudocode of Splitting scoring for Lemmatizing answers 

Numbers, which appear in model teacher answers, are very important (for instance: how 
many bytes are in one kB?). If the number is present, it must be found in the student answer in 
exact form, otherwise the answer is incorrect. The function displayed in Listing 2 (Python 
code) is run in parallel to other testing methods. It returns: 

a) -1 if some of the teacher answers contain number; 

b) 0 if all teacher answers contain numbers and the student did not use one of these 
numbers; 

c) 1 if some of the teacher answers contain number and the student used it aptly. 
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def testNumericalAnswer(t_ans, s_ans): 
  score = 0 
  points = [0,0,0,0] 
  st_ans_not_number = (len(re.findall(re_number,s_ans))==0) 
  N = 0  
  for j, ans in enumerate(t_ans): 
    y = re.findall(re_number, ans) 
    if  len(y)> 0: 
      N+=1 
    if len(y) == 0 or st_ans_not_number:  
      points[j] = -1 
    elif all(x in s_ans for x in y): 
      points[j] = 1 
    else: 
      points[j] = 0 
   
  if 0 in points: 
    score = 0 
  elif 1 in points: 
    score =1 
  else: 
    score =-1 
  if st_ans_not_number and N==4: 
    score = 0 

  return score 

Listing. 2: Python code for the number criteria 

4. Results of the experiment 
A group of students has been asked to do the test of open question type and the total 

number of the questions was 509. Open answer questions are presented in such a way, that the 
possible answers (stored in the database) are not displayed to the student, who must type the 
answer into a given EditArea. While formulating the question, the teacher fills up to four 
possible answers (acc_ans). The phase of test planning is very important and the teacher 
should take into account all possible synonyms in the set of the four correct answers. 

When the assessment is finished, the student’s answers are stored in the database as an 
Excel file (Result.xlsx).  

The experiment has been conducted for the student answers pre-processed in a standard 
way and with the dictionary converting each word to its lemma. The answers have been 
assessed manually and split into correct part (grade (2.5; 5]) and incorrect part (grade [0; 2.5)). 
Empty answers have not been taken into account. 

Table 2: Compliance of the manual and automated assessment 

Type of 
scoring Expert Lev_exact_split 

Lev_exact_split 
with number pre-

process 

Lev_exact_split with 
number pre-process and 

dictionary 
as correct as incorr. as correct as incorr. as correct as incorr. 

Correct 
answers 186 138 (74%) 48 (26%) 141 

(76%) 45 (24%) 144 (77%) 42 (23%) 

Incorrect 
answers 187 1 (0.5%) 186 

(99.5%) 1 (0.5%) 186 
(99.5%) 1 (0.5%) 186 (99.5%) 

In Table 2 the summarization of the compliance between manual and automatic 
assessments is displayed. 

The basic version of the algorithm [6] for the current dataset is shown as Lev_exact_split. 
26 percent of correct answers have been underestimated and one incorrect answer has been 
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wrongly qualified as a correct. The conclusion is that the ability to detect inappropriate 
responses is very good and does not require improvement. 

Contrary, detection of correct answers is not satisfactory for the basic version of the 
algorithm. Introduction of examining numbers has improved the compliance of ratings in 
a few cases. The use of the lemmatization and dictionary has also brought some improvement 
in compliance, but not so significant as it was expected. Finally, the error rate has been 
reduced to 23%. 

5. Conclusion 
A few versions of the algorithm for automatic open questions scoring in e-learning systems 

are considered in the paper. All of them rely on calculation the similarity between acceptable 
answers given by the teacher and the student's response. The previously elaborated algorithm 
based on key words method and Levenshtein distance has been improved by implementing 
two modifications: exact recognition of numbers and word lemmatization. Using dictionary 
pre-process and converting each word to its lemma is time consuming. However, it allows 
recognizing different forms of the responses such as plural, and converting them to basic form 
for easy comparison with the acceptable answers. 
The new algorithms has been implemented for Polish language and tested experimentally on 
a large group of students. Their ability to detect inappropriate responses reached 99,5%, what 
is very good result. However, detection of correct answers is not satisfactory. For the basic 
version of the algorithm 74% of the correct answers have been recognized correctly, while 
implementing two modifications improved only slightly the rate to 77% for the examined 
dataset. Therefore, further development of the algorithm is needed, before it could be applied 
in practice.  

In the further research, we plan to include thesaurus for pre-processing of the student 
responses. 
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Adam R. ZYWICA1, Marcin ZIOLKOWSKI2 

Image Reconstruction Quality in Magnetoacoustic 
Tomography with Magnetic Induction 

Magnetoacoustic Tomography with Magnetic Induction (MAT-MI) is a new hybrid 
imaging modality dedicated for non-invasive electrical conductivity imaging of low-
conductivity objects such as biological tissues. The purpose of the presented study is 
to determine the optimal scanning resolution. In order to resolve this problem a 
special image reconstruction quality indicator must be introduced. Finally, the image 
reconstruction examples for object’s complex shape have been analyzed and the 
Lorentz force divergence reconstruction has been achieved. Taking into account 
different numbers of measuring points and various image processing algorithms, the 
conditions allowing successful image reconstruction have been provided. 

1. Introduction  
Magnetoacoustic Tomography with Magnetic Induction (MAT-MI) is a new hybrid 

imaging modality dedicated for non-invasive imaging of internal structure of low-conductivity 
objects.  MAT-MI is characterised by a good spatial resolution, high contrast and has a 
potential application in medical diagnosis. New biological tissue studies provide more and 
more information about their electrical properties that are correlated with their physiological 
and pathological properties. For example, breast cancer or liver tumour cells have 
significantly higher electrical conductivity compared to healthy tissue of the same gland or 
organ. These facts mean that receiving information about the spatial distribution of 
conductivity of the examined object will allow early detection of cancer lesions. Therefore, 
MAT-MI can become a primary method used in cancer screening [3][5].  

The MAT-MI method can be divided into two main parts, namely so-called forward 
problem and inverse problem. The former is come down to express the acoustic pressure 
generated in the biological tissue. The latter consists of two steps, i.e. reconstructing the 
distribution of the Lorentz force divergence according to the ultrasonic signals collected by 
piezoelectric transducers or calculated at ‘measuring points’ (transducers’ equivalents in  
a present simulation study), and finally the imaging of the electrical conductivity distribution 
[3][5].  

MAT-MI relies on excitation of electromagnetic field method and detection of ultrasonic 
method. In MAT-MI technique an object to be imaged is placed in static and time-varying 
(pulsed) external magnetic fields. In the object, the pulsed magnetic field induces eddy 
currents. Consequently, the object emits acoustic waves through the Lorenz force generated as 
result of interaction between static magnetic field and eddy currents. The propagated acoustic 
waves can be acquired and used for electrical conductivity image reconstruction [3]. The 
illustration of MAT-MI concept has been shown in Figure 1.  
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Figure. 1: Schematic diagram of 2D MAT-MI concept. 

The purpose of the presented study is to determine the optimal scanning resolution which is 
the equivalent of ultrasonic pressure measuring points’ number. In order to resolve this 
problem a special image reconstruction quality indicator must be introduced. Finally, the 
image reconstruction examples for object’s complex shape have been analysed and the 
Lorentz force divergence reconstruction has been achieved. Taking into account different 
numbers of measuring points and various image processing algorithms, the conditions 
allowing successful image reconstruction have been provided.  

2. Reconstruction quality 
In order to determine the conditions allowing successful image reconstruction an 

assessment of the quality of the reconstructed images must be made. In this case, the image 
reconstruction quality should be understood by the similarity between the reconstructed image 
and the original image. There are two kinds of quality assessment: subjective assessment  
(a method based on estimation of image quality by human) and objective assessment 
(considered in this work) where the goal is to design and use quality indicators that can predict 
perceived image quality automatically. In practice, an objective image quality metric can be 
employed to benchmark and to optimise scanning step (SS) and the parameter settings in the 
simulation studies which can be used subsequently in experiments to calibrate a measuring 
system [4].  

In tomography, various approaches and correlated indicators are commonly used in image 
processing approaches, e.g. an image feature extraction (shape, curve, texture, and histogram) 
and straight image comparison. The latter approach, based on comparing binary images 
globally, has been used in this work [1]. The block diagram of a quality estimation of image 
reconstruction is shown in Figure 2. 

In order to obtain sample images, the first step of the MAT-MI inverse problem ought to be 
conducted. The Lorentz force divergence can be reconstructed using time reversal technique 
which is one of the ultrasound imaging modalities [3][5]. The resulting sample images (stored 
in grayscale) are subjected to a binarization and then compared with the original image of the 
model. The binarization process has been performed with the help of Matlab’s function 
imbinarization. The function uses Otsu’s method, which chooses the threshold value to 
minimize the intraclass variance of the thresholded black and white pixels (global 
thresholding method).  
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Figure. 2: Block diagram of reconstruction quality evaluation algorithm. 

The most appropriate and natural ways to compare binary images is the statistical approach 
using such indicators as: positive predictive value (PPV, precision) and true positive rate 
(TPR, sensitivity) which are derivatives from so-called confusion matrix (error matrix) [2]. 
PPV and TPR can be determined by the following expressions: 

 
TPPPV = 100%,

TP + FP
⋅  (1) 

 
TPTPR = 100%,

TP + FN
⋅  (2) 

where: TP (true positive) and TN (true negative) are the numbers of background image 
reconstruction pixels consistent with model pixels and inconsistent with model pixels, 
respectively;  FP (false positive) and FN (false negative) are the numbers of object’s image 
reconstruction pixels consistent with model pixels and inconsistent with model pixels, 
respectively. 

Besides confusion matrix approach, very often, others measures are used to evaluate the 
similarity of two images, e.g. pixel-to-pixel matching (MPxP), peak signal-to-noise ratio 
(PSNR) and correlation (COR). MPxP is the method in which each pixel from reconstructed 
image is compared to the corresponding pixel from the original image. Secondly, peak signal-
to-noise ratio (PSNR) is the image quality measure which is simple to calculate, has clear 
physical measuring but does not match well with the human perception. In practice, the higher 
PSNR generally the higher image reconstruction quality. The PSNR is defined as (in dB) [4]: 

    10PSNR 20 log ,IMAX
MSE

 = ⋅ ⋅ 
 

 (3) 

where: MAXI is the maximum possible pixel of the image, MSE is the mean squared error. 
Lastly, correlation (COR) is a related optical method that employs tracking and image 
registration technique for accurate 2D measurements of changes in images. COR uses the 
cross-correlation concept which is based on the measurement of similarity of two images as a 
function of the displacement of one relative to the other. The 2D discrete cross-correlation 
COR can be defined as: 
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where: f(m,n) is the pixel intensity or the grayscale value at a point (m,n) in the original image, 
g(m,n) is the grayscale value at a point (m,n) in the translated image, f and g are mean values 
of the intensity matrices f and g respectively. 

3. Results 
The MAT-MI forward problem has been performed with the help of the Finite Element 

Method (FEM). In order to reconstruct the acoustic source as the Lorentz force divergence 
∇·(J × B0), the time reversal algorithm has been used. The model view and results of the 
image reconstruction for different number of measuring points (NP) is shown in Figure 3. 

The 2D geometry of the object to be imaged which consists of inner and outer layers with 
the complex shapes and low conductivities has been considered. It should be noted, that the 
layers are acoustically homogeneous without any reflections, dispersion and attenuation. 
Moreover, all the studies are ideal and therefore the recorded signals are considered as noise-
free. 

 

Figure. 3: The model view (left) and normalized reconstructed images for different number of NP (right). 

We have made two groups of the binary images from reconstructed images (ten images in 
each) which were compared to the origin (image of the model). The former is made after 
binarization from the grayscale image reconstruction of the object with full range of values. In 
turn, the latter is made after binarization from the grayscale image reconstruction of the object 
without positive values. Results of image binarization (for the first four images) are shown in 
Figure 4.  

In Figure 3 and Figure 4, we present the object image reconstruction for 6, 12, 24, and 36 
measuring points (NP). The subjective assessment is undoubtedly pointing at a greater 
similarity of the images in case B to model image than in case A. For 6 NP the ring was 
reconstructed but not much information about the inner part of the object is revealed. With 12 
NP, some of the inner basic features of the object start to emerge but still blurring artefacts 
around and between the inner and outer part of the object can be observed. Finally, for 36 NP 
the reconstructed acoustic source positions almost exactly correspond to the actual locations 
of the object. The greater number of measuring points, the better quality images with less time 
reversal noise can be observed. 
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Figure. 4: Result of binarization the reconstructed images for case A and case B. 

In order to reduce the computation time, the size of images has been rescaled to 300 x 300 
pixels. The straight image comparison (globally) has been chosen which seems best adapted 
for this case. The binary images have been compared without using feature extension (feature 
comparison). In order to evaluate the reconstruction quality properly, some of the statistical 
indicators from the confusion matrix have been computed for the cases A and B. The results 
are shown in Figure 5, on the left and right, respectively. 

 

Figure. 5: Values of confusion matrix indicators obtained for the case A and case B, respectively. 

The results present the high similarity of the compared binary images in both cases. 
However, the lesser difference between PPV and TPR for case B than case A indicates that 
the cut off of positive values from the grayscale image reconstruction is resulted in a distinct 
improvement in the match of the reconstruction to the model. Significant image reconstruction 
improvement takes place when the number of measurement points begins by 36 for case A 
and case B, respectively. What is more, further increment of measuring points’ number does 
not change the image crucially. In addition, the binary image comparison was carried out 
using three other indicators i.e. pixel-to-pixel matching (MPxP), PSNR and correlation 
(COR). The results of the comparison have been summarized in Table 1.  
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Table 1: Image comparison method values for case A and case B for different number of measuring points. 

  A B 
SS [o] NP MPxP [%] PSNR [dB] COR MPxP [%] PSNR [dB] COR 

60 6 73,32 54,32 0,496 92,61 57,08 0,624 
30 12 72,88 54,18 0,475 93,77 57,82 0,684 
15 24 79,69 55,21 0,548 96,74 59,78 0,797 
10 36 80,22 55,49 0,583 98,67 61,10 0,850 
6 60 81,04 55,65 0,594 98,77 61,37 0,859 
4 90 80,48 55,56 0,590 98,81 61,35 0,858 
3 120 81,00 55,66 0,596 98,80 61,43 0,861 
2 180 81,11 55,68 0,597 98,81 61,46 0,862 
1 360 81,11 55,69 0,598 98,80 61,43 0,861 

It can be observed that the results present the great similarity of the compared binary 
images in both cases. As for previous situation, significant image reconstruction improvement 
occurs when the number of measurement points starts at 36 for both cases. 

4. Conclusion  
In this paper, the influence of MAT-MI scanning resolution on the image reconstruction 

quality has been studied in detail. In order to evaluate properly the image reconstruction 
quality, the set of quality indicators have been used. The main task of the indicators is comes 
down to predict a perceived image quality automatically allowing to benchmark and to 
optimise scanning step and parameter settings in the simulations studies. The information 
obtained after the simulation tests will allow for accurate matching of the experimental 
conditions and to calibrate the measuring system. Taking into account the subjective and 
objective assessment of image reconstruction quality, among all the indicators we used to 
determine the similarity between the reconstructed image and the original image, the 
correlation gives the best results. It has to be noted that the used indicators depend on the 
resolution of images being compared which is correlated with sampling time used in the 
MAT-MI forward problem which was not presented in this work. 
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Natural Language Processing in Computer Go 

This research shows how NLP techniques can be used to build the probabilistic 
language model of Go game. The proposed algorithm selects the potentially most 
promising moves that should be evaluated with Monte-Carlo simulations. A move 
prediction is done based on n-grams model and a noisy channel model. Statistical 
hypothesis testing is used for a model improvement. The game model is evaluated 
with a perplexity measure. The novel approach shows its advantages over a selection 
of most promising moves based only on confidence intervals. 

1. Introduction and Overview 
Strategy in the Go game, as well as the behavior of people, cannot always be described by 

strict rules. In addition, the use of human language is not restricted to concise and universal 
grammatical rules. Of course, there are rules for constructing words and sentences. Likewise, 
the game of Go defined criteria for correctness of a move according to the rules of the game. 
Players in Go often use the same schemes, but they also do new moves - just like people who 
constantly invent and introduce novel words and phrases to the dictionary. The more 
observations we collect, the more we know about the language (in the case of Go, 
the language of the game), and we can construct a more accurate model. 

In my paper “Using Patterns in Computer Go", I presented the technique for machine 
retrieving patterns from a collection of game records played between human expert players 
and implementing patterns in a computer Go program [13]. Each pattern has been represented 
by a small 3×3 points piece of board with an empty point in its center, where a potential move 
has been considered. Every pattern identified by an integer number has been given a weight 
depending on its frequency. During the clustering, to avoid duplication caused by patterns 
variations, operations of: rotation, mirroring and color exchange have been applied. For final 
set, patterns with highest weight, due to the Pareto rule (80/20), have been selected. To verify 
how the patterns are effective and improves the playing strength of the computer program, the 
heuristics based on patterns has been tested in 4 contests and compared to reference 
tournaments. The results of experiments show that the heuristics of "good" patterns improves 
the playing strength on medium and large boards. Unfortunately the proposed solution didn’t 
scale well and applied to 5×5 and 7×7 patterns were not satisfactory. This work is 
a continuation of the research but proposes a different approach – the use of Natural Language 
Processing (NLP) techniques to predict moves in the computer Go game.  

Section 2 presents related works. Section 3 is dedicated to basic NLP concepts. Next, 
Section 4 introduces a minimum editing distance. In Section 5, a brief explanation is given 
how a game language has been modeled. Section 6 presents a noisy channel model used for 
a move prediction. Section 7 is focused on the game model assessment. The results of 
experiments are presented and discussed in Section 8. The research conclusions are gathered 
in Section 9.  
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2. Related Works 
In recent years, a new algorithm MCTS (Monte-Carlo Tree Search) was developed [2]. 

MCTS was developed initially for computer Go game, but it is a general algorithm and can be 
applied to solve other problems. MCTS is a best-first search method guided by Monte-Carlo 
simulations that does not require a positional evaluation function. MCTS consists of four main 
steps: selection, expansion, simulation, and backpropagation. In the selection step, the tree is 
searched from the root node until a leaf. In the expansion step, a new node is added to the 
game tree. In the simulation step, random moves are played in a self-game. Finally, in the 
backpropagation step, the result of a simulated game is propagated from a newly added leaf 
node up to the game tree root.  

MCTS has many variants that differ in search strategy, but most of them are based on 
confidence intervals and Central Limit Theorem. The confidence intervals in computer Go are 
used to select the potentially most promising moves that should be evaluated with Monte-
Carlo simulations. Smart selection of moves for evaluation has the crucial impact on 
program’s playing strength. The Central Limit Theorem states that the probability distribution 
of the sum of independent and identically distributed random variables with finite variance 
approaches a normal distribution. In my research, I showed that the move-selection strategy 
which implements calculation of the exact confidence intervals based on discreet, binomial 
distribution is much more effective than based on normal [14]. The novel approach shows its 
advantages particularly in games played on medium and large boards. 

Strategies used in selection and simulations can be facilitated by applying knowledge in 
a form of patterns. There has been a big effort to implement patterns in a Go engine from 
the early beginning – Zobrist A.L. (1970) [16]. Boon M. (1990) implemented pattern 
matching in the computer program GOLIATH [1]. Cazenave's work (2001) consisted in 
automatic acquisition of patterns generated in a special tactical context [3]. Gelly et al. (2006) 
introduced the sequence-like simulation [5]. Wang and Gelly (2007) implemented sequence-
like 3×3 patterns in their Go program MOGO [15]. Coulom (2007) searched for useful 
patterns in Go by computing Elo ratings for patterns, improving program CRAZY STONE 
[4]. Hoock and Teytaud (2010) used Genetic Programming to automatically find “better” 
patterns for their computer program MOGO [7]. 

Computer program AlphaGo, developed by Alphabet Inc.'s Google DeepMind, uses MCTS 
algorithm together with deep neural networks: a value network, to assess the state of the game 
and two policy networks – one taught under supervision and the other taught with 
reinforcement, to find potential strong movements. Both networks implement a strategy of 
probing the space of possible solutions. The value network is trained by the supervised 
learning method based on the records of games played between players competing at 
the championship level [12]. AlphaGo beat the best professional human Go player in 
the world, in a three-game match at the 2017 “Future of Go Summit”. 

NLP techniques for a move prediction were not researched in related works. 

3. Basic Concepts  
In natural language processing techniques, a collection of analyzed documents (books, 

articles, press releases, etc.) is called a corpus [8], [11]. The documents that make up 
the corpus consist of sequences of segments – words and punctuation. Each unique segment is 
called a type. For example, the phrase "four times, two times" consists of four segments, but 
only three types.  
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A collection of all types is called a dictionary. Sequence consisting of one segment is 
called a unigram. A bigram consists of two segments, a trigram of three segments, a n-gram 
of n-segments. 

Table 1 shows the basic analogies between the concepts used in natural language 
processing and in computer Go. 
Table 1.  Analogies between concepts of natural language and computer Go. 

NLP  Computer Go  
Corpus Collection of game records between players competing at 

the championship level. A collection that meets the criteria  
of representativeness and authenticity. 

Language Collection of moves’ sequences recorded in the corpus. 
Word, segment, type Move made by a player. Move is coded in the form of a pattern  

that matches the direct context. 
Dictionary Collection of unique moves recorded in the corpus. 
Sentence Sequence of moves made in close proximity. 
Word correction Move prediction. Choice of a move based on the game language 

model. 

The game model is described by probability distribution, which is characterized by the 
ability to observe a sequence of moves in the large corpus. Since there are infinitely many 
sequences of moves and that for each of them the probability of occurrence is to be 
determined, the task is not easy, for example, the solution cannot be a simple counting of 
moves because some of these moves may never occur even in the largest corpus. 

4. Minimum Editing Distance  
The minimum editing distance allows estimation the similarity of patterns. To indicate 

similar patterns, a measure of similarity must be defined. Transforming one move pattern into 
another consists of a sequence of elementary operations: insertion, removal or replacement of 
a single stone. Editing distance is the sum of the number of individual operations required to 
transform one move into another [10]. 

Transformation of one pattern into another can be done in many ways, and consequently, 
the search space is large. The search space can be modeled as a tree in which the root is the 
starting pattern, branches correspond to elementary editing operations, nodes to the current 
pattern generated by subsequent operations, and leaves to the final words. The goal of 
the search algorithm is to find the path that has the least cost. 

The algorithm for calculating the shortest editing distance has been enhanced with scales 
that accept smaller values for those fields that are farther away from the midway point of 
the pattern (the point at which the stone is laid). Distance is calculated in Manhattan measure 
in 2D space. In the basic version, insertion, deletion and replacement operations have a fixed 
cost. Fixed values are replaced by a cost function whose value depends on the distance from 
the midway point of a pattern. 
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5. Language Model 
The game model determines the probability of a sequence of moves. The sequence of 

moves can be formally written as 𝑤 = (𝑤1𝑤2 …𝑤𝑛) and may be abbreviated 𝑤1𝑛. The capital 
letter 𝑃 means the probability. If 𝑤 is a sequence of moves, then 𝑃(𝑤𝑖 | 𝑤𝑖−1) is a conditional 
probability of the occurrence of the sequence 𝑤𝑖−1,𝑤𝑖. By using a chain rule, the probability 
of a sequence occurrence can be determined by the equation 1. 

𝑃(𝑤1𝑛) = 𝑃(𝑤1 )𝑃(𝑤2 |𝑤1 )𝑃(𝑤3 |𝑤12) …𝑃(𝑤𝑛 |𝑤1𝑛−1) = �𝑃(𝑤𝑛 |𝑤1𝑘−1)
𝑛

𝑘=1

 (1) 

In the view of the considerable number of parameters used in this model, the Markov 
assumption is usually used according to which the sequence history depends entirely on 
the preceding local context (equations 2): 

1-gram (unigram): 𝑃 �𝑤𝑘 �  𝑤1𝑘−1) ≈ 𝑃(𝑤𝑘) ,  

2-gram (bigram): 𝑃 �𝑤𝑘 �  𝑤1𝑘−1) ≈ 𝑃(𝑤𝑘| 𝑤𝑘−1 ) , (2) 

n-gram: 𝑃(𝑤𝑘| 𝑤1𝑘−1) ≈ 𝑃(𝑤𝑘| 𝑤𝑘−𝑛+1𝑘−1  ) .  

6. Noisy Channel Model and Move Prediction  
A move prediction can be compared with Shannon's game in which the player wants to 

predict a word in the text. Based on the current state of the game, a list of candidate moves is 
generated. The list only contains game rules-based moves. Because of the large branching of 
the game tree, only moves that are close to the previous move made by the opponent are 
analyzed. Then, from the set of candidates, the one that maximizes the probability value based 
on the noisy channel model is selected. 

In the noisy channel model, the word 𝑤 is given to the input of the transmission channel. 
In view of channel noise, the word 𝑤 is distorted into a word 𝑥 during transmission. The noisy 
channel can be described mathematically using the theory of probability. Knowing the 
distorted word 𝑥 received at the output of the channel, a list of words 𝑉 that could have 
appeared on input of the channel can be build. From the set of candidates, the most likely 
word is selected (equation 3) [9]. 

𝑤� = 𝑎𝑟𝑔𝑚𝑎𝑥𝑤∈𝑉 𝑃(𝑤|𝑥) (3) 

Using the Bayes theorem, the equation 3 can be transformed into the equation 4. 
𝑤� = 𝑎𝑟𝑔𝑚𝑎𝑥𝑤∈𝑉 𝑃(𝑥|𝑤)𝑃(𝑤) 𝑃(𝑥)⁄  (4) 

Because 𝑃(𝑥) does not depend on 𝑤, then the equation can eventually be written as 5. 
𝑤� = 𝑎𝑟𝑔𝑚𝑎𝑥𝑤∈𝑉 𝑃(𝑥|𝑤)𝑃(𝑤) (5) 

The last equation contains the product of two factors: (1) 𝑃(𝑥 | 𝑤) – likelihood, the channel 
model or alternatively the error model, 𝑃(𝑤) – prior, a language model, probability 
of occurrence of the correct word at the input of the channel. 

A move can be done if it complies with the rules of the game. Not every correct move is 
a "strong" strategic move. How in the sequence of moves in the game find those moves that 
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are potentially strong? For each move, a set of candidate moves is created. The collection 
of candidates includes moves within the limited editing distance.  

Let’s consider the sequence of moves described by the patterns: 𝑤1,𝑤2, … ,𝑤𝑛 (equations 
6). For every 𝑖  move described by the pattern 𝑤𝑖, the candidate set 𝐶(𝑤𝑖) is defined: 

𝐶(𝑤1) = �𝑤1
 ,  𝑤11,𝑤12,𝑤13, … � , 

𝐶(𝑤2) = �𝑤2
 ,  𝑤2

1,𝑤2
2,𝑤2

3, … � , 

𝐶(𝑤𝑛) = �𝑤𝑛
 ,  𝑤𝑛1,𝑤𝑛2,𝑤𝑛3, … � , 

(6) 

where 𝑤𝑖
  is the test pattern, 𝑤𝑖

1,𝑤𝑖
2,𝑤𝑖

3, …  are similar patterns within the limited editing 
distance from the pattern 𝑤𝑖. 

In a turn-based game (such as Go), players perform alternate moves. In practice, 
the prediction applies to the current move only. Previous moves have already been made and 
cannot be changed. Therefore, only the last movement in the sequence is checked – we are 
looking for the strongest move that completes the sequence. 

We assume that moves 𝑤1,𝑤2, … ,𝑤𝑛−1 are correct and we are looking for 𝑤𝑛 which will 
maximize the probability of the sequence 𝑃(𝑊). If for one of the moves the value of 𝑃(𝑊) is 
clearly greater than for others candidate moves, we can recommend this move. If the 
probabilities of candidate moves are comparable, then it is difficult to indicate the strongest 
move. 

For pruning random moves (even professional players make mistakes) a statistical 
hypothesis testing was used.  With the assumption that the population distribution is normal 
then Student's t-test can be used, which allows to, based on the mean and variance of 
the sample, determine the probability of origin of the sample from the population. We select 
the bigram sequence  𝑤1,𝑤2. We have a series of binomial random variables, 1 – sequence 
occurrence, 0 – no occurrence, i.e. Bernoulli's test. If frequencies 𝐶(𝑤1), 𝐶(𝑤2), 𝐶(𝑤1,𝑤2) 
and the quantity of all types 𝑁 are known, then probabilities 𝑃(𝑤1),  𝑃(𝑤2),𝑃(𝑤1,𝑤2) can be 
computed. The null hypothesis is stated in the form 𝐻0: 𝑃(𝑤1,𝑤2) = 𝑃(𝑤1)𝑃(𝑤2). 
A computation of the test statistics 𝑡 is straightforward (equations 7). 

�̅� = 𝐶(𝑤1,𝑤2) 𝑁⁄ ,     
𝜇 =  𝑃(𝑤1,  𝑤2),      

𝑠2 = 𝑝(1 − 𝑝) ≈ 𝑝 ≈ 𝑃�𝑤1,  𝑤2� 
𝑡 = (�̅� − 𝜇) �𝑠2 𝑁⁄⁄  

(7) 

If the value of the test statistics 𝑡 is less than 1 − 𝛼 (where 𝛼 is a significance level) then 
there is no reason to reject the null hypothesis and it can be assumed that the sequence of 
moves 𝑤1 and 𝑤2 is random. 

7. Game Model Assessment  
Each game model should be evaluated. The evaluation should consider whether the model 

prefers good moves in relation to the weak ones. In other words, whether it gives more 
probability to real strategic sequences, often observed or an accidental, a weak, a rarely played 
moves. Model parameters are selected based on the training set. The correctness of 
the constructed model is examined on test data that was not previously analyzed. Also, 
a metric is needed, which will allow us to evaluate the quality of the model. 
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The best way is to compare models empirically. In the case of predictions of moves in 
the computer Go, the result will be the accuracy of the prediction for both models, i.e. how 
many moves are correctly predicted. The disadvantage of empirical evaluation is a long test 
time. 

For the construction of prototype solutions, a rough estimate based on the perplexity 
measurement can be used to analyze the practical utility of constructed model. The smaller 
is the value of the perplexity the better is the move prediction. Minimizing perplexity is 
equivalent to maximizing probability. The perplexity measure 𝑃𝑃 is equal to the probability 𝑃 
in the test set after the normalized by a quantity of moves 𝑛 in the analyzed sequence of 
moves 𝑊 = (𝑤1,𝑤2,  … ,𝑤𝑛), equation 8. 

𝑃𝑃(𝑊) = 𝑃𝑃(𝑤1,𝑤2,  … ,𝑤𝑛) = �
1

𝑃(𝑤1,𝑤2, … ,𝑤𝑛)
𝑛

 (8) 

Using an n-gram model to calculate probabilities, the chain rule allows to calculate 
the non-deterministic measure. In this case, the probability of a long sequence of moves is 
replaced by the product of the conditional probabilities for each move in the sequence being 
tested (equation 9). 

𝑃𝑃(𝑊) = ��
1

𝑃(𝑤𝑖|𝑤1,𝑤2, … ,𝑤𝑖−1)

𝑛

𝑖=1

𝑛

 (9) 

If to use a bigram based model to calculate probability, the perplexity can be expressed by 
the equation 10. 

𝑃𝑃(𝑊) = ��
1

𝑃(𝑤𝑖|𝑤𝑖−1)

𝑛

𝑖=1

𝑛

 (10) 

The perplexity does not depend on the length of the sequence of moves being analyzed, 
what is the result of normalization by the sequence length. The perplexity factor depends on 
the model's degree. The trigram model will have a lower factor value than the bigram model. 

8. Experiments and Results 
For a training data, a set of Go game records played between players represented a master 

level of playing strength (6-9 dan) has been used. The set contained records of the games 
played on the K amateur Go Server (KGS, formerly known as Kiseido Go Server) [6]. 
For the analysis, tournaments played in 2013 have been chosen - 12,536 games and 2,447,567 
moves. All games have been played on 19×19 boards. A trigram game model was built with 
some pruning of random moves. 

To verify the effectiveness of the proposed NLP approach, three tournaments of 100 games 
each with colors swapped halfway were played on boards: small 9×9, medium 15×15 and 
regular 19×19. The "thinking time" was set to 3 seconds for a move. 

Table 2 presents the results of the games between players using different strategies in 
MCTS algorithm to select the potentially most promising moves. An opponent, used only 
the confidence intervals (CI), the player – move-selection based on noisy channel model. 
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In case of lack of a move in the game model, a confidence intervals approach (NC+CI) was 
used.  

Data in the W/L (Win/Lost) ratio column refers for NC+CI player. In the tournament on 
a small 9×9 board the player using NC+CI won 53 games and lost 47, on a medium board 
15×15 won 61 games and lost 39, on a regular board 19×19 won 66 games and lost 34.  
 

Table 2.  Comparison of effectiveness of NC+CI and CI strategies. 

Player’s  
strategy 

Opponent’s  
strategy 

W/L Ratio 

9×9 15×15 19×19 

NC+CI CI 1,13 1,56 1,94 

9. Summary 
This paper presents how NLP techniques can be used to build the probabilistic model of Go 

game. The model was refined from random moves with a tool using a hypothesis testing. 
The effectiveness of the novel approach was empirically verified in the tournament between 
the player using the game model and confident intervals and the opponent using just confident 
intervals. The result of a competition shows the game model improved a move-selection 
strategy. 
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 Ranya AL DARWICH1, Krzysztof STRZECHA2, Laurent BABOUT3 

A Comparative Study to Extract Physical 
Properties from Digital Images 

This paper evaluates the performance of three methods to detect the edges of a 
metallic droplet. The first method uses the features extraction and selection 
techniques to predict the edges of a droplet, the second use sobel filter, the third use 
active contour segmentation method. All the images that are studied are obtained 
from the THERMO-WET system. Various edge detection methods have been 
implemented in the MATLAB environment.  

1. Introduction  
 Edge detection is a fundamental tool in image processing, and particularly in features 

extraction. Whereas, boundaries contain a rich of information in the image [4], it aims at 
distinguishing the points in an image at which the brightness is modified sharply or regularly. 
This paper presents a comparative study of three edge detection techniques i.e. features 
extraction and selection technique, sobel filter, and active contour segmentation method. The 
aim of this comparison study is detecting the boundary of a metallic droplet, and evaluate the 
best technique among the three. All the images that are studied are obtained from the 
THERMO-WET system.  

The device, named THERMO-WET, as the first in the world, enabled automated 
measurement in a wide range of temperatures (up to 10800C) in a protective atmosphere [10]. 
These measurements are based on algorithms for image processing and analysis, and are 
conducted using the sessile drop technique [12]. Figure 1 shows an original image of a copper 
specimen obtained from THERMO-WET measurement system at a high temperature 
(10800C). The image shows good boundaries, with dark spot in the middle of the droplet, and 
there is a reflected light in the upper corner on the right. These two features are considered as 
artifacts. The segmentation techniques mentioned above are presented in more details in the 
following sections.  
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Figure. 1: Example image of copper specimen at 10800C. 

 

2. Image Processing and Analysis Methods 
2.1 Sessile Drop Method 
 
The shape of the drops placed on a non-wettable surface results from two types of forces: 

the surface tension, which tries to give a droplet a spherical shape, and the gravity by which 
the drop is” flattened”. In the case of the spherical drops, it is not possible to determine the 
surface tension. This becomes possible only when the effects of gravity are comparable with 
the influence of surface energy, and hence the larger droplets, the equatorial diameter of the 
metal droplets should be practically at least 0.5 cm. The distortion occurring in a spherical 
droplet allows one to determine the surface tension on the basis of the droplet dimensions and 
physical constants. Only symmetric drops could be taken into account. Among the currently 
used methods for calculating the surface tension three groups can be distinguished:  

the method of the equatorial plane (measures of h and d (Figure 2)); the method of tangents 
(measures of Z and d);  

the method of the total height (measures z0 or z) and the maximum diameter and the 
diameter of the base (respectively x0 or x).  

The determination of the equatorial plane, according to the literature, is usually performed 
graphically. After the measurement of h and d, the ratio of d/2h is calculated. This ratio is 
essential for further calculations.  
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Figure. 2: Sessile drop (measured parameters indicated). 

 
 

2.2 Segmentation methods 

2.2.1 Image Feature Extraction and selection  

 Numeric images include up to several thousands of features, those features are either 
redundant or irrelevant. Features selection is a process used to remove redundant or noisy 
features from the ones extracted from images [7]. In order to improve the quality of the 
numeric images and to reduce the dimensionality of the data to be processed, features 
selection is needed here [14]. One of the most significant features of an image is color 
intensity in the case of grey scale images. There are many color features, including but not 
limited to color moments (CM), which is one of the simplest and effective color features. The 
color moments feature include the mean value, standard deviation, and skewness [13]. Texture 
is a commonly used feature in the segmentation and classification of images, it gives us 
information about the spatial arrangement of the color or the intensity of an image [2]. texture 
features have been calculated using a variety of statistical, structural, and spectral techniques 
especially co-occurrence matrices. Co- occurrence matrices are often used in texture analysis 
since they are able to capture the spatial dependence of gray-level values within an image [3]. 
The algorithm starts by dividing the image into blocks. Then it calculates the mean value, the 
standard deviation, and the skewness for each block. The algorithm also considers the grey-
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level co-occurrence matrix from the image (GLCM), in the purpose of computing certain 
characteristics of the co-occurrence matrix. The most commonly used features that are 
calculated from the co- occurrence matrix are: energy, entropy, contrast, correlation, and 
homogeneity. In all cases, the co-occurrence matrix has been normalized by dividing all its 
elements by the total number of pairs of pixels considered [9]. Whereas, energy, returns the 
sum of squared elements in the GLCM. entropy, returns a measure of randomness of an image 
structure [11]. Contrast, returns the difference in the intensity of light. Correlation, returns a 
measure of how correlated is each pixel to its neighbor over the image. Homogeneity, returns 
a value that measures the nearest of the distribution of elements in the GLCM to the GLCM 
diagonal.  

Figure 3 shows the standard deviation, the skewness, the energy, the entropy, the 
correlation, and the homogeneity, which are calculated in the case of blocks of size 3x3.  
 

 

 
Figure. 3: (a) The standard deviation, (b) The skewness, (c) The energy of the image , (d) The entropy ,(e) The 

correlation, (f) The homogeneity.  

2.2.2 Sobel Operator  

Sobel operator is one of the most commonly used detection edges techniques. Generally, 
the method highlights edge in both horizontal and vertical directions and the magnitude of the 
gradient is usually displaced to several edges [8] Figure 4. Shows sobel horizontal edge- 
emphasizing filter, sobel vertical edge-emphasizing filter, and the magnitude of the gradient in 
the case of the image shown in figure 1.  
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Figure. 4: (a) The sobel horizontal edge-emphasizing filter , (b) The sobel vertical edge- emphasizing filter ,(c) 

The magnitude.  

2.2.3 Active Contour Method  

Active contour, or snakes, is an image segmentation method that was proposed by Kass et al. 
[5]. Since that moment extensive research was done on active contour models for boundary 
detection. Caselles, Kimmel and Sapiro [1] and Kichenassamy, et al. [6] proposed new 
enhanced versions of the snake model called the geodesic/geometric active contour (GAC) 
model. The active contour consists of evolving a contour in images towards the boundaries of 
objects. It is based on strong mathematical properties and efficient numerical schemes based 
on the level set method [13]. The basic snake model is a deformed initial shape affected by 
external constraint  

forces and image forces that pull it towards object contours, and internal forces that resist the 
deformation. The image forces serve to push the snake to the boundary of the objects, while 
the external constraint forces impose to put the snake close to the required local minimum [5].  

Figure 5 shows an original image of a copper specimen obtained from THERMO-WET 
measurement system at a high temperature (1080C). Active contour method segments the 2D 
grayscale image, into a binary image where the background is black and the foreground is 
white using a mask, which is a binary image that gives an initial state of the active contour 
segmentation. The active contour method segments the image by evolving the contour for n 
number of iterations, which is set as a numeric scalar. The algorithm will stop the evolution if 
the contour position in the current iteration is the same as one of the contour positions from 
the most recent five iterations or if the maximum number of iterations is reached. The method 
used for segmentation is the Chan-Vese method [3] with a ContractionBias parameter equal to 
0.3, which corresponds to the tendency of the contour to shrink inwards. Application of the 
active contour method results in the black and white image (Figure 5b). At this stage we use 
the Sobel edge detection method to find the edge of the binary image to get the contour of the 
droplet (Figure 5c).  
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Figure. 5: Original image, copper, 1080C (a); segmented image using the active contour method (b); the contour 

of the image (c)  

 

3. Results  
Once the features are extracted as described in the previous section, we started selecting the 

most discriminating features. We found that the standard deviation is the most relevant feature  
Table 1: The width and the height of the droplet for the three methods, to be compared with 

the true value estimated manually  
among the other features since it shows clear boundaries compared with other features (see 

figure 3) By comparing this result with the image in Figure 4c after applying sobel operator, 
and the image in Figure 5c that relies on the active contour segmentation described in the pre- 
vious section, one can estimate the most adapted method to extract as accurate as possible the 
geometric characteristics of the droplet.  

One can obviously notice that the active contour gives identical width (d) and height (h) 
with the true value. Table 1 shows the width (d) and the height (h) of the droplet, for the three 
tested methods. The comparison is done as the evaluation of the droplet width (d) and the 
height (h) mentioned in section 2.1 and values are shown in table 1.  
 

Table 1: The width and the height of the droplet for the three methods, to be compared with 
the true value estimated manually  

 Sobel (magnitude) Standard deviation Active contour The true value 

Width (d) 117 114 113 113 

Height (h) 60 60 59 59 
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4. Conclusion  
This paper has presented a comparative study of three edge detection techniques to detect 

the boundary of a metallic droplet. The comparison shows that the active contour 
segmentation method is the most accurate method compared with the two other methods ( i.e. 
features ex- traction and selection technique, and sobel filter). Note that values are compared 
with manual estimations that are considered as the true value. So far, the comparison has 
considered are one tested image of a droplet. More images should be tested in the near future 
to unambiguously conclude about the most appropriate segmentation methods to select for 
droplet characterization.  
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Tomasz RYMARCZYK 12, Paweł TCHÓRZEWSKI1 

Sensor Networks for Flood Embankment and 
Landfill in Tomography Imaging 

This paper presents a nondestructive method to examine objects such as landfills and 
flood embankments. It will be innovative solution for evaluation study of the 
buildings and tanks, both in terms of the measuring method as the reconstruction 
algorithm. The application of modern tomographic techniques in conjunction with 
reconstruction algorithms will allow to perform a non-invasive and very accurate 
spatial assessment of the moisture. Electrical tomography includes many techniques 
for tomographic imaging of electrical parameters of an object placed in an examined 
area. Although many methods of evaluating dampness and damage already exist, 
there is no universally for use under various conditions of measurement. 

1. Introduction   
This paper presents a new method examining the flood embankment and the landfill 

dampness using the electrical impedance tomography (EIT) [1,2,8,13-14]. Numerical and 
optimization methods were based on gradient techniques [5,7-9,10,12]. The discussed 
technique can be applied to the solution of inverse problems in EIT. The 3D algorithms to 
identify unknown conductivities were implemented.  

Flood is one of the most frequent taking place natural disaster, which cause many 
tragedies. The one way to enclose range of pouring areas near the river is raising flood 
embankments. By using them, it is possible to reach a higher level of freshet over main river-
bed and crack down on flood. However, this fact has impact on rapid increasing amount of 
water in valley between embankment and the acceleration of the water flow and the flood 
wave. It causes erosion of upstream face of embankment (and landfill too) and it may destroy 
it [3,15]. Additionally, considering too little force of filtering capabilities of the embankment 
body, high water may lead to the grow of unsaved filtering ways which may lead to partial 
destruction of the embankment. For these reasons, designing embankments on the grounds of 
their location, shape and material is extremely complicated. Despite significant progress in the 
field of designing safe embankments there is a possibility of appearance of unexpected 
changes. Therefore, cheap and foolproof device is essential in monitoring the state of flood 
embankments or landfills before the visible effects of the destructive force of natural disaster. 

2. Models and measurements  
Electrical tomography (impedance and capacitance) provides a non-invasive technique for 

measuring different kinds of objects [4,5,11,16-19]. EIT determines the recovery of the 
conductivity of the interior of the examined object from a knowledge of currents and voltages 
applied to its surface. The data acquisition system collects the measured voltage from surface 
electrodes and then the data are processed. Conventional data acquisition systems require 
hardware to measure voltage, filter, demodulate and convert them into a digital form, and a 
signal processing unit to transfer the data to computer. The example of the flood embankment 
is given in Figure 1. Figure 2 shows the model of a landfill. The examples of different inserted 
electrodes into the embankments were presented in Figure 3. Figures 4 and 5 show special 
                                                           
1)  Research and Development Center, Netrix S.A., Związkowa 26, 20-148 Lublin, POLAND 
2)  University of Economics and Innovation in Lublin, Projektowa 4, 20-209 Lublin, POLAND 



206 
 

multiply electrodes to measure inside the objects. The measurement system with the EIT 
device, transfer data to the cloud computing and image reconstruction was presented in Figure 
6. 

 
Fig.1. The example of the flood embankment. 

 
Fig.2. The example of the landfill. 

  
Fig.3. The examples of electrodes. 
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Fig.4. The example of multiply electrode. 

  
Fig.5. The example of electrodes. 

 
Fig.6. The measurement system. 
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3. Image reconstruction   
In examples reported below, several EIT numerical measurement models of the flood 

embankment were presented. The conductivity of searched objects is unknown. The forward 
problem was solved by the finite element method. Figure 7 present the model with multiply 
electrodes. The embankment with 16 electrodes, simulated areas inside (geometrical mesh, 
original and reconstruction model) was presented in Figure 8. The Solution was obtained by 
Gauss-Newton method with Tikhonov and Laplace regularization. Figure 9 presents the 
different model of the embankment with 32 electrodes. 
 

    
Fig.7. The example with multiply electrodes. 

a)   b) 

   
c)  d) 

   
Fig. 8. The embankment: a) mesh model b) model of object, c) Gauss-Newton with Tikhonov regularization, d) 

Gauss-Newton with Laplace regularization. 
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a)   b) 

   
c)  d) 

   
Fig. 9. The embankment: a) mesh model b) model of object, c) Gauss-Newton with Tikhonov regularization, d) 

Gauss-Newton with Laplace regularization. 

4. Conclusion   
The nondestructive method based on the electrical impedance tomography was presented to 

examine condition of flood embankments and landfills. The presented solution has been 
applied very successfully in such models. Even though this study reveals novel and promising 
results. This technique is very useful to solve the inverse problem in different kind of objects. 
There was described the method and verified its properties with simulations data. Different 
models were used to represent the numerical solution. Different type and number of electrodes 
were evenly distributed along and across the border of the grid estimation and numerical 
phantom. 16 and 32 sets of electrodes were evenly assigned to the experimental phantoms and 
their models. This study provides new and promising results. 
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Karol DUDA1, Tomasz RYMARCZYK, 12, Piotr BOŻEK1, Paweł TCHÓRZEWSKI1, Jan 
SIKORA3,4 

EIT Hardware Solution for Data Acquisition 
This article presents the design of the device to examine the objects by electrical 
impedance tomography. There were presented models of bricks with measurement 
system. There was discussed the method of determining the conductivity. The basic 
information about the built model system is given. Electrical impedance 
tomography, which is based on measuring potential difference, can be used to 
calculate conductivity.  

1. Introduction   
Electrical Tomography (ET) provides a novel non-invasive technique for measuring 

different patterns [2,4,7,8,13-16]. Aim to assess the feasibility and potential usefulness for 
detecting changes in patterns. New non-destructive measurements methods were tested. 
Electrical Impedance Tomography (EIT) is an imaging technique for detecting the internal 
conductivity distribution of an object by voltage measurements taken by an exterior electrode. 
Many different optimization techniques can be used to solve the problem [5,6,9]. In EIT, there 
was acquired data on the edge. There is calculated the potential distribution inside the region 
Ω under given boundary conditions and full information about region under consideration [10-
12]. Most EIT works have used it as a dynamic imaging method, in which images of the 
impedance change compared to a baseline condition are obtained. EIT is the recovery of the 
conductivity of the interior of the examined object from a knowledge of currents and voltages 
applied to its surface. The data acquisition system collects the measured voltage from 
electrode and then the data is processed. Conventional data acquisition systems require 
hardware to measure voltage, to filter, demodulate and convert to digital form, and a signal 
processing unit to transfer the data to computer [1]. 

2. EIT device  
There was created a new device after achieving good research results of measurements of 

the EIT. Its aim was to verify the repeatability of test results by eliminating laboratory 
equipment, and to validate the use of simple and cheap electronics to the structure of the EIT.  
Figure 1 presents the scheme of the block diagram operation of the measuring device. 
Measurements of the potential were performed at different angles of projection whereby the 
information needed to determine an approximate distribution of conductivity inside the object 
is obtained. The main goal of construction the EIT device was verification of measure ability 
device built from possibly simplest elements. A device should be small, low power 
consuming, should be compatible with external control digital signals and an external drop 
voltage meter. A device consists of voltage controlled current source and Analog keys. A 
current source has to force voltage drops at examine area boundaries, that it could be 
measured. A current source was built of two blocs: sine-wave generator and voltage controlled 
current source in Howland circuit. A sine-wave was generated by integrated circuit ICL8038. 
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It needs minimum amount of external passive elements: timing capacitor, level adjust resistor 
and resistive voltage divider that sets output signal frequency.  

 
Fig. 1. Scheme of the block diagram operation of the measuring device. 

 
Fig. 2. Principle of operation of the current source. 

 
Fig. 3. Schematic diagram of the current source. 
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Fig. 4. Current source with injected generator DDS AD9850. 

A circuit was design in way that could change output frequency between 1 kHz and 50 kHz 
by switching jumper. A sine-wave voltage generator controlled current source in Howland 
circuit. It was built from four operational amplifiers closed in one package LMC6484 and six 
precision potentiometers. First operational amplifier was configured in a way that it was 
possible to regulate current output amplitude. The second one, there was configured as voltage 
follower for reducing input impedance on the current source circuit. The current source 
presented below is based on the Howland layout, where a number of modifications have been 
made (Figures 2-4). A DDS generator module containing an AD9850 chip is required to 
operate the device, which is used to generate a sinusoidal signal that controls the load current. 
The module is plugged directly into the device. The frequency and amplitude of the DDS 
output is programmed via the serial interface or the parallel bus. In addition, the current 
source has a multi-turn potentiometer for manually adjusting the output current. The device 
has an output allowing communication with the built-in generator module. The whole system 
is powered from a symmetrical +/- 15VDC source. 

3. Models, Measurements, Simulation and Reconstruction   
In examples reported below, models and image reconstructions are presented. Figure 5 

shows 2D and 3D mesh model of the brick. Ceramic bricks with connected 16 and 32 
electrodes are presented in Figure 6. The EIT measuring strip contains 32 electrodes placed in, 
printed on a 3D printer, each frame (fig. 7). The frame design allows the elastic waist to be 
stretched through the waist so that the elements can be covered in different shapes and sizes 
with equal spacing between the electrodes. The electrodes are made of two-sided FR4 
laminate, where the side adjacent to the object is connected to the SMB pin, which allows the 
electrode to be connected to the multiplexer while the other side is connected to the socket 
screen. The electrode is made in such a way that instead of holes on the SMB socket housing, 
only round recesses are made. The hole is made only on the socket pin. This causes the area 
adjacent to the area to be examined to have no disturbance, and the area measured is not 
connected to the screen. Figure 8 shows the image reconstruction of the brick (with hole and 
moisture) by Gauss-Newton. Figure 9 presents the image reconstruction by Total Variation 
and level set method (green line). Figure 10 and 11 show the image reconstruction by Gauss-
Newton method and level set method (with different area of moisture). The image 
reconstruction by LSM gives the best result. 

4. Conclusion   
There was presented the construction of the EIT device, the model of the tested object and 

the image reconstruction by using the Gauss-Newton method, level sets and Total Variation. 
The presented methods have been applied very successfully in many areas of the scientific 
modelling. These approaches were based on sensitivity analysis. An efficient algorithm for 
solving the forward and inverse problems would also improve a lot of the numerical 
performances of the proposed methods. The presented methods gave good results in the 
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examples. The future work will be based on implementation statistical algorithms to solve the 
inverse problem and modifications of the measurement system. 

 
Fig. 5. 2D and 3D mesh model of the brick. 

a)   b) c) 

     
Fig. 6.  A full ceramic brick with connected 32 electrodes.(a), (b) a one hole ceramic brick with connected 32 

electrodes, (c) a two hole ceramic brick with connected 16 electrodes. 

 
Fig. 7. Belt with 32 electrodes for EIT measurements. 

     
Fig. 8. The image reconstruction by Gauss-Newton method GNM (blue colour - image reconstruction). 
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Fig. 9. The image reconstruction by Total Variation TV and level set method LSM (blue colour - image 

reconstruction by TV, green line – reconstruction by LSM). 

 
Fig. 10. The image reconstruction by Gauss-Newton method GNM and Level Set method LSM (brown colour - 

image reconstruction by GNM, green line – reconstruction by LSM). 

     
Fig.11. The image reconstruction by Gauss-Newton method GNM and Level Set method LSM (brown colour - 

image reconstruction by GNM, green line – reconstruction by LSM). 
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Algorithms for Imaging in Ultrasound and Radio 
Tomography 

The presented results show that the obtained tomographic imaging can be a faithful 
image of the geometry of the examined area, which allows to determine its location 
in the analyzed space. It is important that the correct selection in the calculation of 
singular values because even small differences in these values can have a significant 
impact on the precision of the modeling of the modeled object. 

1. Introduction   
There are many tomographic techniques to exam objects [1,6,9,13-17]. This paper presents 

an attempt to briefly present selected mathematical methods for the reconstruction of 
tomographic images obtained with the ultrasonic / radio transmission tomography. Radio 
tomographic imaging (RTI) is a new technology that enables the device-free localization and 
tracking of people located within the deployment area of a wireless network. In radio 
tomography systems, the only sensor used is the radio, which measures the received signal 
strength (RSS) of signals it receives. Most importantly, these systems do not require people to 
carry any device, sensor, or tag to participate in the localization effort. The potential 
applications of these device-free localization systems are many, including ambient assisted 
living, security systems, rescue operations, and occupational safety systems in industrial areas, 
among others. 

2. Transmission tomography and mathematical methods in image 
reconstruction  

Most algorithms in the algebraic reconstruction techniques (ART) it is based on the 
methodology of approximation of functions by finite length series.  In these methods it is 
assumed that the reconstructed image consists of a finite number of elements. The image is 
constructed by means of an algorithm that discretizes a given area into n squares of size l×1, 
whose geometric center corresponds to one pixel in the reconstructed image [2,3-5,8,10]. This 
means that to reconstruct the image, the same square grid should be applied to the object f(x, 
y) and the image being created. The example grid is shown in Figure 1. The basics of 
algebraic reconstruction techniques were described by S. Kaczmarz [7] long before computer 
tomography and in its original version did not concern the reconstruction of the image from 
projection. It is assumed that each cell is described as a fixed function f(x, y) and in the case 
of transmission of ultrasound tomography and radio tomography determines the desired 
ultrasound wave velocity or signal strength in a given cell. 
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Let's define fj  as the constant value of each j cell, and n as the total number of pixels 
(square grid cells). For arithmetic reconstruction techniques, the radius s can be defined in two 
ways. It can be assume that the radius is a line with a width equal to the length of the side of 
the square. This means that we use the entire beam of parallel rays to consider (Ray-sum) 
beam passing through the area under consideration. It can be also assume that the radius has a 
pixel width (the point being the geometric center of the square cell of the grid). In the 
ultrasonic tomography based on the measurement of the transition times between the 
transmitters and receivers, the combined velocity values on the i paths of the ultrasound 
beams between the transmitters and receivers, determined by projections si. The relation 
between fi and si is given: 

 �𝑤𝑖𝑗

𝑛

𝑗−1

𝑓𝑗 = 𝑠𝑖, 𝑖 = 1, 2, … ,𝑚 , (1) 

Where m is the total number of rays (in all projections) and wjij is the weight factor 
determining the part of the value for the j cell relative to the entire measured value along the i 
beam. 
a) b) 

 

 

 

Fig.1. The Square grid applied to the object under investigation - the basis of all arithmetic methods of image 
reconstruction; a) rays in parallel geometry; b) divergent rays; N-transmitter, O- receiver, 

The weight factor may be equal to the ratio of the square in the grid of the field by the 
radius of a given width to the value of the whole square of l2 or, if we take a radius of pixel 
width, it may be equal to the ratio of the length of the radius of the square to the diagonal of 
the square. These dependencies are different from zero only for square grid through which the 
given beam passes. For all pixels whose beam does not intersect, the factor is zero (shown in 
Figure 2). If the number of rays m and the number of squares n of the grid are small then the 
conventional methods of matrix inversion can be used to solve the system described by given 
formula. With large sizes of m and n it is not possible to use direct matrix inversion.  

To solve large systems of equations, very effective iterative numerical methods are used, 
based on the "projection method" proposed by S. Kaczmarz [7]. To explain the method of 
obtaining results, the previous formula should be presented in the form of a system of 
equations: 

 

𝑤 11𝑓1 + 𝑤 12𝑓2 + 𝑤 13𝑓3 + ⋯+ 𝑤 1𝑛𝑓𝑛 = 𝑠 1 , 

𝑤 21𝑓1 + 𝑤 22𝑓2 + 𝑤 23𝑓3 + ⋯+ 𝑤 2𝑛𝑓𝑛 = 𝑠 2 , 

.. 

𝑤𝑚1𝑓1 + 𝑤𝑚2𝑓2 + 𝑤𝑚3𝑓3 + ⋯+ 𝑤𝑚𝑛𝑓𝑛 = 𝑠𝑚 . 

(2) 

Reconstructing an image using a square grid with n-pixels gives image with n degrees of 
freedom. Therefore, the image represented by [f1, f2, ..., fn] can be treated as a single point in n 
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dimensional space. This is due to the fact that in this space each of equations (2) is a 
hyperplane [5,8,10,11,12]. 

3. SVD method for solving overdetermined linear equations   
The problem of solving an overlapping set of linear equations (3) is often complicated, 

especially in the case of the existence of measurement errors and it also can be a contradictory 
system: 

 𝑾𝒇 = 𝒔 , (3) 

Where: 𝑾 – matrix m × n and m > n, 𝑠 = [𝒔𝟏, 𝒔𝟐, … , 𝒔𝒎]𝑻 –right side equation vector, 

 𝒇 = [𝑓𝑠1,𝑓𝑠2, … ,𝑓𝑛]𝑇 – solution. 

One way to solve this problem is to find the vector 𝒇 * with the lowest possible 
Euclidean norm, which for the given matrix 𝑾 and vector 𝒔 minimizes the Euclidean 
norm of the residual vector r = 𝒔-Wf. 

 ‖𝒓‖2 = 𝑚𝑖𝑛‖𝒔 −𝑾𝒇‖2,       ‖𝒇∗‖2 = 𝑚𝑖𝑛‖𝒇‖2, (4) 

This is the linear least squares. When defining an analytic form of a solution of a linear 
least squares task and examining its properties, we use the theorem on the distribution of any 
rectangular matrix to the product of orthogonal, diagonal and orthogonal matrix [8,10,11,12]. 

For any matrix 𝑾 ∈ 𝑅𝑚×𝑛 (𝑚 ≥ 𝑛) there exist the orthogonal matrix 𝑼 ∈ 𝑅𝑚×𝑚,  i 
𝑽 ∈ 𝑅𝑛×𝑛 such that: 

 𝑾 = 𝑼𝑫𝑽𝑇 , (5) 
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D  ,  (6) 

Where: 𝑑1 ≥ 𝑑2 ≥ ⋯ ≥ 𝑑𝑘−1 ≥ 𝑑𝑘 > 𝑑𝑘+1 = 𝑑𝑘+2 = ⋯𝑑𝑛 = 0,  and k is a pseudo-array of 
matrix 𝑾.  

The values di  are called special values of the W  matrix, and the distribution (5) by the 
special values SVD. Knowing the distribution (5), we can easily determine all the solutions. 
Assume that the matrix W has a defined distribution with respect to singular values where Dd 
is a diagonal matrix containing singular values. The difference in relation to matrix D is that 
there are zero rows and is a square matrix of n×n: 

 𝑾 = 𝑼 �𝑫𝒅𝟎 �𝑽𝑇 . (7) 

 𝒇∗ = 𝑾+𝒔 = 𝑽𝑫+𝒈, (8) 

Where the matrix  𝑾+ is called a pseudo-inverse matrix (or called inverse matrix in the sense 
of Moore-Penrose) 
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 𝑫+ = 𝒅𝒊𝒂𝒈 �
𝟏
𝒅𝟏

, … ,
𝟏
𝒅𝒌

,𝟎, … ,𝟎� ∈ 𝑹𝒏×𝒎, (9) 

4. Simulation and 2D reconstructions  
The most common modification of the ART method is that in the appropriate places we 

calculate the ratio of the length of the segments: the radius inside the pixel and the diagonal 
length of the pixel. This method is costly because you need to examine the intersection points 
with each of the four sides of the pixel. A much more computationally computable method is 
when a pixel is represented as a circle inscribed in a square pixel (figure 3). The conversion of 
a square pixel into a circular pixel allows us to speed up an algorithm (over 12 times) in the 
case of 2D imaging. 

  
Fig.2. The principle of determining the elements of the 

coefficients matrix W. 
Fig.3. Modified wheel-

shaped pixel. 

Obtaining accurate tomographic images of the studied phenomena requires the use of a 
suitable mathematical methods. Proper selection of the reconstruction algorithm has a 
significant effect on the minimization of computational errors, which together with 
measurement errors determine the accuracy of the results obtained. We have to make a 
compromise choice of the solution that will provide the least possible residuum. Results 
showing the effect of noisy signal measurement are shown in Figure 4 and Figure 5. The noise 
level is relatively small and is 1%. 

  

 

 

 

 

 

Fig.4. Results for 1% (noise level) 
distribution of material factor density - 

image of interior area for different number 
of peculiar values taken for a test solution. 

Fig.5. Results for 1% (noise level) 
distribution of material factor density - 

image of interior area for different number 
of peculiar values taken for a test solution.. 
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In tomographic techniques, spatial resolution is always the most important issue, especially 
in bioengineering. This means, among other things, the ability to detect the smallest details. 
Let's examine the influence of the size of an object on its ability to identify. Let us consider 
the possibility of imaging a much smaller object whose side is 9.375% of the length of the 
whole object. For this purpose, it is necessary to increase discretization (reduce the size of 
pixels to maintain the overlap of the resulting system of equations. The results are shown in 
Figure 6. 

 
 

  

 
 

Fig.6. Images obtained for the next three trial solutions and the corresponding spatial distribution of the material 
factor density. 

5. Conclusion   
The primary advantage of tomography (both ultrasound and radio) is non-invasive 

measurement in the test environment, without any change in physic-chemical parameters that 
could interfere with the measurement results. Measurement of parameters such as signal 
transduction time, attenuation coefficient and its derivative after frequency allow (after 
appropriate reconfiguration transformations) the imaging of the internal structure of the 
investigated medium. Differences in local values of specific acoustic parameters (sound 
tomography) or signal strength (radio tomography) are the basis of this imaging. The image 
obtained by appropriate reconstructive methods shows that the distribution of local values of 
selected parameters obtained from the measurement of data by scanning technique from as 
many possible directions. This technique allows us to obtain quantitative images of an internal 
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structure in which the numerical values of each pixel describe the physical properties of the 
examined objects. The use of ART techniques has several advantages to other computational 
techniques. ART techniques also allow us the reconstruction of more contrasting tomographic 
images, which is particularly important in situations of observation of objects or in the course 
of rapid changes in their parameters. They also allow reconstructions of images for relatively 
small number of projections, and also allow reconstruction of projections with incomplete 
data. 
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Karol DUDA1, Tomasz RYMARCZYK, 12, Piotr BOŻEK1, Przemysław ADAMKIEWICZ1 

Prototype of ERT Device for Reconstruction of 
Resistive Distribution at Big Areas 

There was presented a new device based on electrical resistance tomography. Its aim 
was to verify the repeatability of test results by eliminating laboratory equipment, 
and to validate the use of simple and cheap electronics to the structure of the ERT. 
Electrical resistance tomography, which is based on measuring potential difference, 
can be used to calculate conductivity.  

1. Introduction   
Electrical tomography (ET) is known that the inverse problem is nonlinear and highly ill-

posed [1-3,6,11-13]. Many different numerical techniques can be used to solve the problem 
[3-8]. The problem is the low level of measured values which should be measured quite 
accurately and in a very short time. Electrical resistance tomography (ERT) involves placing 
electrodes on the examined object. In this work, there was created a new device after 
achieving good research results of measurements of the ERT. Its aim was to verify the 
repeatability of test results by eliminating laboratory equipment, and to validate the use of 
simple and cheap electronics to the structure of the ERT. The measurement in electrical 
resistance tomography involves placing electrodes on the examined object. This solution 
allows to obtain a conductivity distribution within the test object, and this consequently allows 
to find a distinction between materials of different conductivity [8-10].  

2. Measurement model   
ERT is a geophysical technique in which DC electrical current is injected into the ground 

between one pair of electrodes and the voltage is measured between another pair [1]. 
Electrical signals are then transmitted through selected electrode locations while electrical 
potential measurements are recorded at numerous other locations. This process is repeated 
systematically for many different source-receiver combinations and the resulting data-set 
enables the reconstruction of a cross-section through the survey area [10]. The cross-sectional 
image, or tomographic slice, depicts a spatial distribution of electrical resistivity, which is 
closely related to the internal structure of the object. Contrasts in the electrical properties of 
different geological materials enable earth scientists to set non-invasively map structures in 
the subsurface.  
Table 1. Laboratory vs. real objects 

Principal differences 

Point electrodes Multisensor electrodes 

Volatage to 5 [Vpp] Voltage to 250 [Vpp] 

Maximum current 10 [mA] Maximum current 3 [A] 

Measuring wire to 2 [m] Measuring wire to 20 [m] 
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Corrosivity category: very small Corrosivity category: very large 

Table 1 presents differences between the laboratory model and real object in geophysical 
environment. Figure 1 shows the geophysical measurement model and Figure 2 presents 
model of ERT measurements. 

 
Fig. 1. Geophysical measurement model. 

 
Fig. 2. ERT measurements in the geophysical environment. 

3. ERT device   
The ERT solution should make ERT measurements for reconstruction of resistive 

distribution at big areas (tens of meters) with of conducting media. The ERT equipment 
consists of some separated modules: current generator, measure block, multiplexer and 
controller. These modules should adapt to high voltages (about 250 V) and high currents 
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(about 3 A). There should be possibility to connect more than one multiplexer to this system. 
The designed modules should be supervised and served by a single controller. A schematic 
diagram of the system is presented in Figure 3. 

 
Fig. 3.  The ERT measurement system schematic diagram. 

 
Fig. 4.  The model of ERT multiplexer with mounted relays and BNC connectors. 

 
Fig. 5. Diagram of the amplifier circuit with protection. 

The way of switching electrodes is the same as electrical impedance tomogrpahy device – 
multiplexer 4 to 16. To switching so high voltages and currents it is necessary to use electro-
magnetic or solid-state relays. Because of device parameters and price electro-magnetic relays 
were chosen. To make multiplexer control easier, there are I2C bus expanders used. Thanks to 
this, it needs to use only two I2C wire – in place of eighteen. It makes possibility of 
expanding number of electrodes by connecting a few the same multiplexers. 
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The multiplexer line design has proper width of nets to deal with high currents, and 
clearances that deal with high voltages to avoid interferences or current arc. Electrodes will be 
connected to multiplexer by BCN connectors and coaxial cables. A PCB Layout model is 
presented in Fig. 4. Figure 5 shows the diagram of the amplifier circuit with protection. 
Measure block will be measure drop voltages between each electrode that multiplexer sets. 

To making measures, 18-bit successive approximation ADC – AD7989 is used. A range of 
measured voltage this converter is ±5 V, and it is compatible with SPI interface. To improve 
the conditions of the input signal, before ADC two instrumental amplifiers AD623 are 
included and it is possible to set three gains: 2, 10, 20 V/V on them. 

To match potentials between measuring signal and instrumental amplifier there is a toroidal 
transformer installed. It matches potentials and compensate signals to lower voltage. 
Changing ranges measured voltages are worked out by switching pairs of voltage divider 
resistors by relay. In order to generate a sufficiently large inducement signal, a direct digital 
synthesis (DDS) generator is constructed. DDS allows to generate a signal of any waveform 
and a wide frequency range. The generator will be digitally controlled. The current source will 
be based on a transformer and power transistors. 

 
Fig. 6. PCB model of the circuit controlled by current source voltage. 

 
Fig. 7. Multiplexer, VCCS and power amp in 2U. 

The purpose of the circuit in Figure 6 is to compensate for an error on the output of the entire 
device, and to respond quickly to shorts of outputs, output openings, too high output currents, 
disconnection of the function generator by cutting off the current output. The output of the 
error amplifier circuit is fed to a power amplifier that amplifies the generated signal. The 
power amplifier output is connected to a transformer to reduce the output voltage and raise the 
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amplitude of the current. The output of the current generator can have parameters up to 230V 
and 3A at frequencies from 1 to 1kHz. All components, excluding the power amplifier, are 
housed in a 2U enclosure. The signal power amplifier as a finished device is also located in 
the 2U housing (Figure 7). 

The purpose of the measuring module is to measure the potential difference on the 
measuring electrodes. Due to the varied parameters of the soil, which can vary according to 
atmospheric conditions, the range of measured voltages is from 1mV to 250V. The first step 
of the measuring module is a transformer that insulates galvanic signals from the entire 
circuit, lowers the voltage, and locates the signal with respect to the ground of the meter 
circuit. The next step is the pair of resistors that are switched by the relays. The purpose of 
this stage is to change the range of measured voltages. Behind the pair of resistors are 
operational amplifiers in the voltage repeater circuits, they serve to reduce the increase of the 
input impedance to the measurement path. The measuring path consists of two parallel 
measuring amplifiers. This solution eliminates the convergence of the measured signal, as 
well as the conversion of a simple to differential signal, which is necessary for the rapid 
measurement of many modern analogue-to-digital converters. That is precisely the Analog 
Devices AD7989, which was used in this module. This transmitter has an 18-bit resolution 
capability and can measure at a rate of 100k samples per second. The output of this transmitter 
is compatible with the SPI protocol. Measurement and range selection is monitored by the 
AtXmega processor, which can be sent to the monitoring unit for measurements or via USB 
(Figure 8). 
 

 
Fig. 8. PCB of voltage drop meter with a range of 1mV-250V (RMS). 

Figure 9 shows the ERT field test bench with laboratory meters. 

   
Fig. 9. The measuring ERT field of laboratory meters. 
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5. Conclusion   
This article presents the design of the ERT device to measure in the real environment. The 

presented solution was based on electrical resistance tomography. The basic information about 
the built model system is given. There was described the concept of the measuring equipment 
for data acquisition. Electrical resistance tomography, which is based on measuring potential 
difference, can be used to calculate conductivity. Its aim was to verify the repeatability of test 
results by eliminating laboratory equipment, and to validate the use of simple and cheap 
electronics to the structure of the measurement system. 
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Tomasz RYMARCZYK, 12 

Mathematical Analysis of Topological, Shape and 
Material Derivatives for Electrical Tomography 

In this paper, there was presented mathematical analysis of topological, shape and 
material derivatives in imaging techniques. The proposed solution uses the level set 
method for topology optimization. The level set function is based on shape and 
topology optimization approach with piecewise constant conductivities. In this 
article, there was solved the inverse problem in electrical impedance tomography. 

1. Topological methods   
Level set methods have been applied very successfully in many areas of the scientific 

modelling, for example in propagating fronts and interfaces [9,11-13]. Therefore, they are 
used to study shape optimization problems [4,6,10]. Instead of using the physically driven 
velocity, the level set method typically moves the surfaces by the gradient flow of an energy 
functional. These approaches based on shape sensitivity include the boundary design of 
elastic. There are two features that make these methods suitable for the topology optimization. 
The structure is represented by an implicit function such that its zero-level set defines the 
boundary of the object. This function is often discretized on a regular grid that conveniently 
coincides with the finite element mesh used for structural analysis. Typical problem in the 
electrical tomography requires the identification of the unknown internal area from near-
boundary measurements of the electrical potential. It is assumed that the value of the 
conductivity is known in sub-regions whose boundaries are unknown. Level set method is the 
numerical technique which can follow the evolution of interfaces (Fig. 1). These interfaces can 
develop sharp corners, break apart and merge together. 
The motion is seen as the convection of values (levels) from the function ϕ with the velocity 
field �⃗�. Such process is described by the Hamilton-Jacobi equation: 

𝜕ϕ
𝜕𝑡

+ �⃗� ∙ ∇ϕ = 0. 
(1) 

Reinitialization is necessary when flat or steep regions complicate the determination of the 
zero contour. This process is described by following partial differential equation: 

𝜕ϕ
𝜕𝑡

+ 𝑆(ϕ)(|∇ϕ| − 1) = 0, (2) 

where: 𝑆(ϕ) = ϕ /�ϕ2 + 𝜀2, |𝜀| ≪ 1. Equation (2) is solved until a steady state is achieved. 
The topological method is based on the differentiability of solutions to variational 

inequalities with respect to the coefficients of the governing differential operator. It is 
required that the metric projection in the energy space. Such property is sufficient to obtain 
the directional differentiability of solutions to the variational inequality with respect to the 
boundary variations with respect to the changes in the topology. A useful concept for 
calculating derivatives for cost functional is the so-called material and shape derivative of 
states u. In the application of inverse problems, these states typically are the solutions of 
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partial differential equations which model the probing fields and which depend one way or 
another on the shape. 

 
Fig.1. Idea of topological methods in the process optimization. 

The material derivative concept is applied to the formulation of an inverse obstacle 
problem. This is the derivative with respect to the geometry for a moving interface. The 
material derivative of the primary variable is performed. It consists of the material derivative 
of the primary variable, the sensitivity with respect to the conductivity, and the sensitivity 
with respect to the deformation velocity. The boundary conditions of the adjoint problem are 
defined such that the desired material derivative of the primary variable is obtained. 
The material derivative �̇�(𝑥) is given by: 

�̇�(𝑟) ≡ lim
𝑡→0

𝑢𝑡(𝑟 + 𝑡�⃗�(𝑟))− 𝑢(𝑟)
𝑡

 (3) 

where (𝑥,𝑦)𝜖Ω𝑡. 

This method is based on the fact that the definition of shape derivatives is presented to 
differentiate boundary and domain integrals with respect to a deformation of the contour. The 
shape derivative is introduced and the results for two simple shape functions (boundary and 
domain integrals) are given. In the following section, the shape derivative concept is 
extended by material derivatives. This is necessary for more complex shape functions where 
a spatial distributed variable depends on the geometry itself. At last, results of the shape 
derivative concept applied to the level set function are presented. Minimization using shape 
derivatives have been used for finding curves and surfaces. Shape and material derivatives 
are calculated easily by the adjoint variable method with few computational costs. 
The shape derivative is following [13]: 

𝑢′(𝑟) ≡ lim
𝑡→0

𝑢𝑡(𝑟) − 𝑢(𝑟)
𝑡

= �̇�(𝑟)− �⃗�(𝑟) ∙ ∇𝑢(𝑟) (4) 
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The topological derivative is defined as the first term of the asymptotic expansion of a given 
shape functional with respect to a small parameter that measures the size of singular domain 
perturbation. It represents the variation of the shape functional when the domain is perturbed by 
holes, inclusions, defects or cracks. Shape derivatives, material derivatives and topological 
derivatives have been incorporated into level set methods to investigate shape optimization 
problems [5,9,15,16]. The topological derivative evaluated for a given shape functional 
defined in a geometrical domain and dependent on a classical solution to elliptic boundary 
value problem is a principal tool in shape optimization. The shape optimization problem is 
usually defined as a minimization of a given shape functional. The shape functional can be 
written as an integral over the domain Ω or on the boundary ∂Ω of a function which depends 
on a solution u(Ω;x) of some boundary value problem. 

2. Electrical tomography   
There is well known that the inverse problem is nonlinear and highly ill-posed. The forward 
problem solution in EIT consists in determining potential distribution inside the region Ω 
under given boundary conditions and full information about region under consideration. For 
expediency, electrical impedance tomography (EIT) has historically been further subdivided 
into capacitance (ECT), for dielectric dominated systems, and resistance (ERT), for 
conducting processes [1-3,7,8,14,17,18]. This has arisen from an alternative approach to the 
hardware design for each sub-modality, however, the fundamental theory for both can be 
derived from Maxwell’s equations. If a complex ‘admittivity’ term (γ) (also known as: 
complex conductivity or logically admittivity) is defined as: 

𝛾 = 𝜎 + 𝑖𝜔𝜀 (5) 

where σ is the electrical conductivity, ω is the angular frequency and ε is the permittivity. For 
an electric field strength (Ε) the free current density (J) in the area under investigation will be 
related by Ohm’s law as follows: 

𝑱 = 𝛾𝑬 (6) 

It can also be shown that the gradient of the potential distribution (u) is related to electric field 
strength by: 

𝑬 = −∇𝒖 (7) 

Assuming that there are no current sources or sinks within the region of interest then from 
Ampère’s law: 

𝛁 ∙ 𝑱 = 0 (8) 

The potential distribution in the inhomogeneous, isotropic region: 

∇ ∙ (𝛾∇𝑢) = 0, (9) 

where 𝑢 – potential, or 

∇ ∙ (((𝜎 + 𝑖𝜔𝜀)∇𝑢)) = 0, (10) 

According to the ratio of ωε/σ, when the resistance or the capacitance term is dominant, the 
governing equation is simplified further: 

∇ ∙ (𝜎∇𝑢) = 0   𝑓𝑜𝑟  
ωε
σ
≪ 1   (ERT)  (11) 
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∇ ∙ (𝜀∇𝑢) = 0   𝑓𝑜𝑟  
ωε
σ
≫ 1   (ECT)  (12) 

where electrical resistance tomography (ERT) means the resistance component is used for the 
tomography, while electrical capacitance tomography (ECT) used the capacitance component. 
Electrical tomography combined ERT and ECT is called electrical impedance tomography 
(EIT). It should be noted that frequently ERT is known as EIT. Measurements in Electrical 
Impedance Tomography performed by forcing alternating current and measure the voltage 
drops on the electrodes. As a result of the inverse problem solution is obtained distribution of 
conductivity in the study area. 

a)  b) 

 
Fig. 2. Neighbouring measurement method in electrical impedance tomography. 

Figure 2 presents the neighbouring (adjacent current method) of boundary potential data 
collection illustrated for a cylindrical volume conductor and 16 equally spaced electrodes: (a) 
projection-1, (b) projection-2. 
Let 𝑝 be the adjoint function satisfying: 

∇ ∙ (𝛾∇p) = −(𝑢 − 𝑢𝑚), (13) 

where 𝑢 − 𝑢𝑚 is difference between calculated and measurement voltages. The steepest 
descent direction �⃗� is given by [13]: 

�⃗� = −(∇u ∙ ∇p) 𝑛�⃗ , (14) 

where 𝑛�⃗  is a normal vector. The normal velocity is evaluated by using weighted least squares 
interpolation to get: 

v𝑛𝑘 = ∇u𝑘 ∙ ∇p𝑘. (15) 

In next step the level set function is updated: 

ϕ𝑘+1 = ϕ𝑘 − (∇u𝑘 ∙ ∇p𝑘) |∇ϕ𝑘| ∆𝑡. (16) 

The level set method can be used to solve the minimization problem. Numerical methods of 
the shape and the topology optimization were based on the level set representation and the 
shape differentiation and were made possible topology changes during the optimization 
process.  
Topological derivative using the level set function can solve the inverse problem in electrical 
impedance tomography. Velocity in Hamilton-Jacobi equation is defined following: 

𝑣𝑛 = −[(𝛾 − 𝛾𝑖)(𝛻𝑝𝑖 ∙ 𝛻𝑢) + 𝛽|𝛾 − 𝛾𝑖|ℋ] 𝑜𝑛 Γ𝑖  (17) 

Laplace’s equation is described as: 
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−∆𝑢 = 0 𝑖𝑛 𝛺∗,  𝑞𝜕𝑛𝑢 = 𝑓 𝑜𝑛 𝛴,  𝑞𝜕𝑛𝑢 = 𝑞𝑖𝜕𝑛𝑢𝑖  𝑜𝑛 𝛤𝑖, (18) 

−∆𝑢𝑖 = 0 𝑖𝑛 𝛺𝑖 ,  𝑢𝑖 = 𝑢 𝑜𝑛 𝛤𝑖 (19) 

The adjoint equation is following [5]: 

−∆𝑝 = 0 𝑖𝑛 𝛺∗,  𝑞𝜕𝑛𝑝 = 2(𝑢 − 𝑢𝑚) 𝑜𝑛 𝛴,   (20) 

𝑞𝜕𝑛𝑝 = 𝑞𝑖𝜕𝑛𝑝𝑖 𝑜𝑛 𝛤𝑖,  − ∆𝑝𝑖 = 0 𝑖𝑛 𝛺𝑖 ,  𝑝𝑖 = 𝑝 𝑜𝑛 𝛤𝑖 (21) 

3. Example  

 

 
Fig. 3. Topological algorithm in process reconstruction in mesh 16x16: a) original object, b) final reconstruction, 

c) process reconstruction with initial small hole, d) process reconstruction in initial zero level set function. 

The example of the image detection is shown in Fig. 3. Topological algorithm in process 
reconstruction was used in poor mesh 16x16. Individual images present: (a) original object, 
(b) final reconstruction, (c) process reconstruction with initial small hole, (d) process 
reconstruction in initial zero level set function. 

4. Conclusion   
Topological algorithms were implemented for obtaining the images in the process 

reconstruction by solving the inverse problem. There is shown that the results are dependent 
on initial values of design variables. Numerical simulations and measurement experiments 
show that the proposed algorithms give stability and higher accuracy of reconstruction results 
compared with deterministic methods. The results give a general overview that the proposed 
method can introduce an effective numerical solution for EIT. This work promises a new 
horizon to obtain better quality of the image reconstruction. 
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Jakub SZUMOWSKI1, Tomasz RYMARCZYK, 12, Paweł TCHÓRZEWSKI1 Przemysław 
ADAMKIEWICZ1, Jan SIKORA3,4 

Prototype of Smart ECT Device for Data 
Acquisition in Quality Control Systems 

This paper provides the device and the image reconstruction using the electrical 
capacitance tomography. The most characteristic features of presented project are 
compact size of data acquisition module and its low energy demand. Complexity and 
cost of electrical capacitance tomography systems implementation into 
manufacturing processes as well as substantial size of equipment are the main 
reasons of their absence in the industry. There was proposed the prototype solution 
equally efficient as most of the currently existing ones. 

1. Introduction   
Electrical capacitance tomographs are devices capable of performing analysis of pipeline 

fragment or a vessel filled with examined medium [1,3,14-17]. Obtained cross-section’s 
image reconstruction can be analysed further for an automated quality control system’s 
autonomous and correct decision. However, existing industrial solutions are still of significant 
size and structurally complex [2,11-15]. This fact greatly limits the number of actual 
deployments. Decision makers are afraid of electrical capacitance tomography implementation 
due to high costs of possible equipment failures and because of limited ability to support 
multiple elements in vast area of production lines. In response to the market demand and 
maintaining trend of complete automatic control, herein described system’s project was 
created. It features some advantages of classic approach and meets the standards of modern 
industrial equipment at the same time. In this paper hardware issues, sample measurements 
and the image reconstruction are described. 

Knowledge of the exact form of the technological processes is often crucial for achieving 
anticipated production quality or its proper efficiency. Control equipment providing man an 
essential information is, due to its role, mostly quite expensive and tightly integrated into 
production system. In order to monitor multiple elements there is a need for implementation 
of row of measuring devices. Furthermore, some complex phenomena have to be supervised 
by man due to technical problems with measurement. Such cases include research of 
multiphase flows, granular materials transport or inspecting processes of mixing substances 
using gases. In food, chemical or renewable energy industries those issues are significant and 
they are subjects of technological evaluation [4-10].  
 Figure 1 presents the idea of ECT model sensors (measuring electrodes, steel grounding 
screen, screening electrode, pipe model of dielectric material). Complex system to the data 
acquisition, the image reconstruction with cloud computing model was shown in Fig. 2. 
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Fig. 1. Idea of ECT model sensors with the example of the image reconstruction (on the left side). 

 
Fig. 2. Complex system to the data acquisition, the image reconstruction with cloud computing model. 

2. Smart ECT   
Electrical capacitance tomography scanners are devices capable of imaging interior of 
pipelines or vessels made of dielectric material. Obtained cross-section’s reconstruction may 
be further analysed. However, existing solutions feature significant size and structural 
complexity. Project of herein presented low cost ECT system’s prototype consists of 4 main 
elements: ECT sensor, data acquisition device, optional network infrastructure and a 
computer. Figure 3 shows the schematic model of Smart ECT measurement system. The data 
acquisition module is connected to ECT sensor and at the same time to a computer via 
network infrastructure. Direct low latency USB 2.0 connection is available as well. Computer 
processes measurements obtained from the device hence real-time image reconstruction may 
be achieved with proper software. Compact size of data acquisition module is a result of two 
significant factors. Firstly, the device’s design consists of integrated circuits performing 
multiple functions simultaneously, e.g., Atmel ATmega32U4 merging classic microcontroller 
with USB controller or Texas Instruments CD4067BM integrated multiplexers instead of 
separate CMOS decoders and switches. Secondly, the number of electrodes has been limited 
to 16. These solutions greatly limit the number of tracks needed and thus overall PCB size. In 
electromagnetically stable environments optional Wi-Fi module with ESP-8266 chipset may 
be applied. Single PC workstation is able to receive and process transmissions from several 
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devices at the same time, provided they are all connected to the same network. The main part 
of the data acquisition module is Analog Devices AD7746 capacitance-to-digital converter. It 
is capable of measuring in range of ±4.096 pF with resolution up to 4 aF. Its high accuracy 
and precision is achieved at the expense of speed. Maximal output conversion rate is 90.1 Hz. 

 
 Fig. 3. Schematic model of Smart ECT measurement system. 

 

   
Fig. 4.  Smart ECT (device and data acquisition module). 

 
Smart ECT’s efficiency has been tested with classic cylindrical ECT sensor built from a 

tube made of plexiglass with copper foil electrodes mounted externally. Internal diameter of 
the tube is 94 mm, while the external one is 100 mm. Data acquisition module was combined 
with ECT sensor via 16 coaxial cables RG174 type and 40 cm long. Due to its compact size 
data acquisition module may be mounted in close proximity to the ECT sensor. Figure 4 
shows device’s PCB mosaic and external overview respectively. 

     

  Fig. 5. The pipeline tomography model and the tube measurements. 

The common approach to tomographic measurements data analysis is their processing in 
order to obtain a reconstructed image of the distribution of a required property in the 
examined cross section area. In the case of ECT, this property is the electric permittivity. The 
visualization of the inside of the investigated body is obtained on the basis of the recorded 
capacitance measurements. These permittivity distributions could be directly related to the 
material concentration present in the sensor (probe) space. In a typical measurement ECT 
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sensor use between 8 and 16 electrodes symmetrically spaced around cylindrical container 
(tube, pipe, etc.), as shown in the following Fig. 5. The tube measurements with rods are 
presented in Fig. 6. 

      

Fig. 6. Example of tube measurements with four different variants of rods. 

3. Image Reconstruction   

 

   
Fig. 7. Model of mesh and solution of the forward problem. 

 

The purpose of the study was to obtain measurement results for various phantom 
configurations measured using alternative methods (chosen heuristically). The consequence of 
this action is both a practical verification of the quality of the individual solutions (also 
observing differences between them) and the same numerical package itself. The simple 
problem was solved using the finite element method. Grids used in calculations: rare 2 218 
knots and 4 146 finite elements, dense 7 861 nodes and 15 146 finite elements (Fig.7). The 
examples of the image reconstruction were shown in Fig. 8 (simulation data) and in Fig. 9 
(real measurement data). The Levenberg-Marquardt method was used to solve the inverse 
problem. The algorithm was developed by the authors, the experience of experimental 
confirmed its effectiveness better than other methods of gradient. 
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Fig. 8. The example of the image reconstruction. 

 

Fig. 9. The example of the image reconstruction by ECT - real data. 

4. Conclusion   
In this work, there was presented the solution using electrical capacitance tomography. 

There was designed Smart ECT device to image reconstruction. The development of new 
systems based on capacitive tomography technology can significantly improve the analysis of 
the properties of the tested object. The challenge is to create a single optimal and efficient 
measurement. It is also important to develop optimal algorithms for solving the inverse 
problem for accurate reconstruction. Using the algorithm prepared by the authors to solve the 
reverse problem using the Levenberg-Marquardt method proved to be effective. The algorithm 
was selected experimentally. The challenge is to create a single optimal and efficient 
measurement and low-cost system ensures easy application. It is also important to develop 
optimal algorithms for solving the inverse problem for accurate reproduction. 
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Maciej PAŃCZYK3, Tomasz RYMARCZYK, 12, Jan SIKORA3,4 

Solving Inverse Problem Based on 2-Layer 
Capacitor as Reference Model of Damp Wall in 

Tomography Problem 
In order to verify the model of the wall, the boundary element method was used to 
search for the distribution of dampness, mainly its height and shape of the boundary 
which 1conventionally separates the areas considered dry and damp. From the point 
of view of a simple task implemented on the basis of the boundary element method, 
the solution was enriched with the problem of functional heterogeneity by 
introducing (the modified Green function and infinite boundary elements). This 
approach allows for a faster and more direct calculation of the specific humidity 
limit in place of the distribution map. 

1. Introduction   
The geometry of a 2-dimensional model of a flat capacitor and a damp wall corresponds to 

a straight rectangular area. The damp area created by the capillary drainage of badly insulated 
walls and foundations (while drying the sun, wind and heating inside the building) resembles 
the parabolic shape (cross-sectional wall) [10,16]. The height of the damp point is usually the 
basic criterion in the dehumidification process. In order to verify the final wall model, the 
previously used methods of searching for the distribution of dampness have been tested well 
in the model of known analytical solution or the solution obtained by approximate numerical 
methods such as FEM or BEM [1,2,4,7,8,10,14,18-20]. 

 
Fig. 1. Searching parameters "wys" and "wie" the parabola boundary of two areas  

( wysxwiewysxwiewysxy +−−−= )(4)(4)( 2 ). 
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The authors assumed that a 2-layer capacitor model would be the values of the quadratic 
equation describing the parabolic boundary of the centres (for testing the correctness, speed 
and obtaining relevant information about the distribution of material parameters). Due to the 
fact that in the wall model, the height of the parabolic vertex and its value at the edge of the 
wall (parabolic equation passing through 3 points) can be considered as the first step, to find 
the value of the coefficients „wys” and „wie” are shown in Figure 1. Figure 2 presents two-
layer model of a flat capacitor with a parabolic boundary between the boundaries searched in 
the inverse problem. 
 

 
Fig. 2. Two-layer model of a flat capacitor with a parabolic boundary between  

the boundaries searched in the inverse problem. 

2. Forward problem   
The field studies might be split on two main branches. In that case are defined: the 

topology of the structure (interface boundary – outside and/or inside), boundary conditions, 
material coefficients (e.g. conductivity), the internal source or sources etc. Physical 
phenomena are described usually by sets of differential equations. Numerical techniques give 
us opportunity to find approximate solutions of differential equations which cannot be solved 
by means of analytical ones. Among various numerical tools let us concentrate our attention 
on the boundary element method (BEM). This method can be effectively employed on 
condition that partial differential equation can be transformed to integral form. Additionally, 
the Green’s function has to be calculated. In the forward problem of calculating boundary 
values based on the assumed distribution of material parameters within a region, Laplace's 
equation was solved by the boundary element method. After transforming the differential 
equation into BIE (Boundary Integral Equation) and the discretization of boundary elements, 
the equation of the form [12,18,19] is solved: 
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where: r – is a fixed external point the so-called point of observation, in which the value of Φ 
was determined, r’ – is a source point, coefficient C(r)=0,5, M is the total number of elements, 
Φ represents a potential function (electric potential for an electrostatic field), G is the 
fundamental solution of the Laplace equation, J – is Jacobian, which transforms with global 
coordinates (r) to local coordinates (ξ). The values Φ and ∂Φ/∂n (normal derivative Φ, n – a 
normal vector directed to the outside of the area), are treated as constants for everyone 

air 

water 
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element, these values are determined in half the length of each edge element (implemented 
zero-order). By writing functions from equation (1) as elements Ai,j and Bi,j we get an 
equation: 
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Index i with equation (2) means the source points of each element. For each node (observation 
point) r The integration indicated in the equation is performed (1). Finally, this leads to the 
matrix writing of the equation (1) of the form:  

 
n∂

∂
⋅=⋅
ΦBΦA  (3) 

The [A] and [B] matrices contain functions as appropriate Ai,j and Bi,j.  
For every M element, the Dirichlet boundary condition or the Neumann boundary condition is 
known. Hence, the equation (3) must be ordered in order to enter the required boundary 
conditions and group them in vector x containing unknown and vector b’, containing data 
(known boundary conditions). After appropriate transformations, equation (3) will take the 
form: 
 Bb'Ax =  (4) 
In equation (4), arrays A and B are formed by combining columns from both arrays depending 
on the boundary elements, depending on whether you know the values Φ or ∂Φ/∂n in the 
given element j. By multiplying matrix B and vector b’, the rhs vector is obtained and finally 
the equation takes the form: 
 rhsAx =  (5) 
In the inverse problem, which requires multiple solutions of the forward problem, such a 
distribution of material parameters is searched which results in well-known boundary values 
and complementary measurements of the potential distribution at the edge of the area. 

 
Fig. 3. An example numerical model of a two-layered flat capacitor realised by the boundary element method 

consisting of 32 elements of the zero order. 
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The numerical model of a two-layered parabolic flat-layer capacitor was made in a Matlab 
environment. A case in which each side is divided into 4 boundary elements is shown in 
Figure 3. The boundary conditions were: a Dirichlet condition enforcing a 10V potential on 
the first 4 elements of region 1 (nodes 1 to 9 of region 1 "upper") and -10V on 9-12 elements 
(nodes 17-25 of region 2 "lower") and Neumana on the rest sides of area. On the common 
border of the edges defined continuity of boundary conditions. 

3. Calculations   
In the inverse problem, parameters "wys" and "wie" were searched for the parabolic 

boundary between the two areas - Figure 3. The "measurement" values were derived from the 
case simulation, where the parameters wys = 1.0 and wie = 1.5. The starting point was equal 
to wys = 0.75 and wie = 1.75. The potential on the top cover of the capacitor was 10V and on 
the lower -10V. Solving the inverse problem in a Matlab environment required a 41-fold 
solution of a simple task by the boundary elements [2,4,7,8,10,12,18-19]. The total calculation 
time was 1.7 seconds, after which the desired parameters were found with the specified 
accuracy of 10-6. 
The iterative search for the appropriate parabolic boundary between the areas is shown in 
Figure 4. The thin red lines were plotted with 4 elementary broken lines corresponding to the 
simplified up to 4 parabolic elements of subsequent iterations. Thick blue line with marked 
nodes reflects the solution you are looking for. 
 

 
Fig. 4. Graphical representation of the iterative process for finding the parabolic solution of the boundary 

between areas in a two-layered flat capacitor model. The parabola represented in the 4 element broken line 
resulting from the assumed division of the side of the region into 4 boundary elements. 

To solve the inverse problem the was used the Matlab function fmincon and the objective 
function defined as: 

 
2

)( 2
measuredcalculated

objectivef Φ−Φ
=  (6) 

The results of calculations in the Matlab environment and, in addition, the forward problem in 
the Comsol Multiphysics (for the obtained solution parameters and the high density of the 
component grid) in the form of the potential distribution map are shown in Figures 5a and 5b 
respectively. 
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a) b) 

 
 

Fig. 5. Results of calculations: a) in Matlab environment, b) solution of forward problem in Comsol Multiphysics 
environment in the form of potential distribution map. 

4. Conclusion   
In this paper, there was presented the method to solve the moisture wall problem. The 

boundary element method was applied to solve this problem. The presented realization of the 
inverse problem does not entail special difficulties. Allows you to get the correct results and 
develop the issue with the next planned elements. In future works, there will be implemented 
level set method [3,15] and the topological derivative [17,23], which will allow the creation of 
a tomographic distribution of material parameters reflecting the number of regions with 
different parameters and their shape. Boundary element method will be enriched with the 
issues of functional heterogeneity [5,6,9,11-13,21,22], by introducing in the BEM the so-
called the modified Green function [9,12] and infinite boundary elements [12]. It will allow to 
find the distribution of electrical permittivity (and in the target wall model of electrical 
conductivity associated with dampness). This approach will allow for faster and more direct 
(calculation of the specific humidity limit in place of the distribution map) where the wall 
does not contain defects or specific structural components, in most cases. 
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Prototype of acquisition data module for Hybrid 
Tomograph Systems 

In this paper, there was presented the project of hybrid electrical tomography device, 
which is currently under development. It assumes making use of two measuring 
methods: electrical capacitance tomography and electrical impedance tomography 
and allows to perform up to 32-channel measurements. The tomographic system 
consists of a central processing unit and a set of electrodes and a software solution in 
the form of a computing cloud and a Big Data cluster for processing, visualizing and 
analysing data. 

1. Introduction   
The Hybrid Tomograph combining electrical capacitive tomography (ECT) [1,3,5,9,10,15-

18] and electrical impedance tomography (EIT) [2,4,7,12-14] technology is designed to 
provide a non-invasive way to test the spatial distribution of moisture. The tomographic 
system consists of a central processing unit and a set of electrodes and a software solution in 
the form of a computing cloud and a Big Data cluster for processing, visualizing, writing and 
analysing data [6-8,11]. Both solutions use MQTT protocol to communicate with each other 
to ensure speed and scalability. 

2. Measurement system  

 
Fig 1. Model of the measurement system. 
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The project of hybrid electrical tomography device is currently under development. It 
assumes making use of two measuring methods: electrical capacitance tomography and 
electrical impedance tomography and allows to perform up to 32-channel measurements. It 
consists of several key parts closed in a single 2U Schroff chassis (Fig. 9). Idea of the 
measurement system was presented in Figure 1 and 2. 

 
Fig 2. The measurement system. 

 
Fig. 3.  The block diagram of the data acquisition module. 

Stabilized power supply is equipped with symmetrical voltage outputs of ±15 V, ±12 V, ±9 
V, ±5 V, ±3.3 V and may provide current up to 1 A. Due to filters applied frequency-response 
characteristic of output signal is flat regardless of a load level. Power supply board is 
presented in Figure 3. Another crucial part of hybrid tomography scanner is based on CMOS 
logic 64-channel binary driven multiplexer. It is mounted vertically inside the chassis so 
specific design requirements needed to be met. The component is divided into two printed 
circuit boards connected together with 96 pins, both parts being mounted directly to the front 
panel. They work independently but share common 32 SMB sockets. Joined parts form a 4- to 
32-channel Analog multiplexer with low capacitance offset. Single channel is equipped with a 
set of two SPST CMOS Vishay Electronics DG413 Analog switches. Every 16 channels are 
controlled with a single high speed CMOS 4- to 16-line Texas Instruments CD74HC154M 
decoder. Solution presented in Figure 29 is much more stable than integrated multiplexers 
used in Smart ECT. It provides less noise, similar capacitance offset on every channel and it is 
compatible with any control board working in 5V logic and fitted with 20 control pins. 
Schematics of a single channel and a set of decoders driven by logic components are shown in 
Figure 4. 
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Fig. 4. Hybrid Tomograph Multiplexer - view from front panel. 

 
Fig. 5. Block diagram of the measuring module. 

 
Fig. 6. AD7989-1 transducer input amplifier circuit. 
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Fig. 7. Analog Devices AD7746 Analog-to-Digital Converters and Analog Devices AD7989-1. 

The measuring module, despite its small physical dimensions (80x60 mm), contains two 
analogue-to-digital converters, whose measurement paths are separated by CMOS analog 
keys, the adjustable gain signal section, and its own voltage stabilization section ± 5 V, 3.3 V 
and 2, 5 V. The block diagram of the connections between transducers and stabilizers is 
presented in Figure 5, the amplifier circuit in Figure 6 and analog-to-digital converters in 
Figure 7. The separation keys on the signal lines are implemented analogously to the 
multiplexer keys. The transducers used are Analog Devices AD7989-1 for voltage 
measurement (EIT) and Analog Devices AD7746 for capacitance measurement (ECT). The 
prototype of the measuring module is shown in Figure 8. 

 
Fig. 8. Measuring module. 

Two last parts of hybrid tomography scanner are control board and analog converters 
board. They may be merged into one PCB - pros and cons of such design decisions are 
currently being discussed. For testing purposes of formerly described parts Intel Galileo 2 has 
been chosen as a control board for both analog converters and multiplexer due to its flexibility 
and versatility. Its insufficient number of general purpose inputs/outputs was extended with a 
custom-built Arduino-compatible expander shield with two Microchip MCP23017 ICs 
onboard. MQTT communication protocol was implemented allowing for remote control over 
the Internet. The control circuit is engaged in acquiring information from analog converters 
but also in preprocessing and sending it further for image reconstruction. The secondary aim 
of the project is to enable Big Data systems to gather, store and calculate such information in 
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real time. Thus, every frame of information has to be formatted into JSON and sent to a 
specified server with MQTT protocol. 

Data acquisition part will be equipped with two independent Analog to digital converters: 
Analog Devices AD7989-1 18-bit 100kSPS SAR ADC and AD7745 24-bit CDC being single-
channel variation of AD7746 used in Smart ECT. They will enable hybrid measurements and 
user will have the opportunity of precisely tuning their parameters and behavior. It will be 
possible to choose only one tomographic technique or both of them, run sequentially. 
 

 
 

 
Fig.9. Hybrid Tomograph. 

5. Conclusion   
This paper’s aim is to present a project of the hybrid tomograph. The device is combining 

electrical capacitive tomography and electrical impedance tomography to provide a non-
invasive way to test the spatial distribution of moisture. The system consists additional a 
software solution in the form of a computing cloud and a Big Data cluster for processing, 
visualizing, writing and analysing data. Future works there will concentrate on modification 
the hybrid measuring module, preparing a prototype’s tests with ECT and EIT measurements 
and correction of irregularities and design errors. 
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Application Elastic Net to Identification  
of Objects in EIT 

The multicollinearity problem in linear models (the predictors of the linear model are 
highly correlated with each other) does not allow to determine exactly influence of 
each predictor on the response variable. This can lead to the poor prediction. The 
addition of penalty depending on quantities of parameters to the least square 
criterion allows us to determine the biased estimators but also to reduce the variance 
of estimators. To image reconstruction in electrical impedance tomography the 
elastic net was used, which is connection of two methods: ridge regression and 
LASSO.  

1. Introduction 
Electrical impedance tomography (EIT) image reconstruction problem is an ill-posed 

inverse problem. In EIT, electrical voltages are injected into an object using a set of electrodes 
attached on the surface of the object and the potentials are measured. The conductivity of the 
object is reconstructed based on the known voltages and measured potentials. Electrical 
impedance tomography reconstruction requires accurate modelling. EIT is an imaging 
modality in which the conductivity distribution of an examined object is estimated from 
measurements of electrical voltages and electrode potentials at the boundary. To achieve 
quantitative information of the conductivity change, it would be preferable to use a non-linear 
model in the solution of the difference imaging [1-2,6-17]. There are many optimization 
methods [4-11]. The presented algorithm based on Elastic Net is new proposition in electrical 
impedance tomography. 

2. Elastic net  
Let the linear system be described by the state equation  

εβ += XY ,                                                                                             (1) 

where nRY ∈ , ( )1+×∈ knRX  denote the observation matrices of response and input variables 
respectively, 1+∈ kRβ  denotes the vector of unknown parameters. When the linear model (1) 
contains the intercept, then the first column of matrix X is a column of ones. The object  

nR∈ε  in linear system (1) presents a sequence of disturbances, which is usually defined as a 
vector of independent identically distributed random variables with normal distribution 
( )IN 2,0~ σ , which, nR∈0~  is a zeros vector but nnRI ×∈  is an identity matrix. The classical 

Least Square Method depends on identification of unknown parameters ( )kββββ ,...,, 10=  in 
(1) by solution the task  
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2

1
min β
β

XY
kR

−
+∈

                                                                                          (2) 

If 0)det( ≠XX T , then the best linear estimator of unknown parameters β  is  

( ) XYXX T 1ˆ −
=β  

The problem is often when XX T  is singular.  
The main goal of tomography is to make an image reconstruction. During measurements 

we can see, that the measured values from some electrodes are strongly correlated (due to the 
way of measurement). In this case we have a multicollinearity problem. When the 
independent variables (predictors) are correlated (collinear), then the matrix XX T  tends to 
singular matrix. Using the least square method we obtain the large absolute values of some 
estimators of unknown parameters. The predictions based on this model is unstable. The most 
common approach depends on reduction of set of the input variables (deleting the same 
predictors which involve in multicollinearity). Then we have a problem of deciding which 
predictor variables would be included to regression model. For example, by comparing AIC 
(Akaike Information Criterion) value for linear models with different set of predictors we may 
choice a best model. 

An alternative way to solve this problem depends on decomposition TPX =  into 
orthogonal scores T and loadings P  (see e.g. [19], [20]). Next, we determine the linear 
regression Y  not on X  but on first −m column of the scores T . The number m  is determined 
by analyzing the root mean square error of prediction.   In Principal Component Regression 
the scores and loadings are chosen to explain the variance of X  and come from singular value 
decomposition. The scores are defined as the left singular vectors of X  multiplied with the 
corresponding singular values, but the loadings are defined as the right singular vectors of X . 
In Partial Least Square Regression the scores and loadings are chosen to explain the 
covariance between X  and Y . 

Another way to determine the linear regression when the input variables are collinear 
depends on solution the task 

( )
( ) ( ),
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where ( )ikii xxx ,...,1= , ( )kβββ ,...,1=′   for ni ≤≤1  and αP  is a elastic net penalty given by  
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We see that the penalty is a linear combination of norms 1L  and 2L  of unknown parameters 
β′ . The introduction the penalty function dependent from parameters to the objective function 
allows to shrink the estimators of unknown parameters. 

The parameter λ  in task (3) denotes the coefficient of penalty, but the parameter 10 ≤≤α  
creates the compromise between LASSO (Least Absolute Shrinkage and Selection Operator) 
and ridge regression. The ridge regression ( 0=α ) is called Tikhonov regularization (see e.g 
[22]) and is one of the most commonly used for regularization of linear models. LASSO (

1=α ) was introduced by Roberta Tibshirani (see e.g [18], [22], [3]). This method performs 
the variable selection and regularization in linear statistical models. For the ridge regression 
the penalty is calculated in norm 1L  but for LASSO in 2L . Difference between ridge 
regression and LASSO is symbolic, only the norms are changed. The ridge regression shrinks 
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coefficients for correlated predictors towards each other. When the correlated predictors 
depend on any latent factor, then ridge regression allows to uniformly distribute the strength 
of latent factor on these predictors. Whereas LASSO is indifferent to correlated predictors. 
This method allows to determine the preferred predictor and to ignore the rest. By applying 
LASSO method we obtain a model, where the many coefficients to be close to zero, and as a 
result we receive a sparse model. The elastic net is a connection of ridge regression and 
LASSO (see e.g. [21]). Choosing the appropriate α  we may create the compromise between 
ridge regression and LASSO. 

By solution the task (3) for fixed λ  and α  we estimate the unknown parameters of linear 
system (1) with correlated predictors. Then the prediction based on model (1) is   

β̂ˆ XY = ,                                                                                             (5) 

where ( )kββββ ˆ,...,ˆ,ˆˆ
10=  is a vector of estimators of unknown parameters. 

3. Numerical examples 
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Fig. 1: The example reconstruction of 2 objects (left side – reconstruction, right side – real image). 

 
Fig. 2: The example reconstruction of 4 objects. 

 
Fig. 3: The example reconstruction of 4 objects. 



 
 

257 
 

The measuring elements of EIT has 16 electrodes, so we make 208 measurements (in the 
linear model we have 208 predictors). Reconstruction looks like a 64 * 32 = 2048 image (for 
each pixel we construct a linear model with 208 correlated predictors: 16 projection angles 
times 13 voltages). Figure 1,2 and 3 show the examples of the image reconstruction with 
different kind of objects. Images were reconstructed with high precision, better than gradient 
methods. 

3. Conclusion  
In this paper, there were proposed algorithms based on statistical methods for the purpose 

of more accurate and stable reconstruction results in solving EIT inverse problem. To image 
reconstruction in electrical impedance tomography the elastic net was used, which is 
connection of two methods: ridge regression and LASSO. The combination of the proposed 
algorithms is effective in the simulation. This work gives promise results as a new horizon to 
solve practical problems.  
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Applying PLSR to Detection of Objects in Electrical 
Impedance Tomography 

The highly correlated predictors with each other’s in linear models do not allow to 
determine the precisely influences of these predictors on the output variable. Directly 
application the least square method to estimate the unknown parameters may lead to 
a poor prediction. To solve this problem the correlated predictors can be 
decomposed into orthogonal components, which is called a Latent Variables. In 
Principal Component Regression, the latent variables are chosen to explain as much 
as possible the variance of predictors, but the Partial Least Square Regression 
concentrates on the covariance between predictors and response variables. The 
partial least square regression will be used in electrical impedance tomography.  

1. Introduction 
This paper presents the solution for the identification unknown object. Many optimization 

algorithms can be used to solve this problem [1-12,19]. Numerical methods were based on the 
Partial Least Square Regression. Discussed technique can be applied to the solution of inverse 
problems in the electrical impedance tomography. There were implemented the new 
algorithms to identify unknown conductivities. The Electrical Impedance Tomography (EIT) 
is a technique of imaging the distribution of conductivity inside the tested object from 
measurements of the distribution of potentials on the object’s surface. The EIT deals with an 
inverse problem in which given the measured voltages on electrodes it estimates the 
conductivity distribution by using an image reconstruction algorithm [13-17].  

2. Problem Formulation 
Let the linear system be described by the state equation  

εβ += XY ,                                                                                             (1) 

where nRY ∈ , ( )1+×∈ knRX  denote the observation matrices of response and input variables 
respectively, 1+∈ kRβ  denotes the vector of unknown parameters. When the linear model (1) 
contains the intercept, then the first column of matrix X is a column of ones. The object  

nR∈ε  in linear system (1) presents a sequence of disturbances, which is usually defined as a 
vector of independent identically distributed random variables with normal distribution 
( )IN 2,0~ σ , which, nR∈0~  is a zeros vector but nnRI ×∈  is an identity matrix. The classical 

Least Square method depends on identification of unknown parameters ( )kββββ ,...,, 10=  in 
(1) by solution the task  

2

1
min β
β

XY
kR

−
+∈

                                                                                          (2) 
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If 0)det( ≠XX T , then the best unbiased linear estimator of unknown parameters β  is  

( ) XYXX T 1ˆ −
=β                                                                                       (3) 

The problem appears when the matrix XX T  is singular or tends to singular.  
The main aim of tomography is to make a carefully image reconstruction of object. During 

measurements we can see, that the measured values from some electrodes are strongly 
correlated. In this cases we have a multicollinearity problem. When the reading values from 
electrodes are correlated (collinear), then the matrix XX T  tends to singular matrix. When we 
use directly  the least square method, then we may obtain the unstable prediction based on 
linear model (1). The possible ways of solution of multicollinearity problem depend on 
application the stepwise regression (see e.g. [22]), the elastic net (see e.g. [18], [23], [3]) or 
decomposition of correlated predictors into orthogonal components (see e.g. [20], [21])  

                          TTPX = ,                                                                                               (4) 
where T  is a matrix of scores and P is a matrix of loadings.  

3. Principal Component Regression 
From the singular value decomposition (SVD) the data matrix X  can be presented as 

                        TUDVX =                                                                          
where U  and V  are the unitary matrices, D  is a diagonal matrix with non-negative real 
numbers on the diagonal. The matrix of scores is defined as the matrix of left singular vectors 
of X  multiplied with diagonal matrix of singular values UDT = , but the matrix of loadings is 
a matrix of the right singular vectors and VP = . In PCR we use the scores to explain the 
linear regression (1),  because the scores are orthogonal, so there are no multicollinearity 
problem. Analyzing the Root Mean Square Error of prediction we usually approximate the 
data matrix X  by a - number  of principal components 

                           ( ) ( )( ) ( ) ( ) ( )
T

aa
T
aaa PTVDUX =≈ .                                                                     (5) 

Next we regress the response variable Y  on the scores ( )aT  instead on X . From (3) and 
unitarily the unknown parameters in linear model (1) are estimated as 

( ) ( ) ( )( ) ( ) ( ) ( ) ( ) ( ) ( )( ) ( ) ( ) ( ) ( ) ( ) YUDVYUDDUUDPYTTTP T
aaa

T
aaaa

T
aaa

T
aa

T
aa

111ˆ −−−
===β                  (6) 

In practice PCR is performed on the mean centered data matrix X , see e.g. [20], [21] and 
the intercept is calculated afterwards.  The prediction based on model (1) is   

                             β̂ˆ XY = ,                                                                                             (7) 

where β̂  is a vector of estimators of unknown parameters β  is given by formula (6). 

4. Partial Least Square Regression 
Just like PCR, the  Partial Least Square Regression defines the latent variables to explain 

the relations in linear model (1). In PCR the principal components are chosen to explain the 
variance of data matrix X  and come from singular value decomposition. In PLSR the 
components (called the latent variables) are chosen to capture as much as possible the 
covariance between X  and Y . Like PCR, PLSR is performed on the mean centered data 
matrix X  and the intercept is calculated afterwards. The latent variables are calculated 
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iteratively. More about PLSR the readers can be found in e.g. [20], [21], [3]. The PLSR 
algorithm will be presented below.  

1. First we put XE =1 , YF =1 and 1=i . 

2. Let iw is a first left singular vector of  SVD of the crossproduct matrix i
T

i FE  

3. Determine the normalized score  

                                         
i

T
i

i
i

tt
tt ~~
~

=  

      where iii wEt =~ . 

4. The i -th loadings of X  and Y  are obtained by regressing iE  and iF  against the score 

it  

                                           i
T

ii tEp =  and i
T

ii tFq = . 

5. The information related to the latent variable based on score it  is subtracted from data 
matrices iE  and iF  

                               T
iiii ptEE −=+1  and T

iiii qtFF −=+1 . 

6. Put 1+= ii  and go to step 2. 

After every iteration the vectors iw , it , ip , iq  are saved as a i -th columns in matrices W ,
T , P  and Q  respectively.  The number of latent variables is determined by analyzing the 
root mean square error of prediction. The matrix 

                                                  ( ) 1−
= WPWR T                                                                   (8) 

is generalized inverse of TP  and the matrix of X  scores satisfies the equation XRT = .  From 
above we have TTPX =  and TTQY = . Thus we have this same situation as in PCR. Next we 
regress the response variable Y  on the scores T  instead on X and consider the equation 

                         ( ) εβεβ +=+= TPTXY . 
From (3) we have  

                         ( ) YTTTP TTT 1ˆ −
=β . 

Finally from (8) we obtain the estimators of unknown parameters  

                        ( ) ( ) TTTTTT RQTQTTTRYTTTR ===
−− 11

β̂ .                                          (9) 

5. Numerical example 
The measuring system has 16 electrodes, so we make 208 measurements (in the linear 

model we have 208 predictors). Reconstruction looks like a 64 * 32 = 2048 image (for each 
pixel we construct a linear model with 208 correlated predictors). 
Identification of XYR dependencies from voltages. 
Measurement data was grouped to determine linear relationships between dependent variables 
X and independent. For the analysis of polynomial regression, there was used the classical 
method of the smallest squares. Unfortunately, many of these parameters were statistically 
insignificantly different from zero (they added more noise to the model than explained the 
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dependencies, which was due to a large correlation between some of the independent 
variables. Thus, for each model, explanatory variables have been selected that are strongly 
correlated with the explanatory variable and at the same time are poorly correlated to one 
another. Figure 1 shows the example reconstruction of 1 object. 

In the example in Figure 2, the number of principal components is 30. An attempt to 
reconstruct an image when there are 4 objects in the model being tested (model parameters for 
each pixel are estimated for up to 3 objects only, and we search 4 objects). 

  

    
Fig. 1: The example reconstruction of 1 object a) radius=0.1, b) radius=0.16, c) radius=0.2, d) radius=0.28 
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 Fig. 2: The example reconstruction of 4 objects. 

6. Conclusion  
In this paper, there was presented the solution for the identification unknown object. 

Numerical methods were based on the Partial Least Square Regression. In Principal 
Component Regression, the latent variables are chosen to explain as much as possible the 
variance of predictors. An efficient algorithm for solving the inverse problems would also 
improve a lot of the numerical performances of the proposed method. The process of 
reconstruction is enough good, because the region borders are located nearly the searched 
object edges. The presented method has been applied very successfully in many areas of the 
scientific modelling.  
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Quality Control in Production Process  
- Algorithms for Image Analysis 

Modern production processes are increasingly complicated while customers require 
higher quality products at the lowest prices. This situation increases the importance 
of process optimization. Article contains description of the quality control system 
based on optical detection algorithms. 

1. Introduction   
Modern production processes are increasingly complex, while customers are demanding 

higher quality products at the lowest price. This situation increases the importance of process 
optimization. Products and requirements are changing faster and faster, technologists have 
less and less time to learn the process and to optimize it solely on the basis of their own 
experience. On the other hand, very often the processes are automated and metered in detail, 
so we have plenty of data describing it. In such a situation, we cannot give up the chance of 
decision support. Analysis of the data may be used for process optimization in different ways 
and it can affect many aspects of process management. We can detect disturbances in the 
process, find the causes affecting the problems with quality, and choose the optimal settings 
for the process, comparing different preparation procedures and many others. It is worth 
noting that in the processes, there are many people involved in with different tasks and 
permissions. Therefore, data analysis tool should provide access control. The research project 
assumes creation of two measurement platforms: a set of multiphase flow system and a mini 
production line. In the first case, we will be analysing two-phase flows of liquid (water) and 
air [4,8,9,11]. That type of flow is commonly used in chemical reactors where air is mixing 
substances. In the second case, we will be analysing moving objects on the mini production 
line using image detection techniques. The system will be also using biometric reader’s 
witches will provide access control. [1,3,7].  

2. Line production   
The main part of the measuring system is closed (oval) leaf production line of variable 

speed travel.  

   

Fig. 1. Sketch of the mini production line system 
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Fig. 2. Schematic of the measurement system to study the multiphase flows. 

Optical detection system as in the previous system is based on the IP cameras (Fig.1 and 
2). The program will be analysing images from the cameras in real time. The analysed objects 
will recognize by their characteristic features such as: shape, size, colour, etc. At the same 
time, the image will be saved on the disk array. Such a system will provide not only accurate 
modelling in micro scale production facility, but will also be a base for the development of 
fast vision analysis algorithms. 

3. Image segmentation   
The purpose of segmentation is to separate the objects of the image to be recognized. The 

first step is usually to scale the image according to the accepted reference values. This can be 
achieved in a variety of ways, such as histogram stretching, histogram shift, or rescaling with 
one or two reference values. The ability to effectively apply a particular scaling method 
depends on the properties of scaled objects (for example, a large variety of colour objects of 
the same type). Developed algorithms in the field of imaging by skilfully separating 
individual objects and their fragments. Separating parts of an image with common features 
would allow you to more precisely define boundaries between objects and detect anomalies 
within them. To analyse the image, you will move from pixel to object level. The proposed 
solutions will segment the image objects obtained by the indicated techniques and isolate the 
sought shapes in these images [5,6,10]. Algorithms for segmentation multiphase flows, 
analysis and image reconstruction  were presented in Figure 3 and 4 
 

 

Fig. 3. Image segmentation of gas in the water by the level set method. 
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Fig. 4. Genetic algorithm: 5 classes, populations 8000, a filter for noise removal pepper and salt. 

4. Object detection   
This chapter is a summary of a recent work focused on processing images from industrial 

cameras in order to detect an object on a conveyor belt and examine its quality parameters. As 
testing objects bottle nuts were used. First, we introduce methods of separation and 
recognition of a type of nuts based on colour thresholding. Next, we present an algorithm of 
examination whether a nut is on a bottle or not. The last part of the paper is about methods 
based on the code book algorithm to separate multiple objects in one picture. 
Determination of type of a bottle nut 

The first application of image processing is about locating a nut on a conveyor belt and 
determining its type by the colour qualification. In the testing setting there is a camera located 
over the conveyor belt. Axis of the camera view is perpendicular to the plane of the belt. 
There are three types of nuts from bottles of sparkling water in three different levels of 
carbonation encoded in different colour of nuts. The algorithm uses several types of colour 
thresholding. First of them extracts pixels of a nut from pixels of a background (the belt). 
Then extracted pixels are counted to determine size of the object to decide whether there is a 
nut in the picture. If the nut is found, next steps of the thresholding are performed to 
determine the type of the nut. Each value of the thresholding is set according to the result of 
scripts which analyse pictures of the empty conveyor belt and samples of pictures of colours 
which have to be distinguished from background and from each other. The technique of the 
threshold setting is based on the analysis of channels of given colours in the colour space. We 
determine a middle point between distinguished colours (treated as a set in the three-
dimensional colour space) separately for each channel. As the final threshold we take the 
value of the middle point in one channel, where the selected channel is related to the biggest 
distance between compared colours. 
There are two ways to define a middle point, first is the middle between centres of sets in the 
colour space corresponding to given colours. Second approach uses a middle point between 
nearest points from two different sets. Additionally the script checks, as a necessary condition 
of separation of colours, whether sets do not intersect.  As a descriptor of separation quality 
we use distances between centres of colour sets expressed in multiples of standard deviations 
evaluated for a given colour. To improve the quality of separation we consider RGB colour 
space as well as the HSV system which is more resistant to unfavourable lighting conditions. 
Next improvement of the separation goes from a quantile-based filtering of initially 
segmented pixels of a nut. In presented algorithm to determine the type of the nut we consider 
values between 15% and 85 % quantiles. The quantiles filtering is often necessary to remove 
intersections between distinguished colours in the colour space (Fig. 5). 
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Fig. 5. Example of results of the algorithm of determination of type of bottle nut. 

Examination of appearance of nut on a bottle 

 
Fig. 6 Example of the result from application of determination presence of nut on the bottle. 
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Second application solves the problem of examination whether a bottle is plugged or not. 
Testing setting is the same as in the previous problem. To determine presence of the bottle in a 
picture we use colour thresholding of backgrounded conveyor belt from first application. 
Next, we resize whole image to standardize sizes of found objects. If an object is found in 
picture, then two-dimensional convolution of binary mask of the picture is performed to 
evaluate similarity of object on mask to circular shape of the nut. The range of numerical 
descriptor of similarity is interval [0,1] where descriptor is equal to 1 if in binary mask there is 
an object which can fully contain a circle of radius at least as big as the radius of circular 
referential filter used in convolution. To reduce noises in the picture and improve separation 
of background we use Gaussian filtering (Fig.6). 

Code Book based object segmentation algorithm 
To perform properly previous algorithms require that there is at most one object in a frame. 

However, for most of industrial applications, situation of multiple objects in the frame has to 
be considered due to optimisation of space and speed of production. Because of that, there is a 
necessity of using some general methods of separation objects in the frame. Basing on the 
Code Book foreground-background segmentation algorithm presented originally in [2] we 
implemented fast method of recognition object on a moving conveyor belt. Simple frame-
differentiation approach to remove background is not sufficient because of movement of the 
conveyor belt in the background. On the other side, regardless of the current position of the 
belt in the frame, the background contains the same set of colours. Due to that specification of 
background code book approach is found to be extremely sufficient. The only remaining 
problem of that algorithm is its computational complexity thus our work has focused on 
improving its speed. First of all, we divided the whole frame for blocks of size 12 by 12 
pixels, then for each block we calculated a weighted average (separately for each channel of 
the frame) and that values are compared with the corresponded values in the code book, which 
is previously constructed with the same block-divided manner based on a series of pictures of 
an empty conveyor belt. Other relevant fact is that the created code book was ordered properly 
according to advice in [2]. Next important improvement was changing colour space from 
RGB to HSV, which allow us to apply a simpler way of defining a distance between 
compared colours. Instead of Eucliden distance we use an absolute value of differences in 
particular channels which is much more efficient. 

a)  b) c) 

  
Fig. 7. Example of Code Book algorithms. Chessboard-like masked images before post-processing (a). Two-step 

method of increasing the resolution of segmentation (b). Code Book based multiple object separation (c). 



270 
 

The last improvement is an implementation of segmentation only to a half of all blocks of 
the frame spread out in the photo in a way similar to the arrangement of fields on a 
chessboard. That technique not only reduces the number of blocks to check by half but also 
reduces a part of the noises in processed image. After comparison an image with the code 
book, a full mask is obtained by the morphological post-processing to remove noises and also 
to merge detected blocks of the foreground into connected regions. After first using of the 
algorithm we can perform it once again, but with smaller blocks (4 by 4 pixels) and only to 
regions found in the first attempt. This approach allows us to increase final resolution of 
segmentation with average speed of processing about ten times faster (tens of milliseconds) 
compared to the one-step method with size of blocks set to 4 by 4 pixels (Fig.7). 

5. Conclusion   
Nowadays, optical detection plays an increasingly important in the production process. The 

development of new systems based on the technology of optical detection methods to a large 
degree can improve the production process at different stages. The challenge is to create a 
single optimal and efficient system ensures easy application, which can cooperate with the 
automation line production. It is also important to develop optimal algorithms for the image 
analyse and the defect detection. 
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Anita SOWA-WATRAK1, Mariusz RZĄSA2 

Algorithms Of Image Analysis For Diagnosis  
Of Welded Connections 

The following paper presents developed by the authors the algorithm of image 
analysis supporting the process of diagnosing welded connections. Attention has 
been paid to the main disadvantages that arise in welded connections and to the basic 
difficulties when it comes to diagnosing the previously mentioned defects. 
Moreover, the method of computer image analysis based on the threshold of color 
saturation and a modification of the black-and-white image method in the RGB raw 
palette has also been presented. The paper reveals results of sample analyzes, 
focusing on the values of the image analysis method applied. This solution extends 
the possibilities of imaging the material defects detected, which improves  
the classification of welded connections. 

1. Introduction 
Welding is one of the basic methods of joining metals. It has been in use for many years, 

and although welding technology is still undergoing modernization, there is no technology  
to guarantee 100% repeatability of the welds. It is still necessary to carry out checks on 
welded connections made with the non-destructive method [6][8]. 

The welding process consists of combining the materials by initial heating and then melting 
their place of joining. In this place is formed alloy of two joined metals, which we call a shed. 
Welding can take place either with or without a binder. Welding is divided by the way  
the temperature is produced for: gas and electric thermite [2]. 

These welding methods does not guarantee sufficient repeatability. This is due  
to the presence of many factors affecting this process. The effect of high temperature causes 
material changes impacting the strength parameters of the material. In addition, the welded 
connection is not uniform throughout the cross-section. What is more, its geometry changes 
over its length. These factors make it necessary to control and diagnose welded joints [2]. 

Diagnosis of welded connection are based on the detection of defects and their impact on 
the strength of the weld connection. Verification of defects takes into account the type, size, 
severity and its position. What also should be mentioned here is the fact that the most 
common defects in welded connections include: no milling, tubular bubbles, gas bubbles  
and ridge leakage. 

The most common methods for diagnosing welds include ultrasound or x-ray scans. 
Ultrasonic methods are cheaper, but not always let to fully assess the previously mentioned 
defect. Additionally, they are used for detecting defects such as inclusions, cracks of any kind, 
and no milling. Radiographic studies, in turn, allow for the detection and estimation  
of incompatibilities in a wide range. It is possible to recognize gas blisters, slag inclusions, 
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various spills, floods, misfolding and face inequalities [1][3]. As the process of analyzing  
x-ray images is time-consuming, a computer algorithm for diagnosing welds is proposed. 

2. The idea of radiographic tests 
To start with, radiographic studies consist of overexposing of the x-ray beam weld  

and then recording on the photographic film the degree of absorption of the radiation by the x-
rayed material. The attenuation of the radiation beam is described by the Beer absorption 
equation: 

xeII µ−⋅= 0        (1) 

Where: I - the intensity of the bonus X after passing through the joint, 
I0 - premium rate X issued from source, 
μ - linear absorption coefficient, 
x - the path traveled through the radiation beam [4]. 
The degree of exposure of the photographic film depends on the type of material to be 

examined, radiation intensity and exposure time. All types of heterogeneity in the weld are 
characterized by different absorption coefficients, which in turn causes different degrees  
of illumination of the phonographic plate. As a consequence, darker areas are observed where 
the absorption coefficients of the material are smaller [7]. 

The most commonly used are x-ray tubes with constant and unregulated intensity  
of radiation. The correct contrast on the radiogram is obtained by selecting the appropriate 
exposure time. This often requires several sequences of pictures. Computer-assisted image 
analysis can partially reduce the number of necessary sequences. This is particularly useful  
in the diagnosis of frontal and inguinal welds, where there are different thicknesses of material 
in the scanning plane, and choosing the appropriate exposure time is not easy. 

The paper presents the method of computer aided diagnostics of welded connections. The 
welded pictures displayed in the work of the RTG have been made with  
a Scanray 250 x-ray tube powered by 250 kV, for 4 sec in the authentic process of welded 
connections diagnostics by employee of company. 

3. The idea of computer method of image analysis assistance 
To start with, the idea of the method is to set an appropriate saturation threshold for each 

pixel of the image. Assigning pixels to groups above and below the threshold causes the 
image to become a one-bit image (uninfocused). In the initial period of research, the authors 
of this article applied this method to x-ray grayscale images. In order to ensure better 
visualization of  the defects found, contours of the image after the binarization have been 
extracted by the authors. This solution makes it possible to distinguish material defects caused 
by welded connections. Computer image analysis is designed to facilitate the decision  
to allow the weld to be commissioned by the welded joint evaluator. 

Figure 1 shows the results for an exemplary welded connection.  Moreover, Figure 1a 
shows an example x-ray image of a weld. After the binearization process, the image shown  
in Figure 1b was obtained. Once the edges have been isolated (Fig.1c), any discontinuities and 
material defects can be easily and quickly identified. 

Because x-ray imaging is done in black and white, it is natural to get a grayscale image for 
which a suitable binarization threshold is set. As a result of this process, luminance below  
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the threshold is set to "0" and pixels with luminance above threshold "1". In this way, the 
image is one-bit. 

 

Figure. 1: The idea of the image analysis method: a) x-ray image of the weld, b) Image of the binary image, 
c) Image after the separation of the contours. 

Extracting the contours greatly facilitates a visual assessment of the quality of the welded 
connection. (Fig.1c). It is then possible to quickly detect discontinuities and inclusions  
of foreign materials in the weld including the presence of gas bubbles. Thanks to this analysis 
it is possible not only to discover defects but also to measure and express them in numerical 
form.  

 

Figure. 2: x-ray photo defects in the weld: a) x-ray image, b) extracted defect. 

For example, Figure 2 shows a picture of a weld with a distinct defect. Visible defect can 
be isolated and presented in a separate image (Fig.2b). In this image we can measure  
the dimensions of this defect and calculate its surface area. Based on these parameters, it is 
possible to diagnose more accurately the weld joint and to decide whether to allow the weld  
to operate.  

 

Figure. 3: x-ray photo of the thermal impact zone. 

This  method does not allow for proper detection of all parameters of the welded joint. An 
example may be the determination of a shredding zone or material change zone as a result  
of the heat generated during the welding process. For example, Figure 3 shows an image  
of a thermal zone. The visible area of the thermal effect is clearly visible, which has caused 
changes in the structure of the welded material. These changes are characterized by a different 
x-ray absorption coefficient.  
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Figure. 4: Thermal zone of boundary zone. 

Although grayscale is clearly visible in the grayscale image, the application of grayscale 
thresholds only allows the boundary of its effect to be determined (Fig.4). This can sometimes 
give some insufficiency, as information about the unevenness of change within the zone is 
lost. 

This is because, as a result of the threshold process, only one threshold value  
for grayscale saturation is taken into account. In addition, the image field which often sees the 
human eye as gray in fact consists of a mosaic of pixels of different saturation. This is  
an additional difficulty in setting the right grayscale threshold. For this reason, the authors 
proposed some modifications to the method. This modification aims to introduce additional 
values describing the pixel in order to enable more accurate image analysis. The previously 
mentioned solution will allow to widen the scope of welded connection analysis. 

4. Application of RGB filter  
The solution described in Chapter 3 does not allow for distinguishing the characteristic 

zones that occur in welded joints. These include the melting zone and thermal changes. Due  
to the strength of the weld, it is important to know the thickness and continuity of these zones. 
For this reason, the authors have developed their own method to widen the scope  
and possibilities of diagnosed welds. 

In industrial conditions, x-ray devices are used to produce black and white images  
of the illuminated welds. At present there are opportunities to obtain color x-ray images, 
however, to diagnose welds of this kind still have no economic justification. The most 
commonly used weld detectors are black-and-white images on photographic film. The 
proposed method is to scan the image from the film and save it in a RGB color image format. 
The scanned image continues to be a black and white image, but each pixel of the image is 
described using three RGB values. 

RGB palette is a palette consisting of three basic colors (red, green and blue) with which 
any color of the pixel is displayed in the image. This is because any gray tone can be 
expressed using three basic RGB colors. The YUV model determines the saturation intensity 
of basic RGB colors to achieve the appropriate grayscale value. Bearing in mind that  
the human eye is more sensitive to green, and the least blue to grayscale describes  
the relationship: 

BGRGS ⋅+⋅+⋅= 114,0587,0299,0      (2) 
Where: GS - grayscale value, 
R, G, B - RGB color saturation values [5]. 

 

Having an RGB image means that each pixel of the image in shades of gray is determined 
by three numbers. This solution enhances the scope and capabilities of computer image 
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analysis, enabling the separation of material change zones in the weld environment  
and the assessment of the zone of thermal changes in the weld environment.  

 

Figure. 5: Two-layer weld: a) Weld x-ray image,  b) Image after filtering R and B colors, c) Image after 
filtering G color. 

Figure 5 shows the effect of filtration using selected RGB palette colors. Figure 5a presents 
an image of a two-layered grayscale weld in the RGB color format. If the image was only 
recorded on a shade scale, it would only be possible to properly separate the edges of the first 
top layer. Application of blue and red color filtration caused the second layer to become less 
visible, thus enabling the middle zone to be correctly defined (Fig.5b). In turn, green filtration 
resulted in a decrease in the difference between the middle layers (Fig.5c), thus allowing the 
last lower zone. 

 

Figure. 6: Layers separated by selective RGB filtering. 

Figure 6 shows the result of separating the boundaries of individual layers shown in Figure 
5. Obtaining this image makes it easy and simple to measure the thicknesses of the individual 
layers. In addition, it is possible to automate the calculation of layer thicknesses, which 
significantly improves the classification of welded joints.  

 

Figure. 7: Lay Picture of the thermal impact zone for the image in Fig. 3. 

The advantages of the proposed method are well illustrated in Figure 7. It depicts an image 
of a thermal zone for the weld of Figure 3. In comparison to the image obtained only from 
grayscale analysis (Fig.4), it contains much more detail to better evaluate the effect of thermal 
effects on material properties. 
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In addition, selective RGB filtering significantly extends the scope of diagnostics  
of welded joints. For example, it is possible to determine the thickness of the welded 
connection (Fig.8). Pipe is a zone in which a weld metal alloy and weld material are formed. 
In order to ensure proper strength of the welded joint it is necessary to maintain not only  
the continuity of the melt but also its thickness [5]. 

 

Figure. 8: View of welded joints of welded joint. 

5. Conclusions  
The diagnostic method shown in this work streamlines the classification of welded joints. 

The use of selective RGB filtering method significantly widens the possibilities of computer-
aided diagnostic method. The method not only allows the filtering of basic RGB colors, but 
also allows R-G, R-B and G-R to be filtered, which further enhances the ability of the image 
to detect material defects. 
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Electrical Tomography for Innovative Imaging and 
ROI Monitoring Using Body Surface Potential 

Mapping 
The paper presents the model of system idea based on electrical tomography. The 
system will consist of a mobile device that allows simultaneous recording of 
electrical potential of heart activity and ventilation of the lungs. Electrical 
tomography for pulmonary and heart monitoring is a non-invasive imaging method 
in which an unknown physical object is probed with electric currents applied on the 
boundary. The internal conductivity distribution is recovered from the measured 
boundary voltage data. The reconstruction algorithms for electrical impedance 
tomography were tested. New results of a reconstruction of a numerically simulated 
phantom are presented.  

1. Introduction   
Diseases of the respiratory and circulatory systems are widespread today. The development 

of this type of illness (both acute and chronic) is affected by many factors (including 
environmental pollution, stress). Early diagnosis as well as the possibility of continuous 
monitoring outside the ambulatory unfortunately is not possible. The main goal of the project 
is to create a tomographic system for 3D imaging and ROI (region of interest) monitoring 
using a node potential map, along with a mechanism for the interpretation of disease states [1-
9]. The system will consist of a device that records the electrical potential of heart activity and 
lung ventilation [10-16]. The system will monitor the condition of patients and support the 
diagnostic process in such diseases as: 

• Acute respiratory failure syndrome (ARDS) 
• Chronic obstructive pulmonary disease (COPD) 
• Bronchospasm 
• Pneumonia 
• Pulmonary hypertension 
• Obstructive sleep apnea (OSA) 
• Pneumothorax 
• Cardiac Hemodynamics 
• Aortic insufficiency 
• Hypertension 
• Ischemic heart disease 
For the detection of multiple complex disease units, 24-hour monitoring of the vital 

functions of the patient is essential for normal functioning. The future of medical diagnostics 
is long-term patient monitoring devices - mobile devices recording a wide spectrum of 
diagnostics to detect pathological syndromes. The response to the needs of the medical market 
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will be a mobile system, a 3D tomographic imaging system and area monitoring using a node 
potential map, along with a pathology interpretation mechanism. The system will be able to 
monitor parameters: 

• Myocardial activity 
• Blood flow 
• Blood pressure 
• Heart rate 
• Impedance 
• Lung capacity 
• Changes in pulmonary impedance 
• Bioimpedance 
• PEEP (positive end-expiratory pressure) 
• ΔEELV (end-expiratory volume of lungs) 
• Relative electrical permittivity 
• Patient position during the test 

2. Idea of Measurement System   
 

The concept of the project is to create a mobile tomographic system for 3D imaging and 
field monitoring using a node potential map and a mechanism for the interpretation of disease 
states. The system will consist of a mobile device that allows simultaneous recording of 
electrical potential of heart activity and ventilation of the lungs. The system will consist of a 
data recording device and an aggregation and processing engine. The engine - the electronic 
aggregation and processing system will allow aggregation, processing and inference based on 
the collected data. For the purposes of medical inference - the identification of pathological 
syndromes and disease units on the basis of collected data will be used to reconstruct the 
tomographic image and developed author's algorithms. All measuring signals will be 
transmitted to the main module located in the central part of the belt (at the bridge height) 
[1,6,14,17-19]. This module will perform functions such as: 

• Acquisition of EIT (electrical impedance tomography) and ECT (electrical capacitance 
tomography) measurement data 

• Acquisition of electrocardiographic signals 
• Acquisition of impedance 
• Pre-processing of measurement data 
• Calibration of the measuring elements (active electrodes) 
• Transmission of measurement data 
• Power supply of active measuring electrodes (ECT and EIT) 

 
Fig. 1. Model of system idea based on electrical tomography. 
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Fig. 2. Project of the measurement belts and potential map. 

 
Fig. 3. The model of the imaging system 

Figure 1 presents the model of system idea based on electrical tomography. The project of the 
measurement belts and potential map was shown in Figure 2. Figure 3 presents the idea of the 
imaging system with multisource collecting and analysing data using EIT, ECT, the body 
surface potential mapping and ECG measurements. 
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Fig. 4. Model of multisource collecting and analysing data. 

3. Simulation and Reconstruction   
There was prepared the image reconstruction of the lungs - 2D and 3D. Figure 5 shows the 

model of lungs and the image reconstruction obtained by Gauss-Newton with Tikhonov 
regularization, Gauss-Newton with Laplace regularization, Total Variation and Level Set 
Method. Figure 6 presents the 3D image reconstruction of the pulmonary model. 
a)  b) c) 

   
 d) e) 

 
Fig. 5. The image reconstruction of lungs in a Cartesian coordinate system: a) model, b) Gauss-Newton with 

Tikhonov regularization, c) Gauss-Newton with Laplace regularization, d) Total Variation e) Level Set Method. 
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 a) b) 

 
 c) d) 

 
Fig. 6. The 3D image reconstruction (by 2D plate measurement electrodes) in a Cartesian coordinate system: a) 
model, b) Gauss-Newton with Tikhonov regularization, c) Gauss-Newton with Laplace regularization, d) Total 

Variation. 

4. Conclusion   
This paper presents the architecture of the system based on electrical tomography. In many 

applications of electrical tomography, such as monitoring the lungs of unconscious intensive 
care patients, data acquisition on the entire boundary of the body is impractical. The boundary 
area available for electrical tomography measurements is restricted. Physiological processes 
that produce changes in the electrical conductivity of the body can be monitored by hybrid 
algorithms. The proposed approach was based on solving the non-linear inverse problem. 
There was proposed an approach to EIT image reconstruction in cases where the Gauss-
Newton, Total Variation and level set methods were implemented. The presented algorithms 
give good results. The best quality of reconstruction was achieved using the level set method. 
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Nondestructive Methods of Data Acquisition to 
Examine Brick Wall Dampness 

The paper presents a measurement system based on electrical tomography. It will be 
an innovative solution for an evaluation study of the level of dampness of the walls 
and the condition of the building. The prepared constructions contain 16 and 32 
electrodes for measuring moisture in the brick wall on one side and two-sided. 
Electrical tomography, which is based on measuring potential difference, can be 
used to inspect historical buildings. The way in which we can define state of wall 
depends on the fact that every material has the unique conductance.  

1. Introduction   
One of the major causes of pathologies in historic buildings all over the world is the 

presence of moisture, particularly rising damp. Moisture transfer in walls of an old buildings, 
which are in direct contact with the soil, leads to a migration of soluble salts responsible for 
many building problems [4,12-14]. Building porous materials (e.g. brick or concrete), both 
natural and manufactured have pores (like a sponge) and the moisture can be pulled up against 
gravity (capillary effect). Figure 1 shows damp wall. Rising damp from the soil is a problem 
in old buildings, especially without adequate horizontal and vertical insulation of foundations. 
Moisture creates a danger not only to the walls, but also to human health. It promotes progress 
of rheumatic disorders and formation of fungus on the walls. Fungus can cause allergies and 
many other diseases. There are many different drainage systems (dry as watertight barriers, 
injection of hydrofuge products, etc.). Regardless of the method it is very important to 
continuously monitor the status of damp during the drying process. 

 
Fig. 1. Examples of excessively damp brick walls. 
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2. Measurement systems 
The electrical tomography is a technique of imaging the distribution of conductivity or 

permittivity inside the tested object from measurements of the distribution of potentials on the 
object surface [1-3,7-9,11,15-20]. Many different techniques can be used for the optimization 
process [5-10]. 

 

   
 

   
Fig. 2. Surface electrodes on the damp brick wall. 

   

Fig. 3. The concept of measurement model. 
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Fig. 4. The measurement system – wall I and II. 

The prepared constructions contain 16 and 32 electrodes for measuring damp brick wall on 
one side and two-sided. Electrical Impedance Tomography, which is based on measuring 
potential difference. The way in which we can define state of wall depends on the fact that 
every material has the unique conductance. There were used necessary electrodes, meters, AC 
generator, multiplexer and PC with LABview and EIT/ECT devices to realize measurements. 
Figure 2 shows surface electrodes on the damp brick wall. The concept of measurement model 
is presented in Figure 3. The measurements on the brick wall are shown in Figure 3and 4. 
Next, let us concentrate our attention on airbrick. One should notice, that in this case we have 
32 points electrodes. Electrodes have been attached along two opposite sides of airbrick. 
Professional test-bench have been developed in order to examine the airbrick (see Fig. 5). 
 

   
Fig. 5.  The laboratory measurement system with measured damp air brick. 

3. Image Reconstruction   
There were built and presented two special models of brick cube “wet” and “moist” with 

16 electrodes. In order to solve the inverse problem, we have prepared two-dimensional finite 
element mesh. One should notice that surfaces of finite elements which are localized near 
electrodes are slight. Therefore, solution of the forward problem is accurate. Figure 5 presents 
the moist building brick (polarization voltage, frequency of 10kHz) - real measurements: (a) 
the reconstruction by Gauss-Newton method, (b) the reconstruction by hybrid method. Figure 
6 shows the reconstruction in moist building brick, and Figure 7 in the airbrick. The image 
reconstruction in models with 16 and 32 electrodes present figure 8 and 9. 
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 a) b) 

    
Fig. 6. The moist building brick (polarization voltage, frequency of 10kHz) – real measurements: (a) the 

reconstruction by Gauss-Newton method, (b) the reconstruction by Gauss-Newton Level Set. 

 a) b) 

     

Fig. 7. The image reconstruction of the moisture in the airbrick: (a) Gauss-Newton method, (b) by Gauss-Newton 
Level Set. 

 a) b) 

    
Fig. 8.  The wet building brick (polarization voltage, frequency of 10kHz) – real measurement with 32 
electrodes: (a) the reconstruction by Gauss-Newton method, (b) the reconstruction by hybrid method. 
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Fig. 9.  The wet building brick (polarization voltage, frequency of 10kHz) – real measurement (16 electrodes): 
(a) the reconstruction by Gauss-Newton method, (b) the reconstruction by hybrid method. 

5. Conclusion   
A new nondestructive method of the inspecting the walls in historical buildings system 

model was presented. Parameters of the device were as there was assumed. According to 
assumptions it is possible to build effectively the small electrical tomography system. The 
such solution is measurement speed and its accuracy, however, those are still high enough for 
practical use. The test results for prototype devices and systems were promising. The 
electrical tomography is a good technique of imaging the distribution of conductivity and 
permittivity inside the walls and historical buildings. In conclusion, this project should be 
considered just a first step in a research of building effective electrical tomography systems. 
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Wearable inertial positioning system for indoor 
localization of people 

The paper presents the wearable electronic system that localizes people inside the 
buildings with inertial sensor. This system contains a smartphone and  
a shirt with electronic modules that were sewn with conducting thread into it. The 
electronic modules are used to measure acceleration and to transmit the data over 
Bluetooth wireless system to the smartphone. The smartphone allows to collect the 
measurement data and to calculate the human position in the building. It can be used 
also to send estimated localization of the person over the internet. The results of the 
system tests performed inside the building are also presented. 

1. Introduction 

Localization systems that are able to operate inside the buildings are being intensively 
developed in last years. Among many commercial applications of such systems they can be 
used also for increasing safety of people that may be the subject of heart attack or other health 
problems in the unknown building. The miniaturization of electronic modules and sensors 
allows to use them in wearable systems. Such electronic system can benefit from being placed 
very close to the human body especially when it aims at monitoring human motion [1]. This is 
the case of inertial systems for indoor localization of people that utilizes the measurements of 
acceleration and rotation of human body that can be than recalculated to the distance and 
direction of movement. Those systems don’t need the installation of additional radio 
transmitters what is the drawback of systems which use „Beacons” or other wireless networks 
WiFi [2][3][4]. The inertial systems that are designed to track people’s motion can be less 
accurate than systems that utilize dedicated radio transmitters while using systems that 
analyze time difference of signal arrival. However they are still being developed because they 
don’t need additional infrastructure which reduces the cost.  

System that is presented in this article uses miniature accelerometers and Bluetooth 
transmission module, which were integrated with clothes. This sensors allow to measure a 
linear and angular acceleration and Bluetooth module transmits this data to smartphone. The 
program that is running on smartphone estimates user movement and display on the screen its 
current position. To preserve the comfort of system user it was necessary to use miniature 
power sources that are lightweight enough to be attached to the T-shirt. Due to their small 
capacity (600 mAh, 3V) the power usage of Bluetooth module had to be limited. It may result 
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with the loss of data link between module on the shirt and smartphone in the pocket. In the 
paper an analysis of path loss for different location of the module on the shirt is presented. It 
was used in the project for the design the placement of wireless transceiver on the shirt. 

2. Wearable inertial positioning system 
The wearable system that was designed to localize people inside the building is presented 

in picture 1. It consists of t-shirt which electronic modules and a smartphone. T-shirt modules 
were sawn into the shirt with electrically conductive sewing threads that played the role of 
electrical interconnections between modules. The central module is Adafriuit Flora 
microcontroller [5] that gather data from measurement moduleAdafruitBNO055 that contains 
accelerometer, gyroscope and magnetometer. The data processed by Adafruit Flora module 
are then send to smartphone with Adafruit Bluetooth LE module. To preserve the comfort of 
the user the miniature battery module was placed directly on the shirt. To save its energy the 
least computationally complex algorithm was used. The purpose of the developed algorithm 
implemented in the microcontroller was to estimate the user's displacement and to send real-
time data to the mobile device, eg. smartphone with the android operating system, where the 
appropriate algorithm determines the location.  

In the figure 2 the electronic modules that have been sewn into the shirt are presented. The 
Adafruit Flora [5] module (number 1 in Fig. 2), is an AVR Atmega 32u4 microcontroller that 
is compatible with the Arduino environment. The Flora microcontroller receives data from the 
BNO055 inertial module (number 3 in Fig. 2) and processes them accordingly to obtain the 
user's location. The designated relocation is then sent by radio using the Bluetooth Low 
Energy (LE) module (number 2 in Fig. 2) to the mobile application, where the target location 
calculations are performed. The use of the LE-type Bluetooth module reduced the power 
consumption of the entire textile system to 23 mA. The module is powered by a 4.5V cell 
(number 4 in fig.2). 

 

 

Figure. 1: Structure of indoor localization system. 
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Figure. 2: An electronic system sewn into the shirt: 1-microcontroller, 2- bluetooth transmitter, 3-inertial 
module, 4-battery. 

A thread type 316L made of stainless steel [6] was used for the electrical connections 
between the t-shirt modules. According to this, it is possible to connect all modules and to 
transmit measured data from the accelerometer module to the microcontroller preserving user 
comfort. The linear resistance of the electro-conductive strand made of stainless steel is 
relatively high (30 Ω / m) compared to conductors made of silver or copper. It was used with 
Adafruit modules because of its resistance to corrosion under the influence of sweat and 
moisture. 

The localization algorithm consists of a method for calculating the number of steps made 
while walking and for estimating the direction of human movement. The limited complexity 
of the calculations that should be performed in this algorithm does not require high processing 
power, what results with low power consumption. The proper functioning of the algorithm 
requires the placement of sensors in the area of the shirt that is well adhering to the body. 
Otherwise movements of the clothes could introduce artifacts in acceleration measurements. 
As a result of the experiments, it was determined that the location of the sensors in the area of 
the arm guarantees good adhesion to the body and does not cause user discomfort.  

In the first version of the system, the Bluetooth module was placed in the area of the arm 
due to the proximity to the measuring module. It has been observed, that in large rooms where 
the building partitions were far from the system user, the connection between the Bluetooth 
module and the smartphone which was in the trouser pocket was broken. 
Another variant of the t-shirt had a measurement module located near the shoulder, and a 
Bluetooth module located at the bottom of the t-shirt, directly over the trouser pocket. In this 
case, the length of the conductive sewing threads which connects the Bluetooth module and 
the measuring module was about 70cm, and the connection resistance was 22 Ω. With so 
much serial resistance in the data line, it was impossible to get the system working properly. 

In order to select such location of the Bluetooth module, that is suitable for proper data 
transmission between the T-shirt module and the smartphone in the pocket and between the 
accelerometer and the t-shirt transmitter, the analysis of the radio link path loss in the 
designed system was made for wireless transmission in the proximity of the human body. 
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3. Path loss in the proximity of human body 
The path loss measurements in the link between Bluetooth module and smartphone have 

been performed for different Bluetooth module placement. The wireless module works in the 
Bluetooth Low Energy standard in 2.4 GHz band and uses a miniature ceramic antenna. It was 
very important to choose the best placement for the Bluetooth module towards the smartphone 
because the path-loss changes significantly with even the minor changes of antenna placement 
on the body. Figure 3 shows two parameters which were investigated to characterize the 
transmission on the shirt: the distance between the accelerometer and the Bluetooth module – 
R and the distance between shirt and smartphone – L. It was important to properly deploy the 
Bluetooth module to ensure the best radio link stability (L parameter) and the minimum 
resistance between the inertial module and the Bluetooth module (parameter R). The position 
of the inertial sensor remains constant because it is the best place to measure acceleration of 
human body. 

 

Figure. 3: Definition of parameters L and R 

In the first case, it was assumed that the Bluetooth module is located on the shoulder. In 
this case the L parameter was equal to 70 cm, the attenuation in wireless link was 85 dB, the 
value of R parameter was 2 cm and the resistance of threads was 0.6 Ω. For a Bluetooth 
antenna on the chest at a distance of L = 54 cm from the smartphone antenna the attenuation 
was 78dB and the value of the parameter R = 17.6cm with a resistance of 5.3Ω. For the L = 
35 cm, the attenuation was 65 dB, the R = 38.5cm, and the resistance was 11.5Ω. For the 
cases where the resistance value was above 10Ω, there were communication problems. 

The best solution was to place the Bluetooth module 54 cm away from the smartphone and 
about 17 cm away from the inertial module. This allows for the best quality of the radio link 
and the wired connection. 

4. The evaluation of localization system performance 
The localization algorithm uses data from inertial sensors for tracking the movements of 

the person that are then recalculated for the position of the person inside the building. This 
task was divided into two programs: the first one that was implemented in the Adafruit Flora 
microcontroller which was sewn into the shirt. It is responsible for gathering data from the 
inertial module and calculating the displacement of the person. The second program is 
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implemented on smartphone and calculates position from the displacement and presents it on 
the building plan. The first program basing on the data from the accelerometer, calculates the 
distance traveled by the user within a fix time period of 1 second. If the value of acceleration 
is greater than the predefined threshold, it is considered that the user has taken a step. The 
algorithm detects how many steps the user has taken. The step length was fixed in this version 
of algorithm and estimated to be 70cm. The program  determines the direction of the user's 
movement basing on the data provided by magnetometer. This allows to determine the 
displacement in horizontal plane (x, y coordinates)  by which the user's position has changed. 

The second program which works on the smartphone, is responsible for processing the 
displacement information received from the first algorithm. Assuming that the initial position 
of the person inside the building is known (what is true for the interiors with one doors) the 
current position is being calculated by adding the displacements provided by the first program 
running on microcontroller. The position of the user is then visualized on the map and can be 
also stored in the log-file on the Smartphone. 

To verify the performance of the system  the tests were carried out in the building of the 
Lodz University of Technology. For this purpose it was assumed that the person can move 
inside the  zone of dimensions equal to 20m by 11.5m. Firstly  the procedure of magnetometer 
(that is a part of the inertial module) calibration was launched, before starting the experiment. 
To correctly calibrate it should be rotated by 360 ° around each axis. Figure 4 presents mobile 
application screen which shows the path walked by the person in the building. The yellow 
mark on the map shows the actual path while the red line shows the path that was estimated 
by the localization program. Red points mark the place where that the user has taken a step. 

 

 

Figure. 4: The mobile application screen recorded during test (the red series is the path walked by the user, 
estimated from the algorithm, yellow is actual path walked by the person). 

The starting point of walk was placed in the center of coordinate system  x=0m, y=0m. As 
it was presented in figure 4, the path estimated from the algorithm (red series) was not the 
same as the reference line (yellow series). This  shows the error of localization system. It can 
be caused by  the difference of average value of the step length fixed in the algorithm and the 
length of real steps made by person. Also the limited precision of accelerometers had 
influence to the localization error. The destination point of the system user obtained from the 
algorithm was similar to the real localization of the end point of the walk. A person with a 
textile shirt reached the similar to designated point at x = 0m, y = 2m. The designed point was 
x=0m, y=0m. 
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5. Conclusions 
In this paper a system for people localization that utilizes accelerometers integrated into a 

t-shirt was presented. The incorporation of  miniature electronic modules into the T-shirt 
preserved the users comfort. Another advantage of this solution is the stable placement of 
accelerometers towards human body what decreases the measurement errors from a random 
movements of sensors. The power supply provides at least 10 hours of system time. RSSI 
Attenuation measurements have shown that the Bluetooth module is appropriately positioned 
relative to the smartphone to achieve a stable data link [7]. 

The design of system that combine textiles and electronic technologies requires the 
analysis of many issues such as electrical resistance of threads and radio signal attenuation in 
the proximity of human body. Taking into account both aspects, it is possible to select the 
location of the modules that provide the required energy budget of the wireless link and the 
reliable operation of the wire connection. The system that was developed will be used for 
further investigation on localization algorithms that utilize data from inertial sensors. 
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The measurements of human body impact on 
transmission channel in wireless body area 

networks 

Continuous development of the Wireless Body Area Networks and wireless 
localization systems resulted in an increasing number of transceivers that are located 
inside the buildings. In the indoor environment the number of people and their 
position can vary greatly. Moreover, in the currently used GHz bands, human body 
attenuates the electromagnetic waves significantly. It is therefore necessary to take 
into account the influence of people on the propagation channel in indoor wireless 
systems. In the paper a test-bench for path loss measurement in wireless body area 
networks has been presented. The results obtained for a few measurement scenarios 
are also presented. 

1. Introduction 
Design process of the Wireless Body Area Networks (WBAN) requires the analysis of the 

impact of human body on the propagation of electromagnetic waves. Typically, the impact of 
human body on the antennas placed on body or inside body (implants) is considered because 
human  body introduces a strong absorption of electromagnetic waves in microwave band, 
and as a result significantly affects the impedance matching of the antenna and its radiation 
pattern [1]. These effects depend strongly on the spatial orientation of the antenna and human 
body [2], and on the distance between antenna and the body. These are particularly important 
issues in on-body networks, in which the transmitter and receiver are located in the proximity 
of human body. 

The impact of the human body on the propagation channel is also not negligible in case 
of off-body networks where transceivers are placed on the body and communicate with the 
wireless devices located in a distance from the body. In those systems, the additional obstacle 
that are present in transmission channel,  such as people situated between the transmitter and 
the receiver, may increase the path loss by a few or even several dB [3]. This phenomenon is 
particularly difficult to investigate in the case of multi-path propagation because the direct 
signal from the transmitter can be attenuated as well as signals reflected by the walls in the 
room. 

In the indoor environment also the designers of wireless localization systems have to face 
the problem of additional attenuation in the transmission channel introduced by the human 
body. It is important because those systems often use a reference field strength distribution 
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maps which attempts to match the position of the mobile terminal (e.g. in fingerprinting tech-
niques)  based on the received power [4]. Presence of people in the room or their movement 
causes that the power received at a given point will be different from the reference pattern. 
For this reason, it is important to examine the influence of people on the transmission channel 
to appropriately set filter parameters implemented in the location algorithm. 

The design of wireless systems that are operating in the proximity of  human body is usual-
ly made with computer programs that perform simulations with numerical models of the hu-
man body. The on-body systems can be simulated with the finite difference time domain 
method or finite element method that are capable of simulating entire body using the comput-
er resources that are accessible in typical computer.  For an off-body channel that covers po-
tentially quite large environments those methods cannot be applied because the model is too 
large (relative to the proportion to wavelength) and the computer resources needed for the 
simulation exceed available memory size.  It is therefore important for designers to investi-
gate the problem basing on measurements of channel parameters in a variety of scenarios that 
take into account also the effect of obstacles.  

To characterize the propagation channel,  a significant number of measurements is needed 
to observe and compare the results for different scenarios of experiment. The measurement 
time can be greatly reduced by automating the measurement process. In this paper a meas-
urement system designed to automate investigation on transmission channel characteristics in 
off-body networks is presented. 

2. Measurement system design 
The general concept of the system for  measuring the effect of the human body presence on 

the transmission channel assumes that the transmitter has fixed position and uses omnidirec-
tional antenna and the receiver is located on the moving person and uses wearable antenna. is 
The portable spectrum analyzer (Rohde&Schwarz FSH8) was attached to the person to meas-
ure the power received from the transmitter. The received power measurements were per-
formed at various distances from the transmitter.   

 

Figure. 1: Measuring system 

The measurement system is presented in Figure 1. In the experiments the Rohde &Schwarz 
SMB 100A generator was used as a signal source (transmitter) and the transmitting antenna 
was half-wave dipole operating at 2.45 GHz frequency. The receiving antenna was attached to 
the chest of person performing the measurement and connected to spectrum analyzer. For this 
purpose the textile V antenna [5] was used as it has a good impedance matching in the 2.4 - 
2.5 GHz band for on-body location. The radiation pattern of the antennas used in this experi-
ment are presented in figure 2. The distance measuring system was designed to synchronize 
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the measurements of received power with the distance between the transmitting and receiving 
antenna. It uses the measuring wheel equipped with a rotating counter placed at the end of the 
operator's rod. The central unit of the measuring system is a control computer that records 
data from the spectrum analyzer and measured distance. 

                     
a.                                                       b. 

Figure. 2: Radiation pattern of antennas used for measurements, horizontal plane, normalized to maximum 
gain Gmax: a – wearable antenna (Gmax=4.5 dBi), b – half wave dipole (Gmax=2.15 dBi) 

The control computer was made with the OrangePi platform and the LUbuntu operating 
system has been used. Thanks to its small size, the device is handy and the measurement can 
be carried out without difficulty by one person. An important feature of the chosen platform is 
the availability of Ethernet, USB and GPIO ports, enabling the use of a spectrum analyzer, 
external memory, communication interface and sensor wheel. To ensure full mobility of the 
developed tool, the computer is powered by a miniature Power-bank device with a maximum 
current of 2A 

The control program was written in Python. The script runs automatically when the device 
is turned on, after connection with peripheral devices is established and configuration proce-
dure is launched. Sending the appropriate request to the spectrum analyzer was performed 
using the Ethernet interface. For each command error handling has been implemented so that 
the user is informed about possible problems related to e.g. data transmission. The program is 
responsible for recording the received power value and measured distance between the trans-
mitting and receiving antennas. Impulse from a magnetic sensor located near the wheel trig-
gers a new measurement every ¼ turn. A 745 mm diameter wheel was used to build the de-
vice, which allowed to achieve resolution of 585 mm. An additional feature that facilitates the 
operation of the instrument is the possibility to record measurements on the external disk.   

3. Examples of measurement results 
The aim of the experiment was to test the usability of measurement system. It was config-

ured to investigate the influence of people on the path loss in WBAN networks operating in 
the off-body scenario. The received power was measured for various distances between the 
transmitter and the receiver antenna located on the chest of the moving person. Measurements 
were made for a sinusoidal signal with a frequency of 2.45 GHz and a transmit power of 10 
dBm. 

The path-loss in off-body wireless body area networks operating in indoor environment 
depends on many factors like the frequency of the signal, structure of the building and pres-
ence of obstacles (people). Due to this reason, the measurements were made for 4 different 
scenarios that covered different environment and the height of the transmission antenna mast. 
The walls of the rooms in which the measurements were performed, were made of typical 
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materials that are gypsum board and brick, while the floor of the rooms was made of concrete. 
The furniture in the rooms (scenarios I-III) were made of wood. For each scenario, a meas-
urement was repeated for 5 different variants of the arrangement of persons in the transmis-
sion channel, as illustrated in Figure 3. The parameters of measurement scenarios are present-
ed in table 1. 

Table 1. The measurement scenarios. 

Scenario number Length of the room [m] Width of the room [m] Transmit antenna height [m] furniture 

1 11.6 6.6 1.5 yes 

2 11.6 6.6 1.8 yes 

3 7.8 3.8 1.5 yes 

4 11.6 6.4 1.5 no 

 

 

Figure. 3: People location during measurements.  Colors are assigned to different location variants. L- distance 
from the measurement starting point, a - room length, b - room width 

Measurement scenarios were repeated for 5 different variants of obstacles that were cor-
rupting the propagation channel: 

I. no person is in the proximity of transmitter, 
II. one person is in the proximity of transmitter, 

III. two people are in the proximity of transmitter (one after the other), 
IV. three people are in the proximity of transmitter (side by side), 
V. three people are in the proximity of transmitter: one directly between the transmit-

ter and the receiver and two persons on the sides. 
If people were placed towards the transmitter, the measurement was performed only in the 

distance up to the first person. In the presented experiment, the measurement starting point 
was 5.3 m from the transmit antenna. The person performing the measurement was facing the 
signal source with wearable antenna (what refers to angle 0° in fig. 2a) so that his body did 
not introduce any further attenuation. 

Figure 4a shows the results obtained for the first scenario. Significant differences in re-
ceived power between variants occur only when person performing the measurement was 
about 2m from the transmit antenna. Consequently, it was decided to compare the median of 
received power only for this distance range. The results obtained for all other scenarios and 
variants are shown in figure 4 and compared in Table 2. 
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a b 

  
c d 

Figure.  4 Measurement results for different scenarios: a - scenario 1,  b - scenario 2, c –scenario 3, d –scenario 4 

Table 2: Median of received power in the 2m range from transmit antenna –different variants of person location 

 

Scenario I Scenario II Scenario III Scenario IV 

variant I -48.9 dBm -47.9 dBm -45.6 dBm -45 dBm 

variant II -62.8 dBm -57.5 dBm -53.1dBm -59.3 dBm 

variant III -60.4 dBm -62.8 dBm -56 dBm -58.4 dBm 

variant IV -57.1 dBm -55.9 dBm -53.4 dBm -61.1 dBm 

variant V     -54 dBm -59.5 dBm 

 
The results of measurements show that the presence of people in the room where the off-

body WBAN is operating influences the propagation channel. The received power level in 
wireless link was approximately 10 dB lower in the proximity of the transmitter that was 
shadowed by the person.  It can be seen in figure 4 especially at distance of 1.5-2 m from the 
transmitter. The biggest attenuation can be observed for variant III where two persons were 
placed in a line between transmitter and receiver. It is also important to note that environment 
has significant impact on obtained results what is visible in results presented in figure 5 that 
were obtained for different environments but without additional obstacles.  



 
 

300 
 

 

Figure.  5: Results comparison for variants without people in propagation channel 

4. Conclusions 
The measurements that were carried out with the designed measurement system show that 

proposed solution can be useful  for further experiments. It was able to gather 600 measure-
ment points in less than 1 min. In addition, the designed tool is versatile enough to allow 
measurements not only for BAN networks, but also to measure the electrical field strength 
distribution in a building for WiFi networks. 

The results show that the impact of human body on received power level in off-body net-
works is not negligible and it should be further investigated. Attenuation effect is most pro-
nounced when the transmitter is located close to the people. The results show that one person 
can attenuate signal by -15dBm, which can lead to significant errors, especially in localization 
systems based on fingerprinting method. It is therefore essential to conduct research on an off-
body propagation channel. Further research will be carried out to investigate the impact of the 
position of the antenna on the human body to the path loss.   
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Application of particle filter algorithm for indoor 
terminal positioning 

The paper shows the application of the particle filter to wireless indoor positioning. 
Localization system employs Bluetooth Low Energy beacons and mobile device to 
determine the position of the user within the test area. The proposed system uses 
particle filtering algorithm to estimate the user’s current position from RSSI 
measurements and knowledge of reference electromagnetic field distribution 
computed for each beacon located in the building. The article presents the results of 
localization with the use of the proposed algorithm. Furthermore, it indicates the 
measurements of the positioning error and compares them to the accuracy obtained 
with the use of the popular k-NN classification method. 

1. Introduction  
Accurate and fast localization of people and objects indoors is vital for deployment of 

numerous systems aimed at improvement of people’s comfort and safety. A growing number 
of publications concerning this subject proves that this is a challenging task and it leads to 
various solutions depending on the application scenario [1]. Among many technologies that 
are being applied for this purpose, one of the most widely used are radio beacons [2-3]. It is 
based on the analysis of the parameters of radio links that allows to find the distance between 
the user terminal and the transmitters of known locations. Another popular technology 
employs inertial sensors (accelerometers and gyroscopes) to continuously track the motion of 
the object.  

The development of inexpensive solutions suitable for use with popular mobile devices has 
led to the development of numerous applications that use location based services (LBS). Such 
systems are used, for example to provide marketing information to the user, or to improve the 
security in public places. Due to poor signal quality, satellite systems cannot be used to 
provide reliable and accurate positioning services indoors. However, the widespread 
availability of Wi-Fi and Bluetooth Low Energy short range transmitters makes it possible to 
use their signals for positioning purposes [3]. 
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One of the most commonly used radio signal parameters in localization systems is the 
Received Signal Strength (RSS). According to majority of standards and technical 
specifications, the Received Signal Strength Indicator (RSSI) has to be implemented in almost 
all commercially available radio systems. There are also available solutions using the signal 
propagation time measurements. These time-based systems usually offer significantly better 
positioning accuracy than those using RSSI, but they are more expensive, require dedicated 
infrastructure, and thus are not compatible with majority of popular user devices [1].  

Knowing the distribution of the electromagnetic field intensity in the area in which the 
mobile terminal user moves [6], various methods [1] [4] [6] to estimate its location can be 
used. The most commonly used ones are correlation-based methods, where the positioning 
results depend on the similarity of the parameters of the signals recorded by the user terminal 
to some reference values stored in the system database. Using this class of methods requires 
calibration of the system (Figure 1). During this stage, at selected points of the operating 
environment of the system, called reference points, the values of parameters of locally 
observed signals are measured and stored in a reference database. During the essential phase, 
the parameters of the signals received by the terminal are compared with the results stored in 
the reference database. Then, basing on the results of this comparison, terminal location is 
determined by the most likely location. The following sections describe the general concept of 
operation of the localization system intended for mobile devices. Finally, they set out the 
proposed particle filter algorithm procedure. The following paragraphs present the results and 
verification of the operation of the developed system and concise summary as well. 
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Figure. 1:  The flowchart of the proposed indoor positioning algorithm. 
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2. The proposed localization system 
System architecture considered in the article includes Bluetooth Low Energy transmitter 

network and user terminals equipped with dedicated mobile application implementing 
algorithms for determining the position of the user and presenting user location on the 
building plan. 

Because of the growing popularity of mobile devices based on Android system, it was 
decided to use them as a platform, on which software aiming at localization of the users and 
visualisation of the estimated locations of the objects was implemented. The program requires 
cooperation with a terminal equipped with a Bluetooth Low Energy receiver and active access 
to the Internet. 

The system works according to the following scenario: 
1. Bluetooth transmitters broadcast messages containing unique identifiers, allowing to 

unambiguously determine the sources of the signals. 
2. Application installed on the mobile device searches for Bluetooth tags in the vicinity, 

and registers their identification numbers and the signal strength (RSSI). 
3. Based on the information about the observed identifiers and RSSI values, the 

implemented algorithm determines the estimate of the localization of the terminal. The 
procedure of updating the terminal localization estimate is performed every time RSSI 
values are different from the values recorded in previous algorithm iterations. 

4. Particle filter algorithm 
The localization of the terminal is based on the particle filter algorithm shown in Figure 2, 

and inspired by the version implemented in [2]. The algorithm comprises the following steps: 
A) Loading reference data (interpolation of data measured at reference points in a 

0.75 m grid) of spatial signal strength distributions from individual BLE tags; 
B) Loading sequence of RSSI readings for the path passage (historical data for 

simulated mode or live measurements during application); 
C) Low-pass filtering of measurement results to eliminate short-term deep signal loss; 
D) Initialization of localization procedure – determination of initial position estimation 

of the terminal; 
E) Initialization (for N particles) of coordinate vectors (X_P, y_P) for random values in 

range of building coordinates; 
F) Comparison of measured power values received to the reference base value (power 

map received for individual BLE tags) – selection for all points satisfying the 
condition: 

 Pxy − Pdelta < Prefmap < Pxy + Pdelta  (1) 

where: 
𝑃𝑟𝑒𝑓𝑚𝑎𝑝 – power values in the reference base; 

𝑃𝑥𝑦 – measured power value received at the coordinates (x, y), 

𝑃𝑑𝑒𝑙𝑡𝑎 – maximum admissible deviation of the power values from the measured 
RSSI value. 
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Searching for points meeting criterion (1) is performed in the area limited to the last 
position estimate of ±𝑥𝑦𝑑𝑒𝑙𝑡𝑎, which is based on the assumption of the maximum speed of 
terminal movement; 

G) Indicating the position estimate as a point with coordinates corresponding to the 
median of the points coordinates meeting criterion (1). Designating, on the basis of 
the calculated estimate, the displacement of  𝑥𝑑𝑒𝑙𝑡𝑎 and 𝑦𝑑𝑒𝑙𝑡𝑎 with reference to the 
position in the previous algorithm iteration.  

H) Designation of a new set of particles for the position estimation: 
 𝑋_𝑃 = 𝑋_𝑃 + 𝑥𝑑𝑒𝑙𝑡𝑎 + 𝐺𝑑𝑒𝑙𝑡𝑎   (2a) 
 Y_P = Y_P + ydelta + Gdelta   (2b) 
where 𝐺𝑑𝑒𝑙𝑡𝑎 is the variance of the particles distribution model; 

I) Assigning new weights to individual particles: i.e., particles that are outside the area 
of the location (e.g. outside the building) remain assigned weight 0 and particles 
whose positions do not match the conditional points (1) for at least two sources, also 
remain assigned a weighting factor of 0; 

J) Normalization of particle weights – sum of weights of all particles should be equal 1; 
K) Calculation of the degeneration coefficient and check, if it exceeds the 

experimentally chosen threshold value G_THR = 0.9; 
L) Update of the position estimation – determination of the average value of the 

coordinates of the particles (x_P, y_P); 
M) Calculation of position estimation error (affects only simulated mode). 
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Figure. 2: Block diagram of the particle filtration algorithm. 
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Figure. 3: Screenshot of the mobile application window with visualization of the performance of 
the particle filtration algorithm – view of the estimated terminal location and particles. 
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5. Test setup and experimental results 
To test the properties of the proposed method, a series of experiments were carried out. As 

a source of signals, ten BLE tags from Kontakt.io, compatible with Bluetooth 4.0 Low Energy 
and low power consumption and a maximum transfer rate of about 1 Mbps are used. The 
operating range of the modules provided by the manufacturer does not exceed 100 m in the 
open area. For testing purposes, the tags were installed in an office building, in the premises 
of the Telecommunications Division of the Institute of Electronics. Dimensions of the area 
where the measurements were taken are approximately 40 × 18 meters. Figure 4 shows a 
section of a building plan with the marked location of the BLE beacons during testing and 
broadcasting identifiers.  

 
Figure. 4: Arrangement of BLE transmitters in the building  

The module mounting height was about 1.4 m above the floor surface. The beacons were 
configured to broadcast location packets at maximum frequency, i.e., an advertising packet 
was sent every 20 ms. Transmission power was set at 0 dBm. Signal power measurements 
were performed using LG Nexus 5 terminals. The mobile application developed for the 
purpose of the study enables to record parameters such as RSSI power level from individual 
tags and time of measurement. The first stage of the research involved the preparation of a 
reference measurement database. For this purpose, the measurements were conducted in the 
points of the reference grid within the test premises. The distance between the neighbouring 
grid points was 0.75 m. In each of the points, 40 power measurements were obtained (10 
measurements for four consecutive settings varying in terminal direction by 90 degrees, which 
is dictated by the need to take into account the non-isotropic radiation pattern of the antenna 
terminal and at the same time its dependence on the position relative to the body of the user) 
[7]. The results of the measurements lead to the creation of the reference radio map. Figure 5 
shows an example of spatial distribution of the power received from one of the beacons. 
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Figure. 5: Spatial distribution of received power measured in the corridor of the building for 4 example 

beacons. 

The evaluation of the proposed method was divided into two main stages. In the first stage, 
an algorithm was implemented in a Matlab computational environment and studies were 
carried out using a set of data collected during reference measurements. The second stage of 
the method evaluation was the implementation of an Android-based mobile application 
algorithm and location accuracy testing using live signal power measurements. As a reference 
for the algorithm evaluation, the k nearest neighbours (k-NN) method was adopted. Although 
the reference method does not belong to the same class of methods (it does not take into 
account the history of the measurements), it is among the most commonly cited ones in the 
literature on indoor localization systems [5] [6], and establishes a good reference for 
evaluation of benefits coming from the use of more complicated methods. 

During the simulation tests, three examples of terminal movement routes were considered, 
illustrated in Figure 6 (routes marked with letters A, B, and C). Subsequently, power readings 
corresponding to the points along the certain transition paths were selected from the 
measurement data set. The remaining data served as the reference set used by the localization 
algorithm. These experiments allowed to determine the parameters of the algorithm before its 
implementation in the mobile application. 

 
Figure. 6: The user test path. 
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The accuracy test of the method using the current RSSI power measurements was 
performed for the test paths as in the case of simulative tests. In order to facilitate the 
assessment of the accuracy offered by the method, measurements using a mobile application 
were used to validate the current location. Figure 7 shows an example route for comparing the 
results of localization using a mobile application with the results obtained using the k-NN 
classifier. Table 1 summarizes the comparative analysis of the accuracy of the proposed 
method with k-NN (k = 15) classifier for the considered test scenarios. 
 

 
   Figure. 7: Estimation error of the location of the x and y coordinates for the particle filter algorithm 

and k-NN for path B. 
 

Table. 1 Comparison of positioning accuracy for the particle filtration algorithm (PF) and the k-NN 
classifier. 

Parameter  PF  k-NN  
Average error 3.37  8.40  
Maximum error for 
50 % of all cases [m]  

2.43  4.19  

Maximum error for 
75 % of all cases [m] 

3.95  12.02  

Maximum error for 
90 % of all cases [m] 

5.35  25.46  

6. Summary 
This article presents the use of a particle filtration algorithm for localization inside 

buildings. The system, using the particle filter and reference maps of electromagnetic field 
intensity distribution, allows to localize the user on the basis of RSSI readings recorded with a 
mobile device. The results of the proposed algebraic localization using particle filtration were 
compared with the popular k-NN approach of nearest neighbours. The particle algorithm 
enables the improvement of positioning accuracy of a user equipped with a mobile terminal, 
compared to the k-NN method. It has been verified that, despite the high complexity of the 
computational localization method using the particle filter algorithm, it is possible to 
implement it on mobile devices, allowing real-time positioning. 

Further work on the development of a particle filtration algorithm for mobile devices 
involves seeking modifications designed to reduce computational complexity while preserving 
the positioning accuracy offered. 
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Piotr KRUPSKI1 

  The effectiveness of plasma active cooling   
system designed for atmospheric pressure plasma 

jet reactor 

The paper presents an active plasma cooling system which is designed for decreasing 
the temperature of plasma produced in atmospheric pressure plasma jet reactors. A 
special focus was put on a nozzle construction, which has two functions: zero-
potential electrode and evaporator in cooling circulation system. The nozzle, in this 
case, has two functions: zero-potential electrode and evaporator in cooling 
circulation system. The plasma produced in those reactors with the described system 
has significantly lower temperature than the one produced in jets without a cooling 
unit. The featured system is characterized by non-thermal plasma which has a low 
temperature level.The temperature of cooled plasma has been proved by 
measurements with the use of thermal imaging camera and temperature sensors. The 
solution has been developed exclusively by the author and has currently been subject 
to a patent procedure, in the course of which it has received a polish patent 
application number P.422159. 

Introduction 
Among the applications of nothermal plasma in biomedicine, there occurs the subject of 

living structures treatment in the purpose of influencing the pathogens existing on them. An 
important parameter, in this case, is the level of plasma temperature which is required to 
obtain the needed properties of plasma decontamination, and which also influences the 
stability ofdischarge products in gas, such as ozone and active gas oxides. At the same time, 
together which decreasing temperatures of the produced plasma, the negative thermal 
influence on living tissues is being minimalised. An increased temperature exposes both of the 
sensitive hydrogen and hydrophobic bonds, causing the protein to lose  its spatial structure 
which is relevant for its function played in living tissues. An exemplary plasma jet reactor is 
shown in figure 1.  

 
 

Fig. 1.  A cross-section of an exemplary plasma jet. 
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1. Temperatures of plasma and temperature decreasing methods 
 
 The use of the term of temperature is allowed only when the distribution of energy of 

kinetic particles composing a specific configuration can be described by a Maxwell 
distribution. In the state of thermodynamic equilibrium in plasma, the energy is evenly 
distributed into all the degrees of freedom of the particles and, eventually, it leads to their  
mean kinetic energy values being alike [1]. This state is obtained only very rarely as it 
excludes any directed movement of particles. Such a movement can be caused for example via 
the occurrence of an external electrical field. Far more often does the situation occur in which  
plasma only locally exhibits the state of thermodynamic equilibrium. In this state, under the 
influence of external electrical field, electrons acquire energies that are far greater than the 
ionic and neutral particle energy. Due to the fact that the exchange of energy between the 
electrons and ions takes place more slowly than between particles witch comparable size and 
mass, in low-condensed plasma there might persist a state in which Maxwell distribution will 
be established for electrons and ions separately, while the mean values of both distributions 
will not be equal. Therefore, the measurement of some values linked with the term of 
temperature, such as electrons, ions, and the mean temperature of gas, is possible. Regarding 
the different properties of each of the mentioned particles, in order to measure their 
temperature, various methods are used. [2, 3, 4]. Similarly, to determine the level of 
temperature in plasma jet reactors, it is possible to use different methods. 

There is also a number of methods used for decreasing temperature in AAPJ (Atmospheric-
Pressure Plasma Jet). The easiest way to do that is to increase the stream of working gas 
which flows through the reactor. A significant change of temperature occurs when the flow 
acquires turbulent character. A different way is to provide working gases in liquid state, so 
that the phase transition could happen only in the plasma generator. 

2. Active temperature decreasing system 
 

 This paper shows an active cooling system involving process gas and plasma area. 
Non-thermal plasma properties are obtained inside a specially-constructed jet which is made 
from copper and has two functions at the same time: zero-potential electrode and  evaporator 
in the cooling system. The cross section of the cooling jet is presented on the figure 2. 

 

 

Fig. 2.  A cross-section of the cooling jet. 
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The evaporation chamber is connected to a closed Linde’s refrigeration circuit (Fig.3). In 
this system the plasma and the refrigerant are not miscible, they are however, powerfully 
thermally conjoined. Thus, heat migrates from plasma to over-heated steams of refrigerant.  

 

 

Fig. 3. Diagram of refrigeration cycle designated for plasma jet. 

3. Methodology and results 
 

The experiment studied the efficiency of reducing plasma temperature during the treatment 
of polymer surface. The reactor worked with helium and nitrogen gases with volume streams 
7.1 m3/min and 4.1 m3/min. Sinewave voltage of 14.84 MHz was provided to the central 
electrode. A 50x50x2mm ABS (Acrylonitrile Butadiene Styrene) plate with a temperature 
sensor on its surface was the object of plasma treatment. The plate was clipped to a base with  
alligator clips. The distance between the tip of plasma output and the plate surface was equal 
to 1 inch. This situation is presented on figure 4. 

 

 

 

 

 

 

 

 

a)    b) 

 

Fig. 4. a)  Plasma jet directed perpendicularly to the polymer plate, b) hoarfrost on plasma jet’s surface. 
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After providing the power of 45 W, the reactor worked until reaching a fixed high 
temperature level. The next step was switching on the cooling system and injecting refrigerant 
(1,1,1,2-tetrafluoroethane) into the evaporation chamber. Relative pressure in the chamber 
was equal to -5 psi. After achieving that, the cooler worked until the temperature was set on 
the lowest possible level. Then, the cooler was switched off, but the whole system was still 
working. The temperature was measured on both- the surface of the plate and the jet. The 
results are shown on figure 5. 

 

Fig. 5. Temperatures of plasma jet and treated surface during the experiment in time . 

 

In the second part of the experiment all of the treatment conditions were repeated, but the 
supply power was reduced to 40 W. Thermal imaging was used to show the difference in the 
distribution of temperatures of both- the cooled and the non-cooled plasma in the state of 
stability ( fig. 6).  

 
a)                                                                b) 
Fig. 6. Thermal images of laboratory work station during plasma treatment a) without cooling, b) witch active 

cooling system. 
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4. Remarks and conclusion  
The object of this paper was to show the efficiency of active plasma jet cooling system. 

The experiment was made in the conditions involving nitrogen and helium gases. The cross-
section of the jet was provided as well as its whole active cooling system. 

The results  were collected in two steps (for two different power values) and then presented 
in both: a graph and as thermal images.  

The research proved the cooling system to be highly efficient which is visible on both- the 
graph and thermal images. The temperature of the treated plate was decreased up to 42 
degrees Celsius and the result is unobtainable for any other known cooling methods.The 
proposed solution shows an applicatory potential not only in medical and biotechnological 
fields, but also during the treatment of high-temperature-susceptible materials which are 
represented by a low threshold of thermal plasticisation.  

Due to the innovative character of the solution, the temperature can be lowered very 
effectively in the way that so far has not been encountered in any literature reports. Therefore, 
Lublin University of Technology, applied for a patent in Patent Office of the Republic of 
Poland. This application has been made for this particular solution. The  title is: The plasma 
jet cooling circuit and method of plasma cooling. The application received the following 
number: P.422159. 
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Krzysztof TOMCZYK1 

Approximate Functions for Determining the Integral 
Square Error Generated by Voltage Output 

Accelerometer 

Abstract  This paper presents some approximation functions that allow easily 
determining the integral square error generated by a voltage output accelerometer in 
response to an exciting signal with one constraint concerning the amplitude. Both the 
mechanical construction and mathematical relations of the accelerometer are also 
presented. The procedure for determining the integral square error is described and 
the values of this error as a function of the time for six values of the damping ratio 
are determined. Then the coefficients of the linear function which approximates the 
obtained errors are calculated. Nonlinear equations reflecting the relation between 
the coefficients of the linear function and the damping ratio are determined on the 
assumption of a constant value of the voltage sensitivity and cut-off frequency. 

1. Introduction  
The voltage output accelerometers belong to a group of sensors intended for non-electrical 

measurements. They play a very important role in many areas of technology, e.g. in tests of 
machines’ vibrations, in aviation, and recently in mobile electronic devices [1]. 
Accelerometers are calibrated by measuring their frequency characteristics in response to 
a harmonic excitation. This calibration is most often used to determine the value of the voltage 
sensitivity, in accordance with legal regulations. In this case, the results of the calibration are 
specified only by the dynamic properties of the sensor [2,3]. However, in measuring dynamic 
quantities, we mainly deal with undetermined measurement signals which are unpredictable. 
The dynamic error at the output of the accelerometer, as for other sensors intended for 
measuring signals changing over time, depends not only on the dynamic properties of the 
sensor but also on the shape of the input signal. This is due to the properties of convolution, 
which is one of the basic mathematical operations in the field of signal processing and is an 
integral relation that joins the sensors output signal with both its impulse response and the 
input signal [4,5]. 
Taking into account that the signal at the output of the sensor changes over time, it is 
indispensable to use a quantitative error criterion. For accelerometers, it is convenient to use 
the integral-square criterion, the most popular measure of the energy. Thus, depending on the 
shape of the input signal and for constant dynamic properties of the sensor, one can obtain 
significant differences in the value of the integral-square error. 
In [4,5] the calibration procedures based on maximum dynamic errors were discussed in 
detail. According to these procedures and both for a given mathematical model of the sensor 
and in relation to a chosen model of the standard, the input signal maximizing the error at the 
output is determined. There are considered those signals constrained only in magnitude 
(rectangular shape) or simultaneously in amplitude and rate of change (trapezoidal shape) [6]. 
Any other signal that is contained in the above constraints will generate an error less then or at 
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most equal to this maximum [4]. In [7,8] a single value of the error were determined based on 
a complicated algorithm applied for different types of accelerometers. Finally, the significant 
uncertainties of the results were obtained. 
The study of the impact of a change in the damping ratio on the integral square error is 
presented in this paper. An approximate functions, which have not been published so far, are 
proposed here. These functions have been obtained based on the algorithm for determining 
signals constrained only in amplitude, that maximize the error. This algorithm was recently 
discussed in detail in [9] and was developed on the basis of the theoretical solutions presented 
in [10–12]. 

2. Model of Voltage Output Accelerometer 
The mechanical construction of the voltage output accelerometer is shown in Fig. 1.  

 

 
Fig. 1. Mechanical construction of the voltage output accelerometer 

 
The construction above is represented by the following differential equation  

,0)()()( =++ tkytyrtum   (1) 
where: ),(tu  ),(ty  ),(tx  ],[kgm  ],[ skgr  ],[ mNk  ),(tum   )(tyr  and )(tky  are the 
absolute mass displacement, relative mass displacement, vibration (excitation), seismic mass, 
dumping coefficient, spring constant, moment of inertia, moment of dumping and moment of 
elasticity, respectively. 
Taking into account in (1) the following relation 

),()()( tytxtu +=  (2) 
we obtain the differential equation as below 

).()()()( txmtkytyrtym  −=++  (3) 
This equation describes the mathematical model of the voltage output accelerometer, 
represented by 
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where S  denotes the voltage sensitivity, while 
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and  

km
r

2
=β  (6) 

are the non-damped natural frequency and the damping ratio. 
 

3. Determining the Integral Square Error 
The integral square error 2I  is represented by 



 
 

317 
 

,)()(),()(
0 00

2
2 dttxdxtdttyI

T TT
∫ 








∫=∫= τττΚ  (7) 

where )(tx  and )(ty  are the input and output signals, while 
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T
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0

ττ ∫=Κ  (8) 

and  
)()()( tktktk sa −=  (9) 

is the difference between the impulse responses of the accelerometer and its standard for 
,,,,0 Tt t ∆=  where t∆  is the discretization step of time. The time T  is the period for which 

the error is determined. 
The impulse responses are calculated by 

)(tk a = L -1 )(sKa  (10) 
and 

)(tks = L -1 )],(2[2)( 0ttfSinccfsK ccs −= π  (11) 
where ,c  0t  and cf  are the amplification coefficient, time delay and cut-off frequency, 
respectively. 
The algorithm for determining the signal )(0 tx  constrained in amplitude and maximizing the 
error is as follows: 
1. Calculate the function ),( τtΚ  based on (8). 
2. Assume the initial input signal 

)],,([)(0 τtsignAtx Κ⋅=  (12) 
where A  denotes the amplitude constraint of the signal. 
3. Determine the new signal )(1 txi+  based on )(txi  and by utilizing the iterative algorithm 

,2,1,0,),()()(
0

1 =







∫⋅=+ idvtvvxsignAtx
T ii Κ  (13) 

until the differences between the successive time-switchings of the signals )(1 txi+  and )(txi  
are no greater than the discretization step t∆  assumed in the calculations. Then, we assume 

that )()( 0
1 txtxi =+  is the maximizing signal.  

The integral-square error is calculated by utilizing the signal ),(0 tx as follows [10-12] 

.)()()(
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0 0
002 dtdxtkxI

T t
∫ 








∫ −= τττ  (14) 

The values of integral square error ),( 02 xI  calculated for T  from 0 to 10ms. with step T∆  
equal to 1ms. and for the damping ratio β  from 0.1 to 0.6 with step β∆  equal to 0.1 are 
reported in Table 1.  
The following values of the parameters which occur in (4), (5) and (11) are assumed: 

),/(1 2−= msVS  =cf 1kHz, Sc =  and .2/0 Tt =  
For the assumed cut-off frequency cf  and for different damping ratios ,β  the non-damped 
natural frequency 0f  is calculated by solving the equation 
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which results from the amplitude characteristic of accelerometer, where 

ελ ⋅+=
%100

SS  (16) 

and ε  denotes the tolerance of the amplitude characteristic. The value of this tolerance was 
assumed as equal to 10% for the voltage sensitivity obtained for zero frequency value. Then 
λ  is equal to )./(1.1 2−msV   
As the solution for the frequency ,0f  the lowest positive values of Eq. (15) were taken. These 
values are given in Table 1 below .β  
The maximum value of T  exceeds the steady-state of the impulse response )(tk  by about ten 
times. 
 

Table 1. Integral square error )( 02 xI  vs. time T  

 )()( 02 TfxI = ][ 2Vs  )()( 02 TfxI = ][ 2Vs  

T
[ms] 

1.0=β  
)3280( 0 Hzf =  

2.0=β  
)3167( 0 Hzf =  

3.0=β  
)2966( 0 Hzf =  

T
[ms] 

4.0=β  
)2649( 0 Hzf =  

5.0=β  
)2115( 0 Hzf =  

6.0=β  
)1092( 0 Hzf =  

0 0 0 0 0 0 0 0 
1 310703.7 −⋅  310159.3 −⋅  310593.1 −⋅  1 410116.8 −⋅  410545.5 −⋅  410937.1 −⋅  
2 0.025 310854.7 −⋅  310603.3 −⋅  2 310627.1 −⋅  310273.1 −⋅  410412.4 −⋅  
3 0.044 0.013 310567.5 −⋅  3 310665.2 −⋅  310983.1 −⋅  410913.6 −⋅  
4 0.064 0.018 310539.7 −⋅  4 310530.3 −⋅  310598.2 −⋅  410319.9 −⋅  
5 0.083 0.022 310482.9 −⋅  5 310327.4 −⋅  310358.3 −⋅  310187.1 −⋅  
6 0.103 0.027 0.012 6 310299.5 −⋅  310068.4 −⋅  310440.1 −⋅  
7 0.122 0.032 0.014 7 310366.6 −⋅  310706.4 −⋅  310671.1 −⋅  
8 0.142 0.037 0.016 8 310275.7 −⋅  310445.5 −⋅  310928.1 −⋅  
9 0.161 0.042 0.018 9 310177.8 −⋅  310204.6 −⋅  310150.2 −⋅  

10 0.180 0.046 0.02 10 310035.9 −⋅  310873.6 −⋅  310402.2 −⋅  

Analysis of the error values from Table 1 indicates that their relations with the time are very 
close to linear.  

4. Determining the Approximate Functions 
Let the time and error reported in Table 1 be represented by vectors 

T
NTTT ],[ 1,,10 −= X  (17) 

and 
,])(,,)(,)([ 102102002

T
NxIxIxI −= Y  (18) 

where N  denotes the number of determined errors. 
Let us approximate the error by the linear function 

,)( 10 TaaTya +=  (19) 
where 
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An evaluation of the standard uncertainty of the approximation function is fulfilled by [13] 
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The standard uncertainty for the coefficients 0a  and 1a  is determined by 
,1,0,)()( ,AA =⋅= iDyuau iiai  (23) 

where 
.)( 1−= ΦΦD T  (24) 

The relative uncertainty for the coefficients 0a  and 1a  is defined, as follows 

,%100)()(
0

0A
0 ⋅=

a
auaδ    .%100)()(

1

1A
1 ⋅=

a
auaδ  (25) 

The values of 0a  and 1a  as well as the associated uncertainties ),(A ayu  )( 0A au  and ),( 1A au  
related to the damping ratio ,β  are reported in Table 2. There are also the relative 
uncertainties )( 0aδ  and )( 1aδ  as well as the slope coefficients ,α  calculated by 

).(tan 1
1 a−=α  (26) 

 
Table 2. Parameters and associated uncertainties for linear function 

β  0.1 0.2 0.3 0.4 0.5 0.6 
0a  310855.8 −⋅−  310081.1 −⋅−  410899.3 −⋅−  410148.1 −⋅−  410032.1 −⋅−  510140.3 −⋅−  
1a  210857.1 −⋅  310725.4 −⋅  310038.2 −⋅  410159.9 −⋅  410945.6 −⋅  410433.2 −⋅  

)(A ayu  310731.3 −⋅  410266.5 −⋅  410079.2 −⋅  510138.8 −⋅  510292.5 −⋅  510505.1 −⋅  
)( 0A au  310105.2 −⋅  410970.2 −⋅  410173.1 −⋅  510590.4 −⋅  510985.2 −⋅  610492.8 −⋅  
)( 1A au  410558.3 −⋅  510021.5 −⋅  510982.1 −⋅  610759.7 −⋅  610046.5 −⋅  610435.1 −⋅  

)( 0aδ [%] 8.23  5.27  1.30  0.40  9.28  0.27  
)( 1aδ [%] 92.1  06.1  973.0  847.0  727.0  590.0  

α [deg.] 1.06 0.271 0.117 0.0525 0.0398 0.0139 
 
Fig. 2 shows a linear relation between the error )( 02 xI  and the damping ratio β  for the range 
from 0.1 to 0.6. From this figure, it is easy to observe that the smallest inclination is for the 
measurement points for 1.0=β  and the largest for .6.0=β  It is also necessary to note that 
for T  from the range between 0 and approximately 1ms, the relations above are not linear. 
This is due to the impulse response not being steady-state in this interval. 
Let us determine below the relation between the coefficients 0a  and 1a  of the linear function 
(19) and the damping ratio .β  These relation can be easily approximated by the functions 

100 )( γβγβ ⋅=a  (27) 
and 

.)( 101
γβγβ −⋅=a  (28) 
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Fig. 2. Integral-square error )( 02 xI  in relation to time T  

 
The coefficients 0γ  and 1γ  that provide the best approximation can be easily determined by 
linearization of the equations above. For this purpose, a bilateral logarithmic transformation 
should be made, which in effect gives 

),log()log()](log[ 100 βγγβ +=a    ).log()log()](log[ 101 βγγβ −=a  (29) 
By introducing the auxiliary variables 

,)](log[ 00 Aa =β    ,)](log[ 11 Aa =β    ,)log( 0 Γ=γ    B=)log(β  (30) 
in (29), we have 

,10 BΓA γ+=    .11 BΓA γ−=  (31) 
Due to the negative values of the coefficient 0a  and the consequent impossibility of taking 
a logarithm, a change of their sign was made. It is necessary to change the sign on the right-
hand side of Eq. (27) when converting Γ  to .0γ  It is also necessary to calculate the 
uncertainty ),( 0γu  as follows 

).()( 0
0 Γu

Γ
u

∂
∂

=
γγ  (32) 

After calculations based on the data from Table 2 and by using Eqs (27)–(34), we obtain the 
results in Table 3. 
 

Table 3. Parameters and associated uncertainties for nonlinear functions 

 )(0 βa  )(1 βa  
1γ  017.3−  288.2−  

)( 1γu  1774.0  1719.0  

%100)(

1

1 ⋅
γ
γu  880.5  513.7  

Γ  056.5−  958.3−  
)(Γu  1040.0  1008.0  

0γ  610784.8 −⋅−  410104.1 −⋅  
)( 0γu  610103.2 −⋅  510255.2 −⋅  

%100
)(

0

0 ⋅
γ
γu  94.23  42.20  

 
Fig. 3 shows the nonlinear relation between the coefficients a  of the linear function (19) and 
the damping ratio .β  
Based on Eqs (27)–(28) and the parameters given in Table 3, we can easily obtain the 
coefficients of (19) for any damping ratio, but for constant values of the voltage sensitivity 
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)/(1 2−= msVS  and cut-off frequency =cf 1kHz. It should be noted that for accelerometers, 
the damping ratio does not exceed 0.7. 
 

        
Fig. 3. Relations between the coefficients a  and damping ratio β  

5. Conclusion 
The solution presented in this paper can be applied to the mutual comparability of the error 

generated by the accelerometers produced by different companies. 
The solution above can be extended to a study of the impact on the error of changes both in 
the voltage sensitivity and cut-off frequency. Both functional and graphical relations between 
the error and parameters can be obtained in an analogous way as in the case of the damping 
ratio. 
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Agnieszka LESZCZYŃSKA1, Aleksandra  KOWALSKA2, Krzysztof GRUDZIEŃ3, Andrzej 
ROMANOWSKI4, Dominik SANKOWSKI5 

Pneumatic dense flow modelling and analysis 
based on ECT data 

The paper presents statistical analysis of pneumatic dense flow with applied flow 
modelling method. The simplified flow model allows to define slug/plug flow 
pattern occurring in horizontal and vertical during pneumatic conveying of granular 
material. The described model was built based on ECT data gathered during 
measurements of material concentration changes during flow. The proposed model 
allow to define parameters of slug/plug shape and also frequency distribution of 
slug/plug appearing in time. In the paper were presented results of application of the 
developed software with interpretations of obtained of statistical parameters of 
plug/slug phenomena for two different flow characteristics.  

1. Introduction  
Efficient granular material transport plays a significant role in the industry factories. The 

most common method of granular material transport is the pneumatic conveying [1] [11]. 
Pneumatic conveyors are mainly used to transport granular material and powders. This type of 
transport allows moving material on considerable distances in between loading, unloading, 
and storage areas using pressurized air along pipeline installations. It is widely used in the 
agricultural, food, chemical, pharmaceutical, textile, paper and construction industries, as well 
as for transhipment in rail, road or water transport. The advantages of this type of transport 
are: high level of safety, low operating costs, flexibility of installation and ease of use. 
However, investigations aimed to improve the control efficiency of pneumatic flow are still 
conducted. The main flow parameters: carrying air velocity and amount of granular material 
loaded into pipeline, both can be modified during on-going flow in order to achieve steady 
flow pattern. Insufficient air velocity causes stationary slugs in the horizontal sections of 
pipelines, whereas in vertical sections material cannot overcome the gravity force and falls 
downward causing pipeline blockages [16]. Unblocking may require demounting of the pipe 
sections and cause substantial time lasting production breaks, resulting in considerable 
economic losses. On the other hand too high airflow velocity may cause material degradation 
and escalate disadvantageous electrostatic phenomena. The proper relationship between these 
two parameters, namely: air velocity and amount of granular material, in association with bulk 
material properties; allow keeping flow process in safety range [11] [12]. Control of the 
pneumatic transport process minimizes the occurrence of undesirable events and thereby 
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increasing the overall efficiency of the pneumatic system, minimizing energy consumption, 
and reducing the loss of transported material. 

Two main different types of pneumatic flow regime, dilute and dense flow can be 
distinguished depending on these parameters. During dilute flow particles are fully suspended 
and the solids concentration is less than 5%. In case of dense flow particles are not suspended 
and the solids concentration is higher than 30%. In the latter case interactions between 
particles and pipeline wall have significant influence on flow patterns. Dens flow can be 
observed in form of continuous slug or plug flow [9] [11]. Better the understanding of the 
flow phenomena results in application of new knowledge about particle materials behaviour 
into the algorithms of measurement data processing, which in turn can improve quality of 
control systems. In order to fulfil these needs new measurements and data processing 
methodologies are developed, which allow observing changes of the flow behaviour in 
temporal and spatial domains. In last few decades rapid development was observed in 
application of tomography systems to diagnosis and control of industrial processes. Process 
tomography is one of the most dynamically developing methods of industrial diagnostics. It 
has achieved the status of a modern visualization method and is competitive to the other 
imaging techniques. Its uniqueness is closely related to the feature of non-invasiveness. It can 
be also in charge of control and monitoring of some processes in the industry. It is primarily 
used in high-risk industries such as chemical reactors and coal-fired power plants as well as 
for other industries demanding to monitor the behaviour of the material flowing through the 
pipelines and other hardly accessible conveyors and receptacles. In order to understand and 
interpret process tomography data describing numerically the flow behaviour we should 
consider vast amount of the data yet it is difficult to gather and process such large amount of 
data at one time. Hence, we propose a simplified flow model that enables to study various 
parameters of flow. 

2. Electrical capacitance tomography systems 
Electrical capacitance tomography (ECT) is dedicated for monitoring of process, where 

primarily monitored material is nonconductive [14] [15] [17]. Based on electrical capacitance 
measurements between pairs of electrodes located on the vessel periphery is possible to 
visualise the permittivity distribution inside the measurement space. The permittivity 
distribution is directly related to the material concentration distribution, which allows tracking 
changes of material distribution during flow. The defined number of electrodes N (N=8, 12, 
16) determines number of measurements L (L=28, 60, 132), which are used for image 
reconstruction. In literature can be found a lot of methods of the image reconstruction [2] [3]. 
Depend on time of numerical calculations and expected of image quality can be chosen 
different type of reconstruction methods. The presented results were obtained by application 
of simple linear back projected (LBP) methods [4].   
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Fig .1. Photography of ECT system, with material distribution inside ECT twin-plane sensor. Upper photo 
reveals a segment of a flow test rig with twin plane ECT sensor on a pipeline and the measurement equipment 
with resulting two images of reconstructed measurement space cross sections. Bottom pictures show a zoom in 
half-occupied sensor (left hand-side) and a corresponding image reconstruction (right hand-side). Bottom left 

corner shows permittivity scale for the reconstructed image where dark blue color corresponds to empty and dark 
red color corresponds to fully occupied measurement space. 

The use of capacitive electrical tomography allows visualizing the process in real-time and 
additionally gives opportunity for comprehensive research. Since the ECT measurement 
acquisition units offer capturing speed of several dozens or even greater than 100 frames per 
second it possible is to analyse dynamic flows based on tomography data; both using images 
as well as measurement records. Another aspect of ECT tomography nature is connected with 
capacitance measurements types. Two different approaches can be found, namely: AC or DC 
[5] [6]. From the current research point of view this element, although important, is not 
analysed.  

The main advantage of ECT system is non-invasive way of industrial process visualization 
and monitoring. While spatial resolution is relatively low in comparison to X-ray tomography 
systems [18] [19], yet the temporal resolution is at a level sufficient to monitor dynamic 
processes’ states [7] [13] [15] [20].   

3. Related works 
The applications of ECT measurements systems and data processing are developed in 

different directions in terms of both qualitative and quantitative process assessment methods. 
The following aspects are often recalled when analysing these fields of development: 

- flow visualisation, 
- flow pattern tracking, 
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- solid concentration measurement, 
- solid velocity measurement, 
- mass flow rate measurement. 
 
The flow visualisation methods, including 2D and 3D imaging, play important role in flow 

investigation. Understanding flow phenomena, based on off-line image analysis, allows 
ultimately to implement better control systems. Flow visualisation and analysis of images 
provides useful information about e.g. reaction of flow behaviour to different conditions, 
including pipeline material properties, diameter of pipeline, humidity of material etc. On the 
other hand the development of ECT systems allows on-the-fly tracking of flow patterns and 
analysing changes during the on-going flow as it aims to diagnose the unstable flow 
phenomena. The possibility of pattern flow tracking allow to elaborate more robust methods 
also for predicting unwanted phenomena during flow, e.g. pipeline blockage. The last three 
measurement values (concentration, velocity and mass flow rate) are dedicated to 
development of more accurate flow meters. They are the monitoring parameters revealing the 
instantaneous flow rate. The method of measuring flow velocity based on correlation 
techniques is known for many years. However, it still needs improvements; choice of 
algorithm parameters make difficult to achieve proper accuracy with such flow meters. 
Velocity measurement, and also mass flow rate, is highly sensitive to flow pattern changes [2] 
[3] [19]. The appropriate selection of algorithm parameters during flow pattern changes is a 
challenging task. The accuracy of the estimation of material concentration is connected with 
spatial resolution of the ECT measurement system as well as with the applied permittivity 
model selection (parallel/series/Maxwell), [8]. However, spatial resolution is strongly limited; 
hence this element influences the accuracy of measurements.  

As described above the main challenge during pneumatic conveying is controlling the flow 
regime, which has influence on accuracy of velocity and mass flow rate measurement and also 
allow to predict unwanted phenomena such as the pipeline blockage. Moreover, unstable flow 
patterns can result in higher power consumption or/and wear rate, product degradation. It 
would normally be expected that industrial scale pneumatic conveyors would operate with 
discontinuous dense phase flow regimes. This may take the form of discrete plugs of material, 
rolling dunes or a combination of both. In reality, a pneumatic conveying system may 
sequentially exhibit several flow regimes throughout its duration. In addition, the 
identification of the flow regime at critical sections of the pneumatic conveyor has 
fundamental meaning in order to estimate void fraction upon which many standard 
measurements, such as solids mass flow rate, depend [9] [10] [11].  

The previous investigations showed potential of ECT data application to flow process state 
analysis. Tracking of the flow pattern can be conducted based on the statistical analysis of 
ECT data [12]. The different flow conditions generate different value of standard deviation, 
mean, median of ECT data. Interpretation of these parameters allows to determine the height 
of the solid/gas interface level within the cross-section of the pipe as well as slug length and 
distribution and slug frequency. These analyses give possibility of distinguishing among 
different flow patterns. In order to better understand information hidden in ECT data it is 
necessary to conduct wider analysis of data gathered during different flow experiments of 
pneumatic dense flow. Since this is difficult to collect and analyse extensive experimental 
database, a simplified model of ECT pneumatic dense flow is proposed. Based on this model 
it is possible to generate data for different types of material flow both for the stable as well as 
unstable slug flow with different characteristic of slug shape and frequency.   
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4. ECT dense pneumatic flow model 
The model of ECT data pneumatic flow is based on temporal changes of material 

concentration, which are observed during dense flow in ECT measurement records. Fig. 2 
presents examples of plug (fig. 2a) and slug (fig. 2b) flow types occurring in vertical and 
horizontal section of flow installation respectively. The material during slug/plug flow is 
proceeding along the pipelines in discrete-alike portions. The main difference between slug 
and plug patterns is visible after slug/plug has just left the ECT sensor space. For horizontal 
section material builds-up a stationary layer, where material occupies lower part of the 
pipeline. ECT data show (for presented example) level concentration in range <0.1, 0.2>. 
Next Fig. 3 presents zoomed-in plug plot coupled with selection of reconstructed images.  

 

  

Figure. 2: Average of material concentration changes during pneumatic flow in a) vertical section, b) 
horizontal section of pipeline 

          

Figure. 3: Average of material concentration during single plug with examples of reconstructed images 

Proposed model of slug/plug flow is based on knowledge gathered form ECT 
measurements. Fig.4 presents simplified scheme of slug/plug, which consist of 5 parts.  
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Figure. 4: Model of slug/plug flow  

In order to define specific properties of slug/plug model it is necessary to offer a set of 6 
parameters. Fig. 5 reveals a graphical explanation, which elements of slug/plug model can be 
modified to obtain expected type of flow in the proposed model. Besides the parameters 
connected with definition of single slug/plug shape there is additional possibility to define 
frequency of material building-up the slug/plug. 

 

Figure. 5: Definition of slug/plug parameters of proposed flow model, A, B) slop head and tail part, C, D) 
level of stationary layer, D) level of occupied by material, E) time of slug/plug, F) distance between successive 

plug/slug. 

5. Results  
The development of methods to better understanding and monitoring pneumatic flow 

conditions were conducted based on implementation of proposed simplified model of 
plug/slug phenomena. As the ECT measurements system for which the proposed data 
processing method is dedicated provides useful information about temporal changes of flow 
conditions, the implementation of the flow simulation analysis was based on temporal 
statistical parameters calculation within a fixed time window. Figure 6 presents a screenshot 
view of application GUI. Left hand-side panel allows to define the parameters of window 
time; including length of window in context of correlation calculation and initial and time 
point. Right hand-side panel provides information about changes of calculated flow 
parameters in time as well as about the changes of material concentration for modelling or real 
flow.  

 

3 2 1 

4 

1 – head of plug 
2 – plug body 
3 – tail of plug 
4 – stratified layer 
5 – air gap zone 5 
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Figure. 6: Frontend view of application of GUI – flow analysis view example. 

Examples of results for different user-defined flow models and flow characteristics are 
presented on figures 7 and 8. Figure 7a shows results of modelled stable slug flow. The slugs 
appear with the same time interval (1400 frames). Figure 7b presents example of calculations 
for average, median, standard deviation and variance for time window equal of 256 frames. 
As the flow was modelled as the stable one with constant slug flow time interval the obtained 
results show typical flow patterns.  

   

Figure 7. Examples of results of stable flow modeling. Left hand-side shows average material concentration 
vs. time plot. Right hand-side shows a set of statistical parameters vs. time plots. 

The un-stable modeled flow in contrast to a stable flow type is characterized by the slugs 
appearing at variable time interval (Fig. 8a). Material is flowing in form of slug, however time 
distribution of slugs is heterogeneous. For this case parameters of the modeled slug flow are 
presented on Fig. 8b. The difference between stable (fig. 7a) and un-stable flow (fig. 8a) can 
be monitored based on the statistical parameters of time distribution values, where for 
unstable flow these values doesn’t demonstrate homogeneous distribution in contrast to the 
stable flow case. 
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Figure 8. Examples of results of un-stable flow modeling. Left hand-side shows average material 
concentration vs. time plot. Right hand-side shows a set of statistical parameters vs. time plots. 

2. Conclusions and future work 
The obtained results and proposed method of flow modelled are under development yet the 

results presented in this paper shows large potential in practical use for ECT measurement 
data analysis applications. The results which are achieved with the aid of the proposed 
simplified flow model are dedicated to flow monitoring with ECT system employment. The 
way of flow modelling is developed under assumption that temporal resolution of ECT system 
is higher than for spatial resolution, however possibility to widen input data with tomography 
images should increase implications of results. In future work the developed application will 
be amended with correlation based data analysis techniques.  

The preliminary results incorporating the understanding of data processing interpretation 
methods into the design of proposed flow modelling constitute the first step on the way to 
obtain robust, flexible and at the same time simplified flow monitoring system. In order to 
achieve this ultimate aim it is necessary to prepare complex measurement processing system, 
with assistance of other types of measurements (not only tomography data) that would 
automatically recognize flow pattern and detect any tendency to pipeline blockage. Such 
system can use machine learning methods which allow to improve effectiveness of control 
systems.  
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The design and implementation of interactive
visualisation system for ECT data analysis

This paper presents a system for tomographic data visualisation. Authors present
multi-touch surface based desktop application, enhancing the ease of browsing, ma-
nipulating, examining and interpreting data, both in form of raw measurement records
and reconstructed visuals, acquired through ECT tomography for a process of pneu-
matic conveying. User interface enables easy navigation and analysis even for large
sets of measurement data. The most significant advantage of the system is to pro-
vide comfortable navigation among variety of datasets and different forms of collected
data along with clear and informative visualisation for substantial collections of mea-
surement records. Proposed tool has been qualitatively evaluated for efficiency and
comfort of exploring and understanding of knowledge behind the ECT data.

1. Introduction
Process tomography is one of the most compelling techniques of analysis for multiple in-

dustrial trials. It enables investigation of the processes taking place in examined objects in
non-inavsive and non-destructive way [18] [20] [22]. Moreover, reconstruction of images is
possible even if there is no access to the interior of the object [6] [16], as well as being an
ultimate solution for offline examination and simulation of processes. It is commonly used
in chemistry, pharmacy, geology and environment protection. The most well-known approach
to tomography are hardfield techniques (eg. X-ray tomography), ordinarily used in medicine.
However, in numerous cases such approach is unsuitable due to physical features of monitored
substance, high cost of implementations and low acquisition speed of the measurement units. In
order to fulfil the needs of industrial implementations, where accurate measurement of dynamic
processes is very important for their proper control, tomography modalities based on analysis of
electrical field properties inside investigated objects are developed [17] [5]. An example of such
tomographic system is electrical capacitance tomography (ECT), which is useful for monitoring
state of granular flows [23].

Nowadays, development of ECT systems can be discussed in several aspects such as devel-
opment of data acquisition, algorithms for better reconstruction of images, tomography data
processing for deep analysis of monitored processes or adaptation of ECT approach in control
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systems. Nonetheless, it is a vital issue to properly view, visualise, analyse and interpret both
the raw measurements and the reconstructed data. It is essential to provide informative and
appealing visual forms of data presentation, as it highly simplifies analysis and contribute to
better understanding of the problem itself [12] [7] [11].

Presented system is an approach to face the challenge of providing clear and intuitive tool
for tomographic data analysis. The main goal is to enable the user to easily and efficiently
navigate through raw measurement records as well as create visual presentation and interpreta-
tions of collected data. This goal is realized via desktop application using multi-touch surfaces.
This paper focuses on applying ECT tomographic approach for purposes of investigating the
pneumatic flow processes [14] [9].

2. Design goals and requirements
It is a commonly applied method to analyse and understand complex processes through

graphical representations. For several purposes, it is way easier to extract proper information
and derive conclusions from visuals than from bare numerical data [8]. Visualisations can be
used to display the data in comprehensive and understandable way, which may vastly improve
the process of creating a mental depiction of an investigated process by the final user [1]. How-
ever, to provide desired effect, visuals need to answer several requirements.

Graphical displays ought to:

• show the data

• induce the viewer to think about the substance rather than about methodology, graphic
design, technology of graphic production or anything else

• avoid distorting what the data have to say

• present many numbers in a small space

• make large data sets coherent

• encourage the eye to compare different pieces of data

• reveal the data at several levels of detail, from a broad overview to the fine structure

• serve a reasonably clear purpose: description, exploration, tabulation or decoration

• be closely integrated with the statistical and verbal descriptions of a data set

Having fulfilled those conditions, graphics can be way more precise and revealing than con-
ventional statistical computations [21].

The importance of proper graphical design is emphasized through the most fundamental
aspect of display: visualisation always requires user involvement, since the core processes of
information analysis take place in human mind [1]. The cognitive pattern of data analysis is the
crucial one, which is why the design of the system shall avoid posing additional challenges in
this area and let the user focus on evaluating the presented information [15].
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3. ECT tomography data
In order to test and present the practical operation of the system, it was applied to deal with

the data acquired from ECT tomography. The investigation concerned a granular material flow
in a non-transparent instalation for pneumatic conveying.

Considering pneumatic conveying of solid, estimation of the main parameters of flow is
based on material concentration profile. The measurement of the velocity and the mass flow
rate is directly linked to the material concentration distribution in pipeline during pneumatic
conveying [14]. The proper understanding of data requires familiarity with ECT tomography
setup, concerning both hardware and software. Such system consists of:

• ECT sensor, consisting of several electrodes located on investigated object boundary

• data acquisition unit - heart of ECT system

• data/image reconstruction software module

• software module of ECT data processing and process parameter calculation

An example of such system has been depicted in figure 1.

Figure 1: Exemplary setup of ETC tomography system, a) measurement data analysis, b) reconstructed data anal-
ysis [4].

Obtained measurements are reconstructed to the form of image, representing information on
material concentration in the container. The data is usually normalized and presented as the
fraction of total ECT sensor-occupied space by the material. Determining of the concentration
profile enables further analysis through calculating the velocity profile and the mass flow rate.
All those parameters provide extensive knowledge on the monitored process [19].

The typical way of ECT data processing for both measurement data and reconstructed im-
ages, is based on temporal and spatial changes of material distribution in ECT sensor space.
Current state of the process can be represented as single reconstructed image or set of measure-
ments. Analysis of the material concentration distribution based on image is supported with its
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temporal changes profile, which may be represented through analysis of measurements or the
sequence values of image pixels.

The proposed solution provides tools, which notably improve the experience of concentration
profile analysis and enable deriving comprehensive conclusions, in comparison to traditional
approach.

4. System design and results
The solution is designed to operate as the last unit of basic ECT system, utilising the func-

tionality of previous modules to generate proper input data, which will be visualised, analysed
and interpreted using the proposed solution. The main goal is to provide several tools for anal-
ysis of measurement data. It is necessary to visualise the data in different arrangements, while
properly handling both navigation through the unprocessed input data, aside to graphical inter-
pretations. This task is fulfilled through supporting various forms of data presentation: images,
graphs and topograms. Direct approach to each feature is described in detail further this paper.

4.1. Interaction design

Considering the goals set to design of the proposed system, the greatest emphasis has been
put on intuitive and comfortable manner of browsing, exploring and managing the data. In
order to obtain the ease of data examination, multi-touch surface has been applied. Operating
the application is based on simple and cognitively intuitive gestures. The gestures and their
applications are briefly described below.

To obtain possibly intuitive and effortless interface, basic type multi-touch interactions have
been integrated (fig. 2). The operation of the system is realised through simple gestures, such as
tapping, scrolling, panning, zooming and pinching. Tangible attitude vastly boosts the comfort
of work with visuals [13] [21].

Figure 2: Gestures used for system operation. Source: GRPH3B18 CC BY-SA 3.0

Even though the destined user may be considered as an expert, the interaction pattern needs
to be as intuitive and understandable as possible [13]. The significant difficulty of the task re-
alised imposes the need to design user - friendly tool, which will be easy to master even for
non-specialist user. To avoid unnecessary complexity on UX pattern, the tangible manner of
operation was chosen as the most appropriate. It bypasses the demand for graphically acces-
sible navigation tools - like slidebars or icons, while maintaining full functionality in terms of
solving tasks and providing convenient usability [24].
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The tangible interactive system has been integrated into java-based desktop application. This
approach provides the ease of maintenance and customization of the application to the individ-
ual needs. The only fixed requirement is providing a multi-touch display surface.

4.2. Application for ECT data analysis

The ultimate quest for ECT data analysis is to properly measure and interpret the process
inside the examined container, especially through establishing the concentration profile of the
material. The raw data is reproduced to the form of images, which may be further analysed by
generating corresponding graphs and topograms, enabling the user to conclude on alterations
occurring during the investigated trial. One of the most desired functionalities is to provide
handy transition between areal analysis of material concentration using images and depiction of
concentration shifts in time. Moreover, time-related depiction of changes taking place during
the process, both based on images and raw data, is required to meet the professionals’ needs.

Images

The input data is reproduced to the form of images in order to generate more descriptive
graphical representation. The solution provides support for enhanced navigation along the im-
ages and creating interpretations for the information from the image. The program displays
scrollable image sequence, which represent measurement data. User taps an image from the
downscaled range bar and can easily magnify the particular scope of the image through zoom-
ing and pinching. The display can be controlled through scrolling and panning. The key feature
for image analysis is the ability to choose the range of the image to be interpreted further and
instantly generate corresponding graph or topogram, as desired (fig. 3).

(a) (b)

Figure 3: Analysis of tomographic images: (a) - an image reconstructed from raw data, (b) - interactive examination
of particular image

Graphs

Graphs can be generated for arbitrary sets of data. Plots generated for the desired range may
be further analysed through magnifying, scaling and choosing more precise scope or a certain
point. (fig.4a) Moreover, choosing a single spot enables finding the corresponding image. This
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feature highly increases the ease of inspecting only the most interesting part of collected infor-
mation and its farther examination.(fig.4b) This mechanism is supported by interactive opera-
tions such as scaling and distortion. Using simple gestures, the user is able to increase precision
of examination through scaling the graph, while being dynamically supplied with corresponding
images, being straight representation of raw data.

(a) (b)

Figure 4: Detailed examination of data in form of graphs. (a) - graphs generated using the solution (b) - zooming
of the range enables more precise analysis

Topograms

Topograms are an interesting form of representation of tomographic data (fig.5a). They
consist of a set of records, acquired from the same row or column, extracted from all images
in the sequence. Such representation provides clear and understandable depiction of changes
occurring in a certain area of examined object.

(a) (b)

Figure 5: Topograms and their detailed examination provides knowledge on changes occurring in the examined
object. (a) - Interpretation of data range through topogram (b) - Analysis of generated topogram. Corresponding
images are dynamically assigned.

The solution supports generating topograms for any specific row or column chosen from the
image. In order to generate such, user pans through the desired piece of data and taps proper
option on a menu bar (fig.5b).
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4.3. Evaluation procedure

In order to assess the system design and performance, an exemplary task was prepared and
held in controlled conditions. N=13 participants were asked to perform basic tasks related to
process tomography measurement data analysis. The experiment was conducted as follows.
At the beginning, users were given a 5 minute introduction to the system and the task set.
Introduction covered watching a video on pneumatic flow as well as description of various types
of tomography measurement data. Then, users were introduced to system interface operation.
The task scenario covered three phases. 1. Participants were asked to find segments of stable
slug flow within the sequences of recorded data. 2. Then, only for those ranges of stable flow,
users were asked to analyse, estimate or describe in a written form two pieces of information.
(A) Percentage of the cross-section occupancy of the stationary layer within the measurement
space on average within the analysed flow segments was to be determined. (B)The average level
of stationary layer in slug flow was to be assessed within the analysed stable flow segments;
whether it is higher or lower before or after the slug (with respect to the flow direction) passing
through the ECT measurement sensor space.

4.4. Results and discussion

Right after completing the task, users were asked to give feedback on their experience with
the system. The opinions were gathered through surveys, examining satisfaction with system
interface and studying how challenging the task was.
In order to investigate how demanding the exercise revealed to be, Task Load Index was estab-
lished. Results of this survey present that users felt successful with their performance, although
the task was considered as difficult. However, their frustration on realisation is relatively low.
Results of TLX survey are depicted in figure 6.

Figure 6: Evaluation of Task Load Index. Vertical axis shows to which extent the load occurred (1-100).

Another key aspect to evaluate was satisfaction with using the visuals for data analysis. Users
were asked for opinion on convenience and efficiency of using different forms of graphical
representations. It was not only the graphics to be assessed, but also the interactive manner of
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manipulating them. Evaluation was held in form of survey, with 5-grade scaled yes/no questions
on the experience. Opinions concerning usage of particular visuals are depicted in figure 7.

Figure 7: Convenience end efficiency assessment of different visuals. The vertical scale presents average an grade
(1-5) awarded.

The survey shows that graphs are definitely the most desired form of visual representations, as
they are easiest-to-use and very efficient. Analysis using reproduced images was satisfactory
in terms of effectiveness, while being commented as inconvenient. Topograms are perceived as
quite handy, whereas inefficient for data analysis.
Performed evaluation indicated a certain need for more accessible tools, which can significantly
improve the work flow of tomographic data analysis. Nowadays, it is not only accuracy which
is required, but also proper usability, so the act of analysis is no more complex and frustrating.
Proposed solution faces the challenges of improving the experience of ECT data analysis, al-
though there is still room for further improvements. The multi-touch approach appears as rea-
sonable due to being cognitively intuitive and sufficiently efficient. It would be advisable to pay
efforts on developing design of each functionality, as the choice of visualisation forms revealed
to be accurate.

5. Conclusions and future work
We demonstrated the principles of operation, as well as the technical potential in terms of

efficiency and usability of the system for analysis and interpretation of process tomography data.
Initial results reveal that proposed multi-touch interface, coupled with carefully designed visual
forms of data presentation and manipulation proved qualitatively to over-perform the classical
approaches to data exploration and interpretation. In conclusion, the proposed application is a
successful endeavor to answer the demand for efficient and user-friendly tool for improving the
experience of tomographic data examination.

Furthermore, future research on both interface as well as the back-end side seems to be
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promising in terms of data analysis further advancement. Big data analysis of experimental
datasets, if properly implemented, will offer yet unseen opportunities for data mining, pattern
recognition and data understanding [2]. Especially, the web-based implementation of the pro-
posed system will enable to employ it for crowdsourcing tasks as proposed in [3] and [10].
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SANKOWSKI4 

Analysis of Slug Flows in Pneumatic Conveying  
of Solid based on CCD images processing 

An algorithm for processing of CCD images dedicated to analyse slug 
flow phenomena taking place during pneumatic conveying of granular 
material is presented in this article. The aim of the work is 
development of the system providing information about characteristic 
flow parameters. The obtained results can be used as supporting 
methods for verification of the other measurement systems or as a 
separate system for flow analysis. This paper covers the work-flow of 
the proposed algorithm coupled with examples of obtained results with 
discussion about possible further development of the system. 

1. Introduction  
Pneumatic conveying of granular materials is one of the fastest and effective ways to move 

material among distant places [8] [12]. Therefore this type of transport is widely applied in 
industry. Although the pneumatic conveying is known for a long time research on its 
effectiveness improvement is still conducted. Too high power consumption or pipeline 
blockages are major problems for dense flow types. In laboratory environment different 
measurement or visualization techniques allowing spatial-temporal behaviour of granular 
material are applied in laboratory settings for various pipeline constructions and different 
process conditions. One of the most popular are process tomography techniques, and 
especially electrical capacitance tomography (ECT), [12] [13] [15] [17]. In ECT reconstructed 
image provides knowledge about material distribution inside the measurement sensor space 
during the flow. The drawback of ECT scanner solutions is that they are susceptible to 
interference such as electromagnetic fields and moisture. Using the ECT scanner alone results 
in an electromagnetic field that can interfere with nearby devices. Some other visualisation 
systems are based on optical images, where the core element is a fast camera [11] [14]. Both 
solutions employ image processing methods in order to extract information about process 
based on sequences of images [4] [5] [16] [21]. Image processing methods coupled with data 
acquisition system based parameters allow to obtain even more information about investigated 
process.  

Image processing is often applied for the velocity measurement of pneumatically conveyed 
particles with aid of tracking particles methods [1]. This approach uses a CCD camera with 
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adequate illumination to acquire tracking particle images flowing along the section of a 
transparent pipeline. Another use of CCD cameras is application to generate material 
concentration profiles using digital imaging technique [2] [6] [9] [10]. This technique is easy 
to setup and is not influenced by an environmental disturbances such as humidity, charge 
static, noise and others.  The results show that the image concentration profiles obtained from 
this technique are better than the information derived by methods based on ECT reconstructed 
images, however it is only useful for flow through transparent pipeline. Combination of CCD 
imaging and electrostatics and ECT sensor seems to be very interesting approach to obtain 
complex information about flow [7] [20], similar as applied CCD imaging for verification of 
other methods of flow measurement [18]. 

Another example of CCD visualization is measurement of pneumatically conveyed 
particles distribution, where results were obtained by application of contour-based image 
segmentation; among the others, transport of coal using image processing monitoring is 
described in [3]. In this context a CCD camera is used to capture the images of the particulate 
flow field. Author claims that continuous monitoring of granular material is essential in many 
coal-relying industrial processes, especially where electricity generation is involved. For this 
purpose, it is often used to analyse the recorded images by means of special algorithms that 
online determine the current parameters of the material being transported.  

In the presented case was used CCD camera to explore material during transport. Figure 1 
illustrates simplified schema whole installation to transport materials. Installation consists of 
container, pipelines and mechanism to transport bulk materials inside pipeline from container 
to container; all working in a closed loop workflow. Major part of installation consists of 
opaque pipelines (indicated with light grey colour on Fig. 1). Dark grey (greenish in a 
coloured version) colour indicates transparent segments of pipeline installation (one in 
bottom, horizontal section and the other on the left hand-side in the vertical section). The 
bottom one is supported with a video CCD camera recording the flow. Images captured with 
this setup are used as input for algorithm development; with an off-line method. It means, that 
first measurements are collected and then in next stage this data are processed just after the 
image acquisition is finished. The flow imaging is limited only to horizontal part of 
installation. 

 

Figure 1: Scheme of the pneumatic conveying installation for transport bulk material 
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Figure 2: Photo of a CCD-monitored flow installation horizontal section  

2. Image processing algorithm 
As mentioned earlier next stage is to process the imagery data. Fig. 3 illustrates the 

algorithm work-flow used to analyse the flow of the material inside pipeline. This program 
can detect moments when segments of flowing material appear within the visible window in 
the pipeline, measure for how long this pipeline section is occupied by flowing material and 
pre-calculate volume of the material which forms the stationary layer on the bottom of the 
pipe. 

After starting to capture CCD images the region of interest is defined; a distinct part of 
image area where transparent section of pipeline is visible. Such reducing of image accelerates 
time needed for image processing. Additionally the input image has a lot of elements, which 
constitute redundant noise. After only a part of a picture is selected the majority of noise is 
discarded. In the next step, the reduced image is thresholded in an HSV colour space that 
results in binarization. Fig. 4a) shows the image without threshold in situation when part of 
material is at the bottom of the pipe. After thresholding, Fig. 4b), presents mask only for 
transported material inside the pipe.  

Next stage in image processing is cutting out the part of original image including only 
transported bulk material. In this way it is possible to observe image with quantity of 
materials inside the pipe. The examples of results are presented in Fig. 4a) and b), for case 
when material occupies majority of analysed section of the pipe and when the pipe is almost 
empty. This operation allows isolate only images with transported material and discarding the 
empty images from further processing.  

Based on the binary image the boundary of flowing material is determined. In order to 
achieve this aim morphological operations to find contours of object (in this case the object is 
the part of material occupied pipeline) are applied. Results of this operation can be seen on 
Fig. 5a). Contour help to circumscribe the volume of the flowing material. The same effect is 
presented on filtered image (Fig. 5b)). 

The detected contours are used to calculate volume of the bulk material in pipeline. From 
all contours, algorithm selects only those points, which create top contours of the detected 
object. Based on these points the level of volume pipeline occupied by material is calculated 
and determined. Fig. 5a) and 5b) give examples of images with information about the level of 
material occupying the pipe during the material transport. Red circles visible on Fig. 6 
represent cross-section of the pipe and green horizontal lines show average level of the 
material volume occupying the pipe cross-section at a given moment. 
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Figure 3: Algorithm flowchart  
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a)   d)  
 

b)   e)  
  

c)    f)  
Figure 4: Examples of image processing results, a)image before threshold when part of transported material lie on the 
bottom pipeline, b) Image after threshold when part of transported material lie on the bottom pipeline, c) image after 
cut part of original image base on threshold from b), d) Image before threshold during transport material, e) Image 

after threshold during transport material, f) Image after cut part of original image base on threshold from e) 

 



 
 

348 
 

a)  b)  
Figure 5: Examples of counter detection results a) Original image with draw contour, b) Filtered image with draw 

contour   

a)   b)  
Figure 6: Visualization of level of material occupied analysed part of pipeline, a) image with cross section represent 
current volume during transport material, b) Image with cross section represent current volume when part of material 

lie on bottom pipeline 

3. Results and discussion 
The results obtained with the proposed image processing algorithm allow to estimate the 

level of pipe cross-section occupied by the granular material. Fig. 7 shows examples of flow 
material images with surrounding contours. Based on this information it is possible to 
estimate the percentage of pipeline occupied by material. Presented examples are taken for 
time points, when material creates stationary level (Fig. 7a and Fig. 7b) and when material is 
starting to form a slug (Fig. 7c and Fig 7d).  

As it can be noticed, proposed algorithm generates better results when material is not 
moving and forms only the stationary layer (Fig 7a and Fig 7b). In case of dynamic fragment 
of flow, material is moving with high velocity and the calculation of the percentage of 
material occupied pipeline is subject to a large error. Flowing material causes glare and 
illumination resulted from light reflections in the acquired images, which are incorrectly 
detectable by algorithm as part of flowing material. In order to eliminate these erroneous 
phenomena it is necessary to at first improve the scene lighting and secondly reduce the 
impact of external factors by uniform illumination of the scene [19]. Additionally it is 
necessary to use higher data acquisition speed than currently used during measurements 
(30fps); as too long exposure time causes blurring the image, when recorded object is moving 
with high velocity. Another way to improve results is to develop algorithm with background 
removing techniques based on images acquired before capturing the flow process itself. 
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a)   b)  

c)   d)  
Figure 7: Examples of results for slug flow for material occupied pipeline with level of a) 4.6 %, b) 47.7% c) 
70.8% d)83.1%. 

 

Conclusion 
In this paper we presented methods of image processing for measurement of the parameters 

of the slug phenomena during pneumatic conveying of solid with use of CCD camera 
monitoring. The preliminary results shown that proposed solution can be effective for 
determining the material percentage occupying the pipe volume for a given time moment. 
Additionally it is possible to compute the length of each slug as well as frequency and time 
break between the slugs appearing in a fixed time range. Yet, both the algorithm needs further 
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development as well as the images acquisition system requires additionally improvement of a 
lighting module and higher image acquisition speed.   
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The influence of commutation overvoltage on the 
gate voltage in the Push-Pull plasma power supply 
 

The paper presents the impact of commutation overvoltages occurring 
at the transistor’s collector-emitter juncture on the distortion of gate 
voltage of IGBT converter with push-pull topology, powering a 
plasma reactor. The voltage distortions occurring in the transistor gate 
circuit have a great significance, causing the possibility of weakening 
the transistor's dynamic parameters, as well as its partial  switching-on 
and increasing its thermal exposure. 

1. Introduction 
 

Highly-efficient AC/DC/AC converters are more and more commonly applied in 
numerous applications of the plasma-chemical process. They enable adjustment of the voltage 
waveform, as well as the current, voltage, power and frequency regulation, for the purpose of 
a given plasma process. These capabilities of appropriately designed energy and electronic 
circuits used as power supplies of discharge units are characterised by numerous advantages 
and properties which are unavailable in the devices with a matching transformer [3]. A push-
pull converter can be utilised for powering a gliding arc discharge plasma reactor. A converter 
current control circuit is located at the primary winding of the transformer. According to this 
topology, the matching transformer comprises a primary winding with a central point. 
Overvoltages occurring in the converters necessitate devising a method which will protect the 
semi-conductor switching elements against them. The protection of transistors against 
overvoltages, regardless of its type, is essential for the longevity and reliability of a power 
supply, as well as due to the power losses. High amplitude of voltage occurring at unprotected 
gate connector may exceed the limit value of voltage and cause permanent damage [1,2,4,5]. 
What is more, they may lead to a partial uncontrolled turn-on of a transistor switch and cause 
undesirable thermal losses. The level of overvoltages is determined by such factors as the 
inductance of transformer windings and the dynamics of current changes within. Powering 
plasma reactors usually requires high voltage; thus, the matching transformer must have a 
high turn ratio [3]. Both these properties significantly influence the overvoltages’ value. The 
literature contains numerous descriptions of methods and systems for mitigating overvoltages 
[1,2,4,5,6,8,10,13]. In this paper, investigation of the commutation overvoltages occurring at 
the transistor and their impact on the gate voltage waveform distortion is presented. 
Mitigation of short-term overvoltages occurring in the form of high-energy impulses is of 
special interest. The converter was manufactured in the push-pull topology and used for 
powering a two-electrode GAD (Gliding Arc Discharge) reactor. The resistor capacitors, in 
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which overvoltages undergo oscillatory suppression, are extremely important because without 
them the energy of a single impulse would be too high to disperse. Appropriately selected 
resistor capacitors (RCs) provide the balance between the protection and efficiency of a power 
supply. A resistor capacitor, found in the shunting branch of the converter, is capable of 
reducing the value of overvoltage or decreasing its energy to the level which can be handled 
by transil diodes. The IGBT have the minimum threshold voltage UGE(th) with the approximate 
value of 4 V [16, 18]. The oscillating current in the collector circuit, resulting from oscillatory 
suppression of commutation overvoltages, leads to a bi-stable gate voltage in the transistor 
gate, due to magnetic coupling in the transistor gate circuit. A partial turn-on of a transistor 
may cause a discharge of the collector current Ic when a fully turned-off state is set by the 
driver. Such a transient state is unfavorable because the transistor operates in a resistive state 
and it leads to an increased temperature in the switch, possibly altering the main stream in the 
transformer. This paper presents a study on the impact of oscillatory suppression of 
overvoltages in the collector-emitter circuit on the amplitude of the gate voltage of a transistor. 

2. Origin of Overvoltages 
Overvoltages are defined as spontaneous increases in the voltage, which exceeds the 

nominal level [1, 2, 10, 14]. The most frequent causes for overvoltages include: external 
switching operations and internal commutation processes. The occurrence of a commutation 
overvoltage usually results from a high current slope dit/dt in a branch of a circuit, comprising 
an element accumulating energy in a magnetic field. During the winding commutation, the 
energy is accumulated in all elements of the electric circuit, increasing the voltage. 

The amplitude of an overvoltage depends on the value of inductance L and the current in 
the first derivative in time t [1, 2, 4, 5]. The semi-conductor switching elements are especially 
vulnerable parts of energy and electric circuits. Exceeding the voltage of a transistor over the 
limit value UGES may lead to the ground fault of a coupling and its irreversible damage; hence, 
the need for its suppression. The internal overvoltages are caused by switching operations in 
the branches of circuits containing inductance. Because these processes are connected with the 
commutation, i.e. switching or changing the direction of the current – the term commutation 
overvoltages is commonly employed [1, 2, 5, 9]. Figure 1a presents an exemplary circuit 
diagram in which overvoltages occur during switching operations. Figure 1b shows exemplary 
current and voltage waveforms in the course of commutation, i.e. transferring the current from 
one branch to another. The slope of IGBT collector current IC depends on voltage Ed and the 
circuit inductance of the commutated circuit LO. While passing through zero, the current IC 
rapidly starts to increase in the opposite direction with an unaltered slope dit/dt. When the 
excess charge in the connector is exhausted, then a rapid limitation to the reverse transient 
current occurs from the IrrM to a near-zero value. Afterwards, the voltage exceeding the 
maximum value UCE occurs in the transistor; its value being equal to Lk(dirr/dt). The producers 
of bipolar transistors with an isolated gate introduce new models, with increasing values of 
maximum value UCES reaching 6.5 kV, and UGE(ON) from 15 to 18V. At the end of the 
switching operation, the IGBT has a “tail current”, which does not exist in the case of the 
MOSFET structure. This tail is caused by minority carriers trapped in the “base” of the bipolar 
output section of the IGBT, which causes the device to remain turned on. Unlike a bipolar 
transistor, it is not possible to extract these carriers to speed up the switching, since there is no 
external connection to the base. 
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                                 a)                                                                      b) 
 

Fig. 1a) Diagram of a circuit with incident overvoltages, 1b) the waveform of overvoltages and current in the 
course of commutation [10]; IC(IGBT) – collector transistor IGBT current, UCE – voltage of collector emitter 
transistor IGBT, UGE – gate voltage, 

Therefore, the device remains turned on until the carriers recombine. This "tail current" 
increases the turn-off losses and requires an increase in the dead-time between the conduction 
of two devices in a half-bridge circuit. In order to reduce the turn-off time, it is helpful to have 
a negative voltage (–5 V to –10 V) at the gate. When an IGBT is turned on, some overvoltages 
are generated on the gate terminal, due to the high du/dt and parasitic capacitance between the 
gate and emitter. The overvoltage can cause a false turn-on for the bottom IGBT. A negative 
voltage at the gate enables to avoid this false turn-on trigger. Usually, 16 V is applied to the 
gate for turn-on and –8 V for turn-off. It is important to decide on the power requirement to 
drive the IGBT. When the suppressive oscillatory current flows in the circuits, the magnetic 
coupling occurs, resulting from the electric field between the circuit inductances. In order to 
prevent overvoltages, a number of solutions are employed, including: separation of circuits by 
increasing the distance between tracks, shielding, and shortening the circuits controlling the 
switches. In the gate circuits, i.e. the ones especially vulnerable to the exceeding of the 
maximum voltage amplitude, non-linear elements of semi-conductors are employed. When the 
characteristic voltage is exceeded, they rapidly attain the short circuit ability. Specialised 
drivers provide protection for the logic controlling the transistors and adjust the current of the 
gate overload. These drivers galvanically isolate the circuit from the transistor gate, usually 
beyond the optoelectronic part, and monitor the gate voltage. When an inappropriate control 
voltage occurs, the circuit adjusts the transistor gate potential, thus protecting it [1, 2, 4, 5, 10, 
13]. 

3. Investigating the impact of commutation overvoltages on the transistor 
gate voltage. 

An attempt to evaluate the correlation between the overvoltage within the collector-emitter 
coupling and distortion in the voltage of IGBT gate operating in a push-pull converter was 
made in the experiment. Owing to the application of two transistors controlling the primary 
winding current, very high efficiency can be achieved with relatively small dimensions of the 
converter. The topology of the circuit is presented schematically in Figure 2. 
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Fig. 2. Simplified diagram of a push-pull converter 

 

A converter consists of two transistors T1 and T2 as well as a transformer in which the 
primary winding is powered by the rectified alternating current, filtered by means of the 
capacity. The transistor switches are controlled with two symmetrical square-wave currents, 
phased with appropriate dead-time. The discrimination of a simultaneous turn-on of both 
transistors is essential, because it may lead to the occurrence of two push-pull magnetic fluxes 
in the core. The maximum voltage for these transistors amounts to 1200 V. Additionally, the 
transistors are secured with two transil diodes, connected in a series, with the characteristic 
voltage equal to 410 V for each of them. The measurements are conducted for a push-pull 
converter with the apparent power over 1 kVA. The DC voltage with the value of 330 V is 
filtered by means of a choke and the capacity. The main switching frequency amounts to 
14820 Hz. The converter operated with a transformer made on a 3C90 ferrite core with 
a single secondary winding that remains unloaded over the course of measurements. During 
the experiment, a digital oscilloscope is employed for the recording of the voltage and gate 
current waveform over the commutation period as well as the voltage waveform on the 
collector-emitter coupling in relation to the gate voltage of one of the IGBTs in symmetrical 
circuits. The waveforms in the function of time are superimposed on the charts containing a 
common Y-axis and two independent X-axes, due to different amplitudes of gate-emitter 
voltage UGE as well as gate current IG. The oscillogram in Figure 3 presents the charging 
waveform of gate transistor capacity. An increase in the current is visible at the moment of 
charging (t = 1-2 µs), occurring with an increasing UGE voltage and significant negative 
current impulse at the moment of gate discharge when the UGE voltage reaches a near-zero 
value (t = 7 - 8 µs). A clear lack of UGE voltage distortion can also be observed.  

 
Fig. 3: Gate voltage UGE and current IG during switch processes. 
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a)                                                                            b) 

Fig. 4: UCE voltage spike waveforms in relation to the control voltage UGE: a) with suppressed overvoltage 
values at the collector-emitter, b) with oscillatory suppression of overvoltage at the collector-emitter to the level 

which is safe for transistors 

The oscillograms in Figures 4a) and b) present the UCE voltage waveforms in relation to the 
UGE voltage. Two subsequent cases were presented: in the first one, the overvoltage on 
collector-emitter is completely suppressed by a system of RCs and on-load switches (Figure 
4a); the second one shows an overvoltage suppressed to the level, which is safe for the 
transistors with a matched RC (Figure 4b). The waveform in Figure 4b) shows that the UCE  
voltage is characterized by the oscillatory overvoltages, which are absent in Figure 4a). The 
oscillatory nature of the UCE voltage distortions occurs at the same moment as in the case of 
UGE voltage (Fig. 5, t = 14 -25 µs). Figure 5 shows that the amplitude of periodic oscillations 
of the UGE control voltage approximates 4 V.  

 

Fig. 5: Increased UCE overvoltage waveforms on the converter transistor in relation to the control voltage with 
oscillatory overvoltage suppression in the collector-emitter to the level which is safe for transistors. 

UCE 

UGE 
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4. Remarks and conclusion 
The aim of this paper is to indicate a correlation between the oscillatory suppression of an 

overvoltage in the collector-emitter of IGBT and distortion in the gate voltage. The threats 
connected with overvoltages and distortions in the gate potential during the operation of the 
transistor in a push-pull converter are presented as well. The observation of the current 
charging and discharging the IGBT is carried out. The acquisition of UGE and UCE voltage 
signals, which occurred at the transistor, is performed. The waveforms showing complete 
overvoltage suppression are compared with the ones subjected to oscillatory suppression. The 
waveforms 4a) and 4b) indicate that the oscillation suppressing the gate voltage occurs when 
the overvoltage amplitude in the collector-emitter is reduced by means of oscillatory 
suppression of RC. In a converter with hard commutation, the overvoltages occurring in the 
circuit of transistor gate are important, because their amplitude may exceed the turn-on 
voltage of a transistor. When there is no oscillatory suppression of high-energy overvoltages 
occurring at the collector-emitter, the gate-emitter voltage remains unchanged. Overvoltages 
may lead to a partial turn-on of a transistor and the occurrence of uncontrolled collector 
currents at the time when the transistor should remain completely blocked. Therefore, 
unintentional thermal losses may occur, thus lowering the efficiency of a plasma power supply. 
When the overvoltages last for a long time, it may lead to an extended period of transistor gate 
discharge and, hence, to other unintentional power losses. A longer period of discharge also 
prolongs the phenomenon of “tail current”. Thus, it is justified to apply the protection against 
overvoltages both in the collector emitter circuit of a transistor and in the gate. Due to the 
parasitic inductance in the gate circuits, an optoelectronic separation and shielding are 
recommended as well. 
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Selected constructions of low-speed pneumatic 
motors 

The work has pointed to low-speed pneumatic motors since constructions of such 
motors is much less than high-speed motors. The disadvantage of pneumatic motors 
is their relatively low efficiency, hence it is worthwhile to examine recognized 
constructions taking into account their efficiency improvement. The work presents 
design of several selected and patented pneumatic motors. Their constructions and 
working principles have been described as well as changes in structures have been 
proposed in order to improve efficiency of these motors. 

1. Introduction 
One of the methods of storaging and collecting energy is gas compression, usually air. 

Energy collected in this way can be used for pneumatic motor drive.  
 In this work a few modern solutions of low-speed pneumatic motors are described. The 

work presents some selected modern design solutions of low-speed pneumatic motors. The 
aim of this research is to draw attention to  innovative pneumatic motor constructions as well 
as suggest a research method that enables quantitative and qualitative comparison of tested 
motors with power motor up to 3kW. Pneumatic motors are devices utilizing energy that 
comes from compressed air. The basic advantage of pneumatic engines is their reduced weight 
in relation to produced power with relatively high permissible overloads. Many pneumatic 
motor constructions are known, however, low-speed motors are definitely less in numbers 
than high-speed constructions. The use of high-speed pneumatic engines for powering 
machines and devices many a time requires applying speed reduction drives. Therefore, it is 
advisable to draw attention to low-speed pneumatic motors. The history of pneumatic engine 
design dates back to 17th century. The world’s first pneumatic railway was invented in 1687. 
The most advanced development of mentioned engines started with the invention of a Polish 
engineer Ludwik Mękarski. In  1870, he created a pneumatic piston engine, which had been 
used in powering locomotives in mines as well as in trams of French cities such as Vichy, 
Nantes and Saint-Quentin [1]. Its principle was to use a check valve, which was actuated by 
the movement of the piston. (Fig.1). 
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 a) b)  c) 

                                     

Figure. 1: Pneumatic engine operation strokes in a motor constructed by Ludwik Mękarski.  
a) suction valve open, b) power stroke, c) exhaust stroke. 

A significant discovery, made by Robert Hardy in 1892, in the history of pneumatic motors 
was the invention of fuel pumping system which was activated during the braking process [2]. 
The idea was to use the engine as a pumping device during the braking process, which 
allowed some of the decompressed air to be compressed back during the deceleration of the 
vehicle. One of the latest pre-war achievements in this field of science was Johannes 
Wardenier’s project, which according to reports, was the first engine not to be fuelled by 
liquid propellant. In 1991 Guy Nègre invented the dual power supply engine. That engine 
could be fuelled by compressed air as well as regular medium.  

Nowadays, pneumatic engines are used for running-up combustion engines [3]. Small-
sized pneumatic engines are commonly employed in power manual tools such as drills, 
jackhammers, sanders, wrenches [4], [5] etc. 

Characteristic classification of pneumatic engine design solutions is found in fig. 2. 
 
 a) b)  c) d) 

 

Figure. 2:   Characteristic classification of pneumatic engine design solutions: a) piston, b) vane, c) paddle,   
d) turbine. 

Piston-type motors contain working element which is a piston 1 (fig. 2a). An operation 
principle is based on an invention introduced by Mękarski. Piston-type motors are used with 
an operational power from 1,5 to 20 kW, and engine rotational speed amounts to 5000 rpm 
with supply pressure up to 0,6 MPa. Fig. 2b shows a paddle motor. These motors are applied 
in high power drives above 40 kW. Typical paddle motors (fig. 2c) work at speed of several 
thousand to several tens of thousands of rotations per minute, however, have low efficiency at 
low rotations due to the difficulty in sealing paddles. Turbine motors (fig. 2d) are applied at 
low loads but they can reach high rotation speed (of the order 500 000 rpm), for instance in 
dental drill drives. 
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2. Low-speed pneumatic motors 
Nowadays there are few known low-speed pneumatic motors [6]. The simple design 

principle of pneumatic motors make them desirable structures as it significantly reduces cost 
of engine production and service. It is advisable to search for such structures because of ease 
with which compressed air can be collected and stored safely and the ability to store 
significant amounts of energy in this way. What is more, pneumatic motors are resistant to 
overload and they can be started promptly after stopping. They have high torque levels as well 
as produce no environmental pollutants. One of the advantages of pneumatic engines is that 
they can operate horizontally or vertically. Their operation mode can easily be reversed from 
motor into compressor. Pneumatic engines do not cause significant temperature rise, therefore, 
they can be applied in explosive environments such as: mines or wood, agriculture or food 
processing industries. The main priority in mining industry is safety so all drives need to be 
intrinsically safe. This requirement is completely fulfilled by pneumatic motors, and 
availability of compressed air in mine corridors is an economic justification for their use in 
running mining machines and devices. Presence of dust in food industry sometimes results in 
an explosive mixture occurrence for instance while threshing, transporting and sieving flour. 
The use of a pneumatic motor, both as a motor and a compressor, can take place in energy 
recovery systems such as vehicle braking process. 

Broad spectrum of possibilities for pneumatic motors applications motivates searching for 
new construction solutions of such engines. They should guarantee achieving higher 
efficiencies than current solutions. It is advisable to quest for low speed pneumatic motors 
with high level torque, as this solution will not require the use of multi-step drive, which will 
significantly reduce costs. 

The work presents three innovative and patented solutions of low-speed pneumatic motors 
based on patents: 214371, 218357 and 216801. Such solutions have been selected as they can 
operate at speeds of less than 1000 rpm and therefore they are classified in low-speed machine 
group. 

A pneumatic motor in accordance with patent no. 214371 
A pneumatic engine construction described under patent no.214371[7] has been shown in 

fig.3 The presented motor consists of a cylinder 1, inside of which there are air inlets 5 and air 
outlets 4. The operating element is a piston in a shape of cylinder 2 with three apexes arranged 
symmetrically on its perimeter. Additionally, in the housing there are two rotating sealants 3 
of an adjusted shape so that they fit with the piston. The sealants are fixed coaxially in the 
housing, and their rotations are synchronized with those of the piston through the external 
gearing system, so that the angular velocity’s ratio of a piston to the sealants equals 1/3 [8]. 
Four changing chambers can be distinguished in engine structure. Compressed air provided to 
the chamber A increases air pressure because of which a force causes the piston to rotate. At 
the same time in the chamber B decompression occurs through the outlet nozzle 3. Chambers 
C and D operate similarly. Work is performed simultaneously on opposite sides of drive shaft. 
Such solution provides regular torque during full working cycle as well as eliminates bending 
forces on the shaft. An appropriate sealant between piston apexes and the cylinder is a crucial 
element that has a direct effect on engine performance of such design. Greater matching of 
these elements  (smaller amount of looseness) causes a significant increase in motion 
resistance, which in turn requires more intensive lubrication.  
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Figure. 3: Engine construction according to patent 214371 

A pneumatic motor in accordance with patent no. 218357 
Fig. 4 shows a construction of a pneumatic motor with the structure described in patent 

no.218357 [9].  It is the construction similar to the one shown in fig. 3, however, some parts 
have been modified. Air inlets 5 as well as air outlets 6 can be distinguished in the engine but 
slightly different fixed. In this solution the sealants 2 are element of a piston. The sealant 
between the cylinder and the piston constitutes rotating rollers 4. Due to the use of more 
rolling elements less resistance to motion has been obtained, which will decrease engine 
lubrication requirements and increase its durability. 

The solutions (according to patent 214371 i 218357) are based on the principle of rotating 
piston, as it takes place in flow engines, however, sealing technique of rotors with the surface 
of the cylinder is an innovative solution. Sealing is based on a solution similar to that applied 
in vane motors but rotary thrust force is not applied to seal the system, therefore engines of 
this kind can operate at low rotational speeds. 

 

  

Figure. 4: Engine construction according to patent 218357 
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A pneumatic motor in accordance with patent no. 216801  
Other solution is the engine described in patent no. 216801 [10], (fig. 5). Its operation 

principle is similar to the operation of a 2-stroke engine. Swing pistons have been applied in 
this engine. The main piston 1 and auxiliary piston 2. The pistons operate in pairs, performing 
a push-pull movement in toroidal segments of cylinders. In the cylinders, a variable pressure 
compartment is formed for the two pistons. For two pistons shared compression variable 
volume chamber is created in cylinders. The auxiliary piston 2 is synchronized with its 
counterparts in the subsequent cylinders through the mechanism 7. The structure consists of a 
shaft, two bushings, and pin chains. 

The main pistons 1 and the auxiliary pistons 2 are attached directly to the rings 4 through 
connector 3.The cylinders are closed with a head 5 equipped with a suitable valve 
arrangement. The main pistons 1 are connected with crankshaft 6 through a wrist pin and a 
connecting rod.  

The operation principle of a three-cylinder engine consists in push-pull operating of two 
pistons: the main piston and the auxiliary piston in one cylinder. Pistons coming closer 
together and moving away from each other create chambers of a variable volume. Once the 
main piston 1 in cylinder is placed in TDC-position, the auxiliary piston 2 approaches the 
main one as close as possible what results in minimum volume between pistons.  

Next both pistons simultaneously move in this arrangement towards BDC-position for the 
main piston 1. At the time when the auxiliary piston reaches TDC-position, intake valve is 
opened and the cylinder is filled with working gas that exercise pressure on bottoms of both 
pistons. The power stroke starts. The main piston 1  

at this moment is in BDC-position, and a crank of a shaft 6 is in most beneficial position to 
generate the torque. The torque from this piston is generated since the beginning of power 
stroke. The auxiliary piston 2 is in TDC-position and remains there motionless for some time, 
several degrees of crankshaft rotation 6. Then the torque is not generated from the auxiliary 
piston 2. After this time the torque is also generated by the auxiliary piston 2. Since then, both 
pistons generate the torque. Just as the main piston 1 reaches BDC-position, it remains there 
motionless for some time and the torque is generated only from the auxiliary piston 2. The 
outlet valve is opened just as the auxiliary piston 2 ends power stroke.   

                       

Figure. 5: Engine construction according to patent 216801 
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3. Results preliminary research 
The laboratory tests of the pneumatic engine according to patent 214371 has been 

conducted and described in detail in paper [6]. The results are provided on the figure 6. 
 

 

Figure. 6: Characteristic of efficiency relative to the torque on motor shaft in engine according to  
patent 214371 

4. Summary 
Relatively low efficiency is a characteristic of pneumatic motors that is why it is a 

parameter that often determines applicability of a given motor. In terms of engine efficiency, 
low-speed motors are highly influenced by sealing system and resulting from it resistance to 
motion. The assumption has been made that the basic parameters to be determined for a given 
engine are: total efficiency, power losses due to leaks and power lost due to friction of the 
sealants inside the engine. It has been assumed that the engine test stand should enable these 
parameters to be determined and be universal enough to examine described structures at the 
same stand. In order to meet these requirements, it is necessary to measure: power supplied to 
the engine in the form of compressed air, the power on the engine shaft, the engine pressure 
drop, engine rotational speed and the air flow delivered to the engine. Additionally, the engine 
test stand should allow measurement of power losses related with the leak and resistance to 
motion. The power range of tested motors should vary from 100 W to 3 kW. Research results 
should be used to identify space of largest power loss. It will be used to formulate structural 
changes of selected components in order to improve engine efficiency. Research should 
emphasize advantages and disadvantages of selected constructions. Although the main 
research aim is to evaluate the use of low-speed pneumatic motors for machine operating, 
while coming to conclusion it is necessary to take into consideration economic aspects of 
implemented changes. 

 
In modern constructions of pneumatic motors constructors’ attention is paid to increase 

their efficiency.  
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If there is an intention to apply these motors in devices being used nowadays, it is 
necessary to determine their actual operating parameters. Therefore, experimental research on 
engine prototypes is necessary. The method of testing pneumatic motors presented in this 
work allow to determine basic motor parameters essential for the design of machines operated 
by these motors. Such tests are necessary to assess the impact of selected engine construction 
elements on the engine's performance. The conclusions of such research will contribute to the 
design changes that improve operational data of pneumatic motors. 
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  Automatic packing approach of mixed 
particles for DEM simulation  

of silo discharge process 

Most of particle flow simulations use the sphere shape for particle boundary 
definition. Such solution is not effective enough for particles that have an ellipsoid 
shape. The paper describes new method for preparing the initial packing of different 
particle shapes inside a predefined space dedicated for DEM flow simulation. The 
developed algorithm allows to distribute ellipsoidal and spherical particle shapes. 
The implementation of the algorithm is accelerated using GPU parallel computation 
and multiprocessor environment. 

1. Introduction  
In many cases the discrete element method (DEM) is applied to prepare simulation of 

granular flow during discharge process in silo, as well as to compute the mechanical 
properties when the object is filled. For instance, the method may be used to investigate how 
particles may have influence on the design of different silo constructions. One key step of 
DEM is the implementation of the initial packing of object such like silo or box. Traditionally, 
particles are represented by spheres, while just few algorithms consider the packing of 
ellipsoid, a more general shape of particle representation.  

As mentioned above, few types of algorithm have been invented to generate packing of 
spheres. One of them is dedicated to large scale simulations [2, 9]. It uses tetrahedral meshes, 
which can be generated by various software:Ghs3D, Gmsh or Netgen. This algorithm 
considers putting spheres at vertices and the middle of the segments connecting them. Then in 
the center of the tetrahedral meshes both: the position and the size of spheres are randomly 
calculated while making sure that all spheres have at most one contact point with adjacent 
spheres. Another known solution is to generate randomly sphere packing in the space [6]. 
When the particles fill the space enough, a so-called compression step starts. It consists of 
moving each particle to contact with others within given space boundaries. Yet another 
method is the of division the modeled shape to smallest problems and hence decrease areas, 
which will be filled with material [3]. When this step ended then started generating particle. 
Finally this process ends when the smallest problems are cloned to the original shape and 
hence all the modeled body is filled with the material. In addition to the above algorithms 
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there arethe basic methods [12] of packing shapes with particles as well, They are called Face 
Centered Cubic (FCC) and Hexagonal Close Packing (HCP). 

The challenge of generating elliptical particle packing is different from known methods, 
because it uses computation of the contact between each object. However some algorithms use 
the tetrahedral meshes to set the position of ellipsoid and others have packed spheres in the 
standard FCC configurations before replacing the spheres with ellipses [1]. What is more, 
there is an evidence that DEM software can manage the packing of both types of shapes in the 
same space. For instance, the software packages which are considered in this paper to prepare 
the  simulations, i.e.Yade [3] or WooDEM, do not include any algorithm to generate mixed 
materials with different geometrical properties (for example mixing spheres with ellipses). 

The two software packages mentioned above use DEM to compute the motion and physical 
properties of each particle and their behaviors in different environments. They also integrate 
finite element method (FEM) to compute the structural strength or surface tension of object, 
as well as other physical properties. These DEM environments also consider the spherical 
mathematical model of object connection as a standard. In order to process objects with 
different shapes, this standard needs to be changed. Therefore, the purpose of this paper is to 
present a new mathematical approach that treats the contact of ellipsoid shapes with different 
aspect ratios in arbitrary packing. This extends the spherical model to be a more general case. 
Because this extension requires significant computational effort, the paper also discusses the 
strategy to accelerate data processing by using multiprocessor or GPU programming. 

2. Mathematical equations 

2.1. Detecting collision 
 
An ellipsoid is an object which represents a geometric shape. This particle shape could be 

mathematically described by the following equation: 
𝑥2

𝑎2
+ 𝑦2

𝑏2
+ 𝑧2

𝑐2
= 1        (1) 

where a,b and c are the principal semi-axes, and a>b>c. 
Before checking that two ellipsoids have a contact point or are overlapped, one should 

prepare the equations for these two shapes in their canonical forms and define the matrices of 
positions and rotation for these two particles [10, 11, 8]. To detect the collision and 
intersection points between the two particles, one must solve the monic form of the 
characteristic polynomial [11] of two matrices which describe ellipsoids A and B defined by: 

𝑓(𝜆) = det (𝜆𝐴 + 𝐵)      (2) 
This equation has degree 4 and after normalization the 𝑓(𝜆) 𝑙𝑜𝑜𝑘𝑠 𝑙𝑖𝑘𝑒 𝑡ℎ𝑖𝑠: 

𝑓(𝜆) =  𝜆4 + 𝑎𝜆3 + 𝑏𝜆2 + 𝑐𝜆 + 𝑑     (3) 
where 𝑎, 𝑏, 𝑐,𝑑 ∈  ℝ. 
The roots never have accepted 0 as a result.  The vector have had values of roots and 

inform us about position between two particles. Two shapes for example ellipsoid and sphere 
are overlapped when in results are not had a positive roots. Otherwise this two particles are 
separated or was in touch. 



 
 

368 
 

2.2. Moveing particle 
When it is detected that two ellipsoids are overlapped, the next step searches for the point 

on the surface of the other adjacent ellipsoids A(xa,ya,za) and B(xb,yb,zb) which are connected 
with the centroid of each shape [4, 5, 7], as it is illustrated in Figure 1. To find the new 
position of point A the following expression is used. 

�
𝑋𝐴′
𝑌𝐴′
𝑍𝐴′

� = �
𝑋𝐶𝐸
𝑌𝐶𝐸
𝑍𝐶𝐸

� + 𝑅 �
𝑋𝐴
𝑌𝐴
𝑍𝐴
�     (4) 

 

Figure 1:  Simple schema of moving of  two ellipsoids a) articles before rotation, b) and after rotation 

where R is the rotation matrix and and CE. is the centroid of ellipse E (see Figure 1). The 
same method is used to calculate coordinates of point B. Vector 𝑨𝑩������⃗  is then calculated and 
used to move generated particle. It helped to separate objects and to assure that two material is 
notoverlapping in the simulation.  

3. Algorithm 
Some algorithms only generate spherical or ellipsoidal shapes of particle. The proposed 

algorithm computes a mixed packing that consists of these two types of shape. Granular 
materials are generating randomly, which causes this unique arrangement. 

The particles are generated by the algorithm when users given basic parameters such as: 
the object to be filled (e.g. silo structure), the radius of the mono dispersed sphere and the 
semi axes of mono dispersed ellipsoid. Additional parameters such as: the percentage of the 
ratio between this two shapes, material properties and colour for recognize two different types 
of particle are accepted.  

The flow chart of the algorithm is proposed in Figure 2. In the first step the main prism are 
calculated by the algorithm. This shape define the size of object which was being filled with 
material. . The subproblems are created from the orginal size of the main prism by the division 
to smallest one. Because this process are working on the three dimensional object, usually is 
corresponding to horizontal layers.. In this case the dimension of subproblem are calculated 
and is related to height the main object and the radius of sphere. Final of this value is two 
times of sphere radius. .  When the problem is too small and there is no possibility to split it, 
the algorithm computes the original state. Two subproblems, which are connected 
together,have had the same boundary. On this plane the particle that in the end of process was 
saved in database can be generate. This process will used multiprocessors or GPU, because 
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the multitasking is the best way to compute the same problem in parallel. This method gives 
faster results, and the calculation platform uses all the computing power than the traditional 
way of serializable computation on one processor. In standard packages for example 
WooDem have had the methods to parallel computing. However  this problem could be 
divided to subproblems and each boundary in the first step was computed by the same parallel 
process. In results are got the layers that was filled with materials. After that the parameters of 
each particle were saved on the same database . Naturally, the main process controls all 
subprocesses and waits for signal to carry out calculation tasks. When particles are generated 
at the top or bottom boundary, then the signal is sent to the main process to start computing – 
generating a sub process for top or bottom area. These two tasks can be started, 

 

Figure 2: Schema of the algorithm to generate material on a shape 
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because they have one boundary in common with other subproblems (horizontal layers). 
Other subprocesses have two boundaries and to start the entire calculation the algorithm must 
know that all data have been saved on the database. The ellipsoids and spheres that was 
generated by algorithm, are saved in database. This place where was stored the information 
about particles is been one for two steps – generating on boundary and in area.  The main 
process are received all signals from tasks. After that the last stage was started. It consists in 
reading all particles from database and checking which spheres or ellipsoids are located in the 
processed area. The object to be filled can be of any shape, e.g. hyperboloid, a square or a 
prism. In this research work, the prism shape has been used. It corresponds to a silo with flat 
edges. Naturaly, an algorithm checks if each sphere or ellipsoid stored in database has 
Cartesian coordinates that define in the object domain. When the computational process ends, 
the next step adds the matched materials to the simulation. 

The process of filling the material consists in randomly generating the centroids of the 
spheres and ellipsoids, and the rotation matrix for ellipsoids. The rotation of each ellipsoid is 
described by the quaternion equation. This method is more natural to describe rotation in 
simulation. Compared to Euler equations, this solution gives simple composition and good 
efficiency. The percentage of ratio between two different types of particle is accepted by the 
algorithm. It is important for the user to know in advance which shapes are in larger amount. 
The materials are generated in a loop and for each iteration is calculated the ratio. This 
parameters is decided  which type of particles must be created. When all data are generated by 
the algorithm, next step is to checked  if no collision between particles occurs. The ellipsoid or 
sphere are moved or rotated in such a way that the problem is resolved, after that the 
algorithm is detected the overlap between this shape to other.   

4. Conclusion 
The state-of-the-art methods and algorithms for generating particle packing model do not 

give capabilities to mix particles with different shapes. The proposed algorithm allows to 
generate distribution of particles with ellipsoidal and spherical shapes and also to accelerate 
the computation. In order to prepare the particle shape distribution it is necessary to solve the 
collisions and particle overlapping problems. This task needs high computing power. The 
implementation of the proposed algorithm bases on parallel computing and significantly 
reduces computation time. This is crucial for further effective investigation of flow 
simulations. The proposed algorithm needs improvements in order to prepare simulations not 
only for different particle shapes, but also for different materials properties. Moreover, a next 
step of the algorithm should allow to prepare the packing of particles with irregular shape in 
defined space. Such solution will lead to modelling of the real shape of particles in DEM 
calculations. 
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Fuzzy logic toolkit for MCU development boards
and Arduino-like programming environments:

design and evaluation

The paper describes a new toolkit for implementation of fuzzy controllers and infer-
encing systems in Arduino-like boards and programming environments. An original
solution has been included to accelerate some of the computation steps. The toolkit
was tested with Arduino Uno (AVR) and TI Launpad (MSP430) boards. Prototyping
boards with 8-bits and 16-bits, small, cheap MCUs have become very popular. The
current, rapid development of modern computational intelligence and soft computing
methods leads to attempts to implement them in a small MCU. One of the method is
fuzzy logic, which is nowadays well known and validated in many applications, where
traditional algorithms and control methods are less effective.

1. Introduction
At present, there are many microcontrollers (MCUs) prototyping boards available. The best

known, Arduino [10] is popular among hobby electronics, but it also enters into academic ap-
plications. An easy and affordable programming environment and a large number of additional
libraries available make that solution often chosen as a controller of a variety of devices, and
even laboratory stations at universities [1].

The current, rapid development of modern computational intelligence methods leads to at-
tempts to implement them in a small MCUs. Possible methods include: inference systems and
controllers based on fuzzy logic, simple classifiers based on neural networks, regression-based
learning algorithms, etc. The computing power seems sufficient enough for those applications.
Unfortunately, there are currently no tools and libraries to support and accelerate this process.
Each time is needed to write a specific code for the particular application. It would be very
beneficial to use a library facilitating the transfer of a mathematical model based on the afore-
mentioned methods into the source code. It would be useful to be able to use a description using
one of the languages used for fuzzy logic, such as the FCL language described in the standard
IEC 61131-7 [24] or the FIS file type used by the Matlab’s Fuzzy Toolkit [14]. Such a solution
is described in the next parts of this paper.

2. Problem definition
As mentioned above, fuzzy logic is quite well known, bringing measurable effects. Today,

there are many tools available to enable its practical use in industrial and scientific applications.
To simulate a system model and creating a rule base, the most popular Matlab/Simulink with
the Fuzzy Toolkit [14] can be used. Other software are also available, including programs under
open source license: Octave with Fuzzy Toolkit [15], R with FuzzyR [16], FISPRO [19] and

1M.Sc., PhD student at Lodz University of Technology, Department of Electrical Apparatus, Stefanowskiego
St. 18/22, 90-924 Lodz, POLAND, tel. +42 631 27 72, e-mail: adrian.chojecki@p.lodz.pl
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FISDET [20], described in [2] with interesting case of use. Also a fis2fcl [21] tool may be
useful.

The implementation of the developed fuzzy systems can be done e. g. by the automatic
source code generation with Matlab/Simulink, also a number of libraries are available to facil-
itate this task: AwiFuzz [11], fuzzyTech [18], FuzzyLite [17], jFuzzyLogic [25]. However, most
of these libraries are intended for use on x86 architecture, with Windows or Linux. Admittedly,
some of these tools are able to generate the code in C/C++ on the basis of the FCL description,
but it is not suitable for direct deployment to MCUs. The author managed to find a eFLL [12]
library for built-in systems, such as Arduino, but this tool is unable to load rules from the FCL
file. So far, only min as t-norm, max as s-norm operator and only one method for defuzzifi-
cation: center of area have been implemented. The utility is available under CC BY-ND 3.0
license, which unfortunately, despite the availability of source code, limits the possibility of its
modification and further code sharing.

This toolkit was created during the author’s work on a dissertation related to smart build-
ings. The fuzzy logic based system has proved itself very well when controlling the energy flow
between the renewable energy source and the energy storage, taking into account price condi-
tions and internal climate control. Unfortunately, initially the code was implemented directly
in Arduino IDE, which made the changes difficult and very laborious. A large part had to be
rewritten each time.

3. Fuzzy Logic Principles
Fuzzy logic is a multi-valued logic, which is a generalization of the classical Boolean logic.

The concept of fuzzy sets was introduced by L. Zadeh [9], although as a precursor of a similar
approach we may consider a Pole, Jan Łukasiewicz, and his three-valued logic [6].

Application of the fuzzy logic gives an ability to easily describe the processes and phe-
nomena for which there are no strict mathematical models or on the basis of survey data it is
impossible to accurately determine their status. As well, many systems can be easily described
using natural language.

The practical use of the fuzzy logic principles to build FLCs (Fuzzy Logic Controllers) and
decision-making blocks, as shown in Figure 1 consists of three basic steps [5, 7]: fuzzification,
inference process and defuzzification.

The FLC can be connected in the same way as the standard controller in the feedback loop
[7], as shown in Figure 2. The FLC can have MIMO, MISO, SIMO, SISO structure, so the
number of inputs and outputs is not indicated in that figure.

Figure 1: Block diagram of FLS (Fuzzy Logic System) Figure 2: FLS as a closed loop controller
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4. The toolkit

4.1. Embedded part

Programming environment for tested MCUs boards (Arduino [10], Energia [13]) use open
source gcc compiler [22]: avr-gcc for Arduino and msp430-gcc for Launchpad. Those compiler
forks support C and C++ languages, unfortunately not all functionalities are fully supported
(only up to the C++ 11), but basic features for OOP (Object Oriented Programming) are possible
to use. Therefore, was decided on an OOP approach. The class diagram was shown in Figure 3.
The Fuzzy class is the main class that should be created in the Arduino sketch. It provides a basic
interface consisting of three methods, directly corresponding to the steps shown in Figure 1. In
the remaining classes, all parameters are initialized by default in source code based on the FCL
description. Due to the limitations, it was decided to use arrays and basic data types. Fixed
point types are used. A dedicated solution has been used to accelerate the multiplication based
on a look-up table and use in some cases bit shifts instead of multiplication, which using much
less MCU cycles.

Figure 3: Class diagram

Some sample code pieces demonstrating the way of converting the FCL description (for the
pendulum model described in the section 5.2.) into C/C++ code was shown in Figure 4. In this
example, the variables are mapped to fixed point types, by default with bit size in accordance
with microcontroller architecture (Arduino AVR – 8 bit, Launchpad MSP430 – 16 bit). There
is a possibility of change the bit size by the user, maximum supported variables are 32-bit
integers. Field names in classes available from the Arduino IDE level (Fuzzy – see Figure 3) are
substituted in accordance with the FCL description. Not all names are substituted, it is assumed
that the user will not edit the generated C/C++ code in order to make changes, but the FCL
file and re-configured and re-generated the code with fuzzyCFG.py. The degree of membership
during fuzzification process is determined with conditional statements and a set of segments of
linear functions composing the shape of a given fuzzy set. Additional details can be also found
in Figure 4. By default, a multiplication operation is used, but as mentioned previously, the
author has also tested the use of bit shifting operations and look-up tables. For the Arduino
and a controller for time-critical applications, with a small number of inputs/outputs (memory
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Figure 4: Example of C++ code parts generated based on FCL description and examples of computation methods

limitations for look-up tables case), these techniques allow for a significant acceleration of
computation time.

4.2. Python part

The part responsible for automatic code generation is the script fuzzyCFG written in Python.
After loading the FCL system description, it allows configurations of some parameters. Param-
eters such as the shapes of the membership functions or data types are included according to
the FCL [24] file standard, but configurability allows the use of FCLs, e. g. prepared for PLCs,
without the need for editing. The script works in console mode, has a simple menu created
using the ncurses [23] library. Flowchart of fuzzyCFG.py is shown in Figure 5. In the first step
(see left part of the Figure 5 - Steps 1,2), the user, having a prepared FCL file, loads it. The
integrity of the file is verified and some parameters can be set. After selecting a board type, the
source code generation begins. The developed script loads the subsequent parts of the FCL file
corresponding to each stage of fuzzy control process (see right part of the Figure 5 - Step 3)
and fills in the prepared templates of classes (Figure 3). For Python, a Codegen [26] package
is available to facilitate automatic code generation, but in this solution it was not used because
it did not have all the required functionality and a large part of the code was already prepared
by author and rewriting it to use CodeGen was unnecessary. The result of this process is set of
four files that should be copied to the Arduino sketch folder and Fuzzy.h should be included in
main project file, the remaining files are linked together.

5. Verification and Results

5.1. Tip amount problem

The amount of tip depending on the quality of service and food is one example where the
principles of fuzzy logic can be applied. The authors of the jFuzzyLogic [4, 25] have prepared
a FCL file to solve this problem. This was considered an appropriate test case to help with the
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Figure 5: The workflow during the use of the toolkit

first verification. Results were convergent, average error for the same input data was 2.8 %.
This discrepancy was probably due to the use of a integer types, where in jFuzzyLogic floating
point types were used.

5.2. Inverted pendulum

Using the state space method, inverted pendulum simulations were prepared in the Process-
ing [27]. For easy verification of the result, model and parameters presented in [8] has been
used. The developed FLC had a MISO topology (Figure 6): position and angle were used as
input signals, while the output signal was the force applied to the pendulum’s cart. The rule base
contains 25 rules. The communication between the controller and the object took place through
a serial port, both for the MCUs boards and the PLC. The PLC Allen Bradley CompactLogix
L3x (1769) with PID algorithm was used as reference. The view of the test stand is shown in
Figure 7. An example step responses (angle) was presented in Figure 8.

376



Figure 6: A schematic of the test system

Figure 7: View of the test stand:
a) reference PLC controller
b) tested boards
c) inverted pendulum simulation on PC

Figure 8: Step responses for inverted pendulum system

5.3. Energy management in smart buildings

It was the primary issue for whose work this toolkit was created. The system has 6 analog
inputs, including: power consumption, state of charge, temperatures, etc. and 8 binary inputs
for presence sensors and buttons. The rule base contains 31 rules, uses min, max operators. The
membership functions are triangular and trapezoidal and defuzzification are performed using
the first maximum method. It was also possible to create a cascade controller by creating more
than one Fuzzy class instances. This system is the topic of author’s possible future publication.

6. Conclusions and future work
Three test cases were used to check the results. The first one was used to validate the cor-

rectness of the implementation, the second one was well known in control engineering, time
critical object which allows verification of the possibility of building a FLC, while the third one
was a fuzzy inference system designed for energy management in smart buildings. In tested
cases, the described library was working properly. It is suitable for both the inferencing sys-
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Table 1: Features at current stages of development

Input file format: FCL
Output file format: CPP, H
Membership function’s shapes: triangle, trapezoidal, singleton
T-norm operators: min, product, drastic
S-norm operators: max, probabilistic sum, drastic
Defuzzification methods: maximum(first, center, last); singletons; CoA (Center of Area)

tems and fuzzy controllers, where computation time is critical. The advantage of this solution
is the possibility of quick implementation of the FCL system description. A potential limitation
is only the memory size of the used MCU and the computation time, which is dependent on the
number of rules and shapes of membership function.

For the aforementioned application in smart buildings, due to the large number of input–
outputs signals and longer computation times, attention should be paid to reliability and ro-
bustness. A hardware watchdog clock [28], available in both tested boards can be used for this
purpose. However, such functionalities will not be added to the described library, because it
focuses only on fuzzy logic, but it can be implemented in the microcontroller program using the
library.

Unfortunately, at the current stage of the development only two boards were tested: Arduino
Uno and TI Lauchpad G2. The automatically generated code differs by some optimization
aspects depending on the MCU utilized.

A further development of the library is planned. After resolving some legal issues and se-
lection of the license, the author will make it available under open source (probably by the end
of 2017). Presently, fine-tuning of the source code is underway and investigations are being
performed to determine the time of execution in relation to the data types used, the member-
ship functions shapes, the number of rules. A comparative analysis with an industrial fuzzy
controller, taking into account the methods developed for accelerating calculations, will be the
topic of another publication. The current features (Table 1) support type-1 fuzzy logic, and
perhaps in the future an attempt will also be made to implement type 2 fuzzy logic [3] or simple
neuro-fuzzy [5] algorithms.
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Generative network input shaping for controlling
visual object rendition in Adversarial Networks

To generate instances of learned classes by means of Generative Adversarial Networks
- one of the recent developments in deep learning, one needs to identify appropriate
distributions of input noise that drive the rendition process. The paper proposes a
method for derivation of such distributions. We propose to build the considered vec-
tors as a result of minimizing the Kullback-Leibler divergence over a set of inputs that
correspond to manually selected class representatives. It has been shown that the pro-
posed approach is superior with respect to other possible strategies in terms of not only
subjective assessment, but also in terms of quantitative measures (Hausdorff distance
was used as an assessment criterion).

1. Introduction
Generative Adversarial Networks (GANs) [1] are capable of learning raw representations of

concepts (e.g. of visual object categories), so they can be used to generate class instances, which
are distinct from any of known training examples. Feasibility of creating artificial objects can be
extremely attractive from the point of view of several application fields, such as Virtual Reality
(to populate virtual environments), movies and computer gaming (to render virtual scenes or
actors) or forensics (e.g. to render portraits of wanted criminals). Concept learning by GAN is
stimulated by various random distributions that are fed as inputs to the generative component
of the network. As a result, a specific learned category can be retrieved by applying a specific
distribution of inputs to a trained GAN. A simplistic approach to enable control over generation
of output categories would be to analyze a large volume of input-output mappings and manually
select an input that produces the ’best’ outcome. However, since only a single, subjectively
chosen instance is used to represent a class, one cannot assure reasonable rendition results for
distorted input distributions, which have to be applied if an ultimate goals of generative models
- generation of diverse class instances - is to be attained.

The presented paper proposes another approach for constructing input distributions that in-
duce generation of specific category objects and that enable concept generalization, i.e. provide
generation of plausible class instances for distorted outputs. This is accomplished by consid-
ering sets of manually selected input-output mappings for each category. Having several input
distributions that map to some particular output category, a prototype for this category can be
derived. We consider two different methods for aggregating information embedded in input
vector distributions. The first one is simple averaging, whereas the second one is derivation of
a distribution that minimizes Kullback-Leibler (KL) [3] divergence over the considered input
set. We show that the latter approach is superior both in terms of subjective assessment and in
terms of the adopted quantitative criterion. The criterion we use is maximization of the Haus-
dorff distance between the prototype and input set members, which quantifies how large is the
margin between the adopted solution and boundaries of a region populated by samples from the
considered category.
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A structure of the paper is the following: after a brief review of the related concepts, we
present details of the proposed method and provide its experimental evaluation, based on MNIST
digits database [4].

2. Generative Adversarial Networks
The primary objective of introducing Generative Adversarial Networks was to deliver a tool

for visual object classification that is superior with respect to Deep Convolutional Neural Net-
works [5] [6]. The idea of the concept was to introduce a mechanism of competition between
genuine and fake inputs that gradually refines network’s intrinsic category models in response
to increasing plausibility of artificially rendered objects.

GANs, of general architecture depicted in Fig.1, are composed of two functional units: a
discriminative network, which attempts to learn to distinguish between genuine and fake inputs,
and a generative network, which attempts to improve in mimicking the genuine inputs.

Figure 1: An architecture of Generative Adversarial Networks.

GAN training attempts to find parameters of both of its components, so that they satisfy the
following min-max criterion:

J(θG,θD) = min
θG

max
θD

(Ep(I)(log(D(I))+Ep(n)(log(1−D(G(n))))

Parameters of the discriminative network (θD) are to provide maximization of the cross-entropy
over outputs, generated by a discriminative component (D) fed with input images I of some
distribution p(I), and cross-entropy over fake inputs generated by a generative network (G), fed
with input noise n of some distribution p(n). Parameters of the generative network (θG) are
supposed to minimize this quantity.

The original GAN concept assumed that the fully-connected feedforward-only, multiple-
layer neural nets were used both as the discriminative and the generative components. This has
been extended to the Deep Convolutional GAN (DCGAN) [6] paradigm, where significantly
more complex architectures for both components were introduced.

3. Derivation of class prototypes for GAN
In the course of GAN training, the generative network learns to transform its random input

distributions into objects that attempt to match instances of genuine categories that are provided
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to the discriminator. After completion of this process, the generator can render objects of differ-
ent appearance, some of which belong to the learned categories, depending on a particular form
of input. Distributions that result in generation of some desired outcome need to be determined
experimentally, by feeding the generator with diverse input vectors.

To enable generation of objects of a specific category one needs to identify a distribution,
which provides a required input-output mapping. In addition to that, this distribution should
become a basis for generating also different instances of the same class. To accomplish this
goal, the distribution should be derived in a careful way, rather than selected randomly from
a set of acceptable candidates. A procedure that is proposed, adopts this strategy: we derive
a distribution that would become a class prototype from a set of input vectors, which provide
correct input-output mappings. Two different methods for input data aggregation have been
considered. The first one is simple averaging of distributions, yielding for a given class i,
represented by a set of input vectors xi

j, j = 1...ni, the mean class prototype (zM
i ):

zM
i =

1
ni

ni

∑
j=1

xi
j (1)

The second method that we examine is to derive a vector that minimizes an average Kullback-
Leibler (KL) divergence over training examples for a given class. Divergence between a d-
element vector zd×1 that is to be determined, and some xi

j-th element of a set, which comprises
input vectors that produce i-th class objects, is given by:

KL j(z,xi
j) =

1
d

d

∑
k=1

p(zk)log

(
p(zk)

p(xi
j,k)

)
, (2)

A Kullback-Leibler prototype for representing objects of some i-th class is a vector that
minimizes average KL divergence over all input vectors for that class:

zKL
i = argmin

z

1
ni

ni

∑
j=1

KL j(z,xi
j) (3)

To compare the two derived prototypes, a Hausdorff distance dH is used. Hausdorff distance
from a set A to a set B is defined as:

dH(A ,B) = max min
z∈A ,x∈B

d(z,x) (4)

where d(..) is the Euclidean distance between points. In the considered case, we evaluate
Hausdorff distance between a set of all input vectors that generate objects of a given class
(A = {xi

1, ...x
i
ni
}) and a single-element set, containing the derived input prototype vector (ei-

ther the mean prototype zM
i or the KL prototype zKL

i ). As the prototype vectors reside within a
region occupied by input vectors xi

j, Hausdorff distance measures the maximum margin from
the prototype to the most distance point on a class boundary. Therefore, calculating Hausdorff
distance to k farthest class points evaluates how far the prototype is from the boundary, which
can be viewed as a measure of its robustness.
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4. Experimental verification of the concept
Handwritten digits MNIST database [4] has been used as a source of data for evaluation of

the proposed concept. A DCGAN implemented using TensorFlow library [2] has been used for
learning ten different categories of data (digits). We assumed short, five-element input noise
vectors that drive the generative network (d = 5). After DCGAN have been trained, a set of
input-output mappings have been generated to enable manual selection of ’correct’ mappings,
which would form a basis for derivation of ten different input prototype distributions. Sample
sets illustrating mixed, correct and incorrect renditions made by the trained DCGAN network,
have been shown in Fig. 2.

Figure 2: Sample images generated by the DCGAN: random mappings (left), mappings considered to be correct
(middle) and incorrect (right).

Having collected input vector sets for all ten digits, the aggregated prototypes defined by
equations (1) and (3) were derived. As it can be seen from Fig. 3, a general composition of
vectors is similar, although exact values of components are different.

Figure 3: Prototypes derived for all ten digit classes using simple averaging (top) and using mean KL distance
minimization (bottom).

Digits generated by the derived prototypes have been shown in Fig.4. One can observe that
differences between mean and KL prototype components, albeit small, are sufficient to result
in generation of diverse outputs. The main observation from the presented rendition results is
that digits produced using KL-derived vectors are qualitatively better than the ones produced
using simple averaging. In particular, ’zero’, ’three’ and ’four’ produced by the KL-derived pro-
totypes are of clearly better quality than their Mean-prototype generated counterparts. These
qualitative observations are supported with Hausdorff distance measurements, presented in Ta-
ble 1. Hausdorff distances were calculated for up to rank-3 (to the third most distant sample)
and were summarized by a mean of the corresponding scores. It can be seen that prototypes
generated by KL divergence minimization are in all cases superior to the prototypes produced
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Table 1: Hausdorff distances for the prototypes derived based on KL-distance minimization (KL) and based on
simple averaging (M). R1, R2 and R3 denote rank-one, rank-two and rank-three distances, respectively.

Digit KL M
R1 R2 R3 Average R1 R2 R3 Average

0 1.5533 1.4408 1.2270 1.4053 1.4716 1.3319 1.2269 1.3435
1 1.1260 1.0116 0.9388 1.0459 1.1030 1.0715 0.9388 1.0378
2 1.0309 0.5832 • 0.8070 0.9921 0.5270 • 0.7595
3 1.0947 1.0061 0.8790 1.0072 1.0610 1.0399 0.8790 0.9933
4 1.2630 1.1732 0.9234 1.1193 1.2055 1.0242 0.9234 1.0510
5 1.0584 0.8541 0.7994 0.8871 0.9921 0.8637 0.7994 0.8850
6 1.2529 1.0183 0.9016 1.0511 1.0014 0.9764 0.9016 0.9598
7 1.2549 0.5557 • 0.9053 1.3136 0.6546 • 0.9841
8 0.8527 0.8187 0.6729 0.7675 0.8467 0.7600 0.6729 0.7599
9 1.2799 0.9807 0.9051 1.0710 1.3860 0.9056 0.9051 1.0656

by averaging. It follows that these prototypes should be more robust to distortions, enabling
generation of a wide variety of correct class instances.

Figure 4: Digits produced by the generative network fed with KL-derived prototype input vectors (top) and with
mean prototype vectors (bottom).

To verify robustness of the two considered prototypes to random distortions, a set of digit
generation experiments was made. Random noise of magnitude increasing from 1% to 50%
of the input dynamic range was added to both prototypes and the corresponding generation
outcome was recorded. Results are summarized in Fig. 5.

5. Remarks and conclusion
The proposed methodology for derivation of input distributions that are used by generative

component of Deep Convolutional Adversarial Generative Networks for generating specific cat-
egory images proved to produce correct results. Of the two particular strategies for the prototype
vector derivation: simple averaging of samples and optimization with Kullback-Leibler diver-
gence criterion, the latter one proved to be superior. KL-derived prototypes have been shown
to provide better representation of a class both in terms of subjective criteria and in terms of
objective evaluation. Moreover, it has been shown that the derived KL-based prototypes are
actually robust to severe random distortions, enabling correct rendition of underlying concepts.
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Figure 5: Generation of selected digits from distorted prototype vectors: derived using KL-procedure (odd rows)
and using Mean-values (even rows). Noise level increases rightwards.

One needs to note though, that the results are preliminary and they need to be thoroughly veri-
fied using other datasets. Also, several details of the procedure, such as e.g. its performance on
multimodal categories, need further careful evaluation.
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