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Preface

The ICT Innovations conference is a framework where academics, professionals,
and practitioners interact and share their latest results and interests related to
basic and applied research in ICT. The conference is organized by the Association
for Information and Communication Technologies (ICT-ACT), which supports
the development of information and communication technologies in Macedonia,
the Balkan region and beyond.

The 7th ICT Innovations 2015 conference gathered 316 authors from 36 coun-
tries reporting their scienti�c work and novel solutions. Only 26 papers were
selected for publication in Advances in Intelligent Systems and Computing, Vol-
ume 399 by Springer. Additional 32 short papers were selected for presentation
on the conference and for publication in the conference web proceedings. Sixteen
submissions of preliminary results and work in progress were also accepted as
poster presentations.

Four keynote lectures were conducted at the ICT Innovations 2015. Four
Workshops were part of the conference activities: ELEMENT-2015 - Interna-
tional Workshop on Enhanced Living EnvironMENTs, COHEAT-2015 - Inter-
national Workshop on Connected Health Technologies, International workshop
on NATO mutli-year science for pease project EAP.SFPP 987453 - "SIARS
(SMART I (EYE) ADVISORY RESCUE SYSTEM)", and User Needs in ICT
Research with a Focus on Health Aspects.

ICT Innovations 2015 was held in Ohrid, Macedonia during October 1-4,
2015. The special conference topic was "Emerging Technologies for Better Liv-
ing". The conference gave an overview of the emerging technologies, systems, ap-
plications, and standardization activities for better living, and identi�ed their op-
portunities and challenges. The conference also focused on variety of ICT �elds:
Enhanced living environments, Data Mining & Information Retrieval, Bioin-
formatics & Biomedical Engineering, Connected Health Technologies, Digital
Signal & Image Processing, Articial Intelligence, Internet & Web Applications,
Distributed & Parallel Processing, Internet of things, Robotics & Automation,
Pattern Recognition, Assistive technologies, Ehealth, Context-aware Systems,
Pervasive Technologies, Ambient Intelligence, Ubiquitous Computing, Embed-
ded Systems, Innovative Media and Tools.

We would like to express sincere gratitude to the authors for submitting
their contributions to this conference and to the reviewers for sharing their ex-
perience in the selection process. Special thanks to Katarina Trojacanec, Ivan
Kitanovski, Monika Simjanoska and Bojana Koteska for their technical support
in the preparation of the conference proceedings.

Ohrid, Suzana Loshkovska
September 2015 Saso Koceski

Chairs of the ICT Innovations 2015 conference
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Computer Sign Language Interpreter Design 

Mikhail Grif, Yulia Manueva, Andrey Kozlov, Natalie Ganelina and Evgeniy Tsoy 

Novosibirsk State Technical University, Novosibirsk, Russia 

 
Abstract. Present systems for computer sign language translation are consid-
ered in the article, their advantages and disadvantages are identified. The gen-
eral case of translation (from sounding Russian into Russian sign language and 
vice versa) is discussed. A new method for constructing a semantic unit for 
computer sign language interpretation is proposed. Lexical meanings of words 
are defined to match the correspondence "word-gesture". For each word certain 
lexical meaning from a set of alternatives based on the semantic analysis algo-
rithm is confirmed. Semantic analysis algorithms for simple sentences are de-
veloped and introduced. A new method for translating Russian text into Russian 
sign language based on a comparison of syntactic structures is proposed. Spe-
cial library to determine syntax constructions is developed. Present hardware 
and software to design the architecture of the prospective system for gesture 
recognition are considered. 
Keywords: Russian sign language, computer sign language interpretation, se-
mantic analysis, syntax constructions, sign language recognition tools. 
 

 1 Introduction 

According to the Ministry of Public Health of Russian Federation a number of hard of 
hearing or deaf people in Russia is increasing every day and now is about 13 millions. 
It means that nearly every tenth person has different problems with hearing. A special 
sign language as well as certain schools, associations help such people in social reha-
bilitation [1]. Hard of hearing people in Russia are welcome to use a human sign lan-
guage interpreter provided by the government for free, and amount of the service is 40 
hours per year [4]. Obviously, it is not enough. Therefore multimedia computer sys-
tems to interpret speech into sign language and vice versa are of great interest and 
need. Fundamental parameters of sign languages are similar to sounding ones though 
sign languages use visual and kinetic ways instead of sound for information transfer. 
This allows to consider sign languages as natural human languages and analyze them 
by tools and concepts developed for and based on sounding languages [2].  

Let's consider diachronic aspects of computer sign language interpretation systems 
evolution, review each of systems and define its highs and lows. Zardos is a system 
for translating English into sign language by interlingua - intermediate language. The 
advantage of applying logical propositions and named slots allows to obtain semantic 
information easily by common sense and other reasoning system components. Due to 
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the system complexity it can be applied to the limited areas. Zardos infrastructure is 
introduced currently at parsing, interlingua, generating and component animation. The 
research now is focused on universal grammar design, morphology and lexicon for 
Irish sign language [4]. 

TEAM (TranslationfromEnglishtoASLbyMachine) is a system for machine transla-
tion form English to American sign language. Translating in TEAM includes two 
stages. The first one is translating an input sentence from English to intermediate 
representation taking into account syntactical, grammatical and morphological infor-
mation. At the second stage the intermediate representation is displayed as a motion 
with a few parameters, which further are transformed into a big set of parameters 
controlling a human model presenting gestures. System flexibility makes it possible to 
modify the system for other sign languages [5]. 

ViSiCAST project is a lite system recording gestures and motions of a human sign 
language interpreter. Then coordinates of an interpreter's hands are analyzed to 
achieve a realistic avatar. ViSiCAST has innovations of two kinds: «BAF» format for 
a simplified system based on motion capture and SiGML - Signing Gesture Markup 
Language for the recorded animation transfer based on a gesture mark [6]. 

None of foreign systems can process voice input. It is a significant disadvantage 
for the systems developed for oral interpretation. Sign languages use spatial infor-
mation around a speaker and this differs them from sounding languages. Therefore 
such a system should take into account specific character of sign language. The spe-
cifics of gesture presentation is included only in TEAM. Morphological and syntacti-
cal information is not enough to make a high-quality translation. Zardos tries to con-
sider a semantic part of sign language. Translating by ViSiCAST involves a human 
interpreter and this is the main disadvantage of the system. All the systems mentioned 
above use an avatar to show gestures. The most realistic avatar is only in ViSiCAST. 
Semantic component of sounding and sign languages is not implied in any of the sys-
tems discussed which can be considered as the main demerit of them. Taking into 
account semantic component in translating is a big advantage for a system. Transla-
tion quality improves significantly by this component. For the best result it is neces-
sary to consider specifics in semantics both of input and output languages. 

The purpose of the current paper is describing an approach to designing computer 
Russian sign language interpretation system based on the semantic relation dictionary 
by V.A. Tuzov, introducing algorithm for syntactical constructions comparison and 
review of present hardware and software for sign speech recognition. 

2 The general scheme of computer translation from Russian 
speech (text) to Russian sign language 

All modern computer translation systems are based on trinomial model suggested by 
Shalyapina [7]. This model consists of three subsystems: analysis of the original text, 
analysis of interlingual transformations and sign speech design. 

A computer translator should also provide: 
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1. text upload; 
2. translation results visualization; 
3. system structure flexibility and changeability (extending, vocabulary changing) [8]. 

Sign language visualization is the final stage of translation. It can be realized by 
two ways: taking photos of a person performing certain gestures which are stored at 
the system data base; designing a virtual character for gesture showing [9]. Computer 
sign language translation system includes the following modules [10]: 

1. Module for Russian sounding language recognition (RSdL). The basic version of 
the system uses Google service; 

2. Module for Russian text analysis including subsystems for morphological, syntac-
tical and semantic analysis. This module to a large extent is based on free software 
(DIALING system) [11]; 

3. Module for translating Russian text to instructions (commands) for its transfor-
mation in Russian sign language (RSL) [12]. This module uses interrelation be-
tween grammatical systems of the languages mentioned above. 

4. Module for RSL visualization based on computer model of a human interpreter 
(avatar). The avatar is controlled by the special control system based on Hamburg 
notation system [13]. 

3 Semantic analysis of Russian text 

The meaning of a unit in Russian language depends on relations between it and the 
rest of units as well as on lexical and syntactical collocation with them. Language 
units are combined into groups by common features. For example, a group named 'a 
man' can include subgroups 'relative', 'nationality', 'occupation' [14]. The problem of 
lexical ambiguity is one of the priority tasks in translating from one language to an-
other, because incorrect work of semantic module effects the meaning of the entire 
text. Homonyms and phraseological units are of special interest in this context. 

O.S. Ahmanova describes a homonym as two words or a set of words which have 
identical phonemic presentation and differ by semantics or grammar [15]. The pur-
pose of semantic analysis is to design meanings of words in sentences. To achieve this 
it is necessary to resolve lexical ambiguity (homonymity). Meanings of words are 
defined by the dictionary created by V.A. Tuzov [16]. Module for semantic analysis 
starts after morphological and syntactical analysis. The input information is a text 
formed after speech recognition. The process of semantic analysis includes two parts: 
initial analysis and semantic analysis. The first stage is based on the "Dialing machine 
translation from Russian into English" system [11]. The aim of preliminary stage is to 
get initial form of every word, morphological features and semantic relations. Seman-
tic relation is basic semantic concept in Dialing. We determine semantic relation as a 
universal connection that is implied by a native speaker in a certain context. The basic 
idea of a relation list is the possibility to define connections in the text by the suggest-
ed relations or their composition. The majority of known semantic relations are con-
sidered to be universal [17]. 
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In "Computer semantics of Russian language" by V.A. Tuzov each word is pre-
sented as a valence structure, which consists of a number of actants [16]. Each of 
actants is described by a set of parameters presented in (1): 

 },,,,,{ pmlkjii SPCMDSDBLCNA   (1) 

where iCN – class number, Ni ...1 , jBL  – basic lexeme, Mj ...1 , kSD  – semantic 
description, Pk ...1 , lMD  – morphological description, Sl ...1 , mC  – comment, 

Lm ...1 , pSP  – part of speech, Wp ...1 . 
Basic semantic information is in the class number. Additional information can also 

be included [17]. A classifier fragment is presented in the table 1. There is a number 
of words for a certain class number in the table. 

Table 1.  Classifier fragment 

Class number Class name Number of words 
$1a Noun 88 

$110 Noun. Abstract notion(AN) 4 

$1100/01 Noun. (AN) – abstract–concrete 2 

Let's consider a verb "to go" ("ехать" in Russian) as an example. Semantic de-
scription for this verb is the following (in Russian): 

1.$15402(N%~ВЕРХОМ$0(Oper01(!Им,ПОЕЗДКА$15402(ПОДАТ:НЕЧТО$1~!по
Дат,ОТКУДА:НЕЧТО$1~!Откуда,КУДА:НЕЧТО$1~!Куда,НАПРЕД:ТРАНСПО
РТ$121324(НАПРЕД:ЖИВОТНОЕ$12422~!наПред))))) {г16нН 24947} <1> 

2.N%~ПОЕЗДКА$15402(Oper01(!Им,ПОЕЗДКА$15402(ПОЧЕМУ:ПРИЧИНА$1/3
7/05\ПРИКАЗ$1526031~!Почему,ПОДАТ:НЕЧТО$1~!поДат,ОТКУДА:НЕЧТО$
1~!Откуда,КУДА:НЕЧТО$1~!Куда,ТВ:НАПРЕД:ТРАНСПОРТ$121324~!Тв\!на
Пред))) {г16нН 24947} <2> 

The abridgements above denote cases, prepositions, collocation words and other 
information according to the description notation. We can see that according to the 
semantic description the verb "to go" has two alternatives. A fixed expression "ехать 
верхом" in Russian meaning "to ride" was defined as a separate sense. 

An entry in the computer semantic dictionary includes a title word and its interpre-
tation at a semantic language. Most of words in the dictionary have several semantic 
descriptions. Among all parts of speech the most polysemantic is preposition. For 
example, the number of meanings for the preposition 'in' is 239. According to the 
semantic dictionary a data base model was designed (fig.1). 
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Fig. 1.  System data base model 

A model of semantic analysis system is presented at fig.2. The algorithm of seman-
tic analysis includes two basic stages. At the stage of preliminary processing every 
sentence of the text is analyzed word-by-word. This step results in the list of initial 
forms for words of the sentence and in their morphological features and semantic 
relations. The information achieved at the first stage is an input for the second stage. 

Fig. 2.  Semantic analysis of text 

The main task of the second stage is designing independent alternatives in words 
description and defining semantic and grammatical type of each of alternatives in-
cluded in the description. These transformations are made by several steps. At the first 
step alternative descriptions for each of words are determined. The second step in-
cludes the following auxiliary activity: all alternatives of every word are numbered 
and identified; the number of the word semantic class is indicated; all arguments of 
semantic description are removed. 

The description designed consists of a set of alternatives, each of them includes 
two basic parts: morphological part with the semantic class of a word indicated and 
semantic part. The first part of the alternative includes information about words that 
the current word can be collocated with, the second part defines the words which the 
current word can connect to itself. When assembling two constructions next to each 
other interact.  

The next stage for semantic module is phraseological units processing. Phraseolog-
ical units are defined as different alternatives in the semantic dictionary. To reduce a 
number of alternatives it is necessary to process phraseological units in the first place 
and then to remove redundant alternatives for these words. It will simplify further 
work of the module. 

Prepositions processing includes two stages. Prepositional-case collocations are 
searched in the first place. The correct choice of semantic description for a preposi-
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tion depends on the noun connected. As a result we have the only semantic descrip-
tion to every preposition. 

The further actions of the analyzer depend on the type of a sentence. We define 
two types of a sentence: the first one includes sentences with only one word having 
several alternatives, sentences with several words having a set of alternatives form the 
second one. In the first case only one word is analyzed and there is no cycles. All 
wards are divided into 4 groups: verbs, nouns, adjectives, infinitives. Analyzing de-
pends on the part of speech of the polysemantic word. Algorithms are different for 
each of cases. The second type implies a cycled analysis. Each iteration begins with 
checking a number of words with a set of alternatives. The sentence is under pro-
cessing till each of words has the only semantic description. When every word corre-
sponds to the only semantic feature a corresponding gesture is searched. Semantic 
analysis system results in the list of corresponding words and gestures. Software 
complex for semantic analysis of sentences is developed and introduced. 

4 Translating Russian text into Russian sign language based on 
comparison of syntactical constructions 

Let's consider the module for translating Russian text to Russian sign language (RSL) 
more carefully. We'll be guided at this stage by the results of linguistic research of 
Russian sign language used by deaf and hard-of-hearing citizens of Russian Federa-
tion. The results applied to developing computer sign language translator include 
peculiarities of vocabulary, word composition, morphology, syntax and semantics of 
RSL [18]. The purpose of the following syntactic and semantic transformations is to 
simplify Russian text by dividing sentences describing complicated situations into 
sequences of simple sentences. A unit which should be transformed is a sentence with 
full participle.  

Applying any of transformation rules to the original sentence results in dividing the 
sentence П into two parts that are formed further as separate sentences 1П  and 2П . 
Each of them denotes fewer number of situations than in П  and thus it is less com-
plicated than the original one ( П).  

While transforming the original sentence П  is not just divided into two parts but 
additionally modified. In particular, participle is replaced by the corresponding verb. 
Pronouns are added to denote identity of the objects mentioned.  

The СУЩПРИЧ _  (participle-noun) group consists of two parts: a noun group 
(denoted as Z ) and a fragment of the type ПРЧ  (participle), which includes a parti-

ciple agreed with the main word of the group Z .  
A noun group can be just a noun (denoted as S ) or a group of the СУЩПРИЛ _  

(adjective-noun) type. In a group of such a kind the main word is a noun also denoted 
as S . 

P  denotes full participles included in a ПРЧ (participle) fragment, which are 
agreed between each other on gender, number, time. Symbol P  denotes each of these 
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agreed participles. Transformation rules are applied to each of the participles in the 
same way. 

Transformation of the participle to the verb it was generated from is presented in 
the formula (2). 

  pVP   (2) 

where P   is a participle and  pV  is a verb. 
In case a transformation (2) is needed it is applied to both agreed participles. The 

form of the verb  pV  is identified by the type of the rule applied. Signs Z , S , P  
can be defined as a certain set of values for the indices: X - case (with standard sym-
bols: им - nominative, род  is for genitive, etc.), y– number, z  – gender, l  – per-
son, t  – tense, a– voice ( д– active, с– passive). 

atlzyPV ,,,,)(  - a function, which value is a verb that a participle ( atlzyP ,,,, ) was 
generated from; this verb has the same values of parameters atlzy ,,,,  as P. 

Applying transformation rules to a sentence П  is preceded by recognizing in 
S a certain syntactical construction including participle. So П  is divided into three 
parts: the beginning of the sentence - НП , identified syntactical construction, the end 
of the sentence - КП . In the sentence Splash of raindrops falling down to its surface 
took the hum far away (Плеск дождевых капель, ниспадавших на его 
поверхность, далеко относил гул) the ПРЧ  fragment corresponds to the part 
Splash of drops falling down to its surface (Плеск капель, ниспадавших на его 
поверхность) that follows a noun S  = drops (капель), НП  - splash (плеск), КП  - 
took the hum far away (далеко относил гул). This situation is denoted as: [ НП S
ПРЧ КП ].  

The rules can replace or delete some parts of input text as well as change a se-
quence order of text parts. The general requirements for the rules to be applied: the 
rules of this type can be applied only if the previous analysis (morphological and 
syntactical) has recognized a СУЩПРИЧ _  group and P is a full participle. This 
type of the rules includes six variants (2 rules for active participles and 4 rules for 
passive participles). Applying the rule to the sentence Splash of raindrops falling 
down to its ebullient surface took the hum far away (Плеск дождевых капель, 
ниспадавших на его поверхность, далеко относил гул) results in dividing this sen-
tence into two simple: [raindrops fell down to its surface (дождевые капли 
ниспадали на его поверхность)] [splash of these drops took the hum far away 
(плеск этих капель далеко относил гул)]. 

We should mention that it is possible to translate using basic sequence of ges-
tures in a sentence. Let's consider a software complex for computer sign language 
translating Russian text into written spoken Russian sign language [10]. Any Russian 
text (sentence) entered to the program is provided for morphological, syntactical and 
semantic analysis. Then a standard scheme of sentence in colloquial Russian sign 
language is formed: subject, attribute, adjunct, predicate, object. 

This scheme is consecutively applied to simple statements. If a word in a sen-
tence has a corresponding gesture than it is replaced by Hamburg notation system for 
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this gesture. If there is no corresponding gesture - the word is translated by dactyl 
alphabet in the notation system. To remove polysemy in gesture performing a base of 
ontology is used. Possibility of parallel performing of statements is analyzed. Soft-
ware for syntactical transformation of sentences with full participle constructions is a 
library that encapsulates text process. The logic of the process is isolated in the .NET 
library (.dll integration) which lets different applications with any interfaces (console, 
desktop, web etc.) address to the library regardless of the language.  

For analysis of the text in Russian natural language the library provides: 

1. text download and initialization of necessary DIALING components; 
2. dividing text into sentences and organizing the procedure of its transformation; 
3. morphological and syntactical analysis of each sentence (building dependency tree 

of a sentence); 
4. translating each sentence using rules for syntactical transformation (building trans-

lation tree of a sentence). 

5 Review of hardware and software tools for sign speech 
recognition 

It is not enough just to recognize separate gestures and this is the main problem in 
sign speech recognition. It is necessary to recognize a continuous sign speech and its 
meaning. Let's review present hardware and software tools and basic approaches ap-
plied to resolve this problem. All devices used for gesture recognition can be divided 
into two groups: devices based on video data and tools using sensors, accelerometer, 
gyroscope and magnetometer. The best results can be achieved by systems that be-
sides RGB sensor include IR Depth sensor for recognizing gestures at a small dis-
tance.  

One of successful engineering solutions is the camera produced by Creative. It has 
two microphones, which allow to improve the quality of speech recognition, RGB and 
infrared cameras integrated. 

The Kinect contact-free controller designed by Microsoft, includes RGB sensor, in-
frared emitter and sensor. Kinect can be applied at the distance from 1.8 to 3 meters, 
while Creative camera works at 15 centimeters to 1 meter. Although Creative camera 
is good for gesture recognition, identification and tracking of objects, hands, faces, its 
synthesis and voice recognition. And Kinect is focused on identification and recogni-
tion of gestures and lines of a human body to mark out a human in a house space [19, 
20]. 

Leap Motion is another controller of this type. Leap Motion is a small device not 
bigger than a 3G-modem, includes 2 Monochromatic IR cameras and 3 Infrared 
LEDs. It can track all 10 fingers with precision at 1/100 millimeter. Viewing angle of 
the device is 150 degrees, also there is axis Z to define height [20].  

One more interesting application of Leap Motion is virtual reality glasses Oculus 
Rift (fig.3). Controller is attached to the glasses and recognizes hands of the owner.  
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Fig. 3.  Virtual reality glasses OculusRift 

and LeapMotion controller. 

 

 
Fig. 4.  The MYO bracelet by Thalmic 

Labs. 

The second group of devices consists of tools based on accelerometer, gyroscope 
and magnetometer data. These tools are used basically for human-machine interac-
tion. At present time new systems which receive accelerometer and gyroscope data 
and can be applied to sign language translation are coming into the market. Most of 
them are still prototypes, for example, rings, gloves, bracelets with sensors. Compa-
nies developing these tools try to achieve investments at crowd funding platforms. 
The products can be presented not earlier than the end of 2015. 

The MYO bracelet designed by Thalmic Labs might be the device that resolve the 
problem of motion recognition (fig.4). The bracelet includes a three-axled accelerom-
eter, three-axled gyroscope and  three-axled magnetometer. But the most significant 
peculiarity of the device is a special sensor which receives information by electro 
pulses in muscles of a moving hand. The device is programmed to ignore random 
movements [20]. 

6 Conclusion 

The method for designing a computer Russian sign language interpretation system is 
suggested in the paper. The diachronic aspect of computer sign language interpreta-
tion systems evolution is considered. Present sign language translation systems are 
considered, their advantages and disadvantages are discussed. A new method for con-
structing a semantic unit for computer sign language interpretation is proposed. Se-
mantic analysis system results in the list of corresponding words and gestures. For 
each word certain lexical meaning from a set of alternatives based on the semantic 
analysis algorithm is confirmed. Semantic analyses algorithms for simple sentences 
are developed and introduced. The semantic analysis module can be improved and 
modified in the following priority directions: gesture base extension, composite sen-
tences parsing, including the specifics of Russian sign language into analyzing algo-
rithm. A new translation approach based on comparison of syntactical constructions is 
suggested. Special library to determine syntax constructions is developed. Present 
hardware and software to design the architecture of the future system for gesture 
recognition are considered. 
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Abstract. Many real datasets contains attributes that are not relevant to the task 

at hand, even more, they are not correlated with the output class. Some of the 

attributes may be redundant, and others may be irrelevant and noisy. The process 

of features selection aims to find those attributes. In order to improve the process 

of feature selection, in this paper we introduce a novel metric for fuzzy-rough 

feature selection (FRFS). The new fuzzy similarity metric is evaluated using 

Lukasiewicz and Kleene-Dienes fuzzy connectives for both lower and upper ap-

proximations. The experimental evaluation show that the datasets obtained with 

FRFS, compared with the raw datasets, achieve improvement of the ROC accu-

racy for some classification algorithms. Most important is that this is achieved 

with method that requires no information, threshold or domain information. The 

feature selected datasets achieve dimensionality reduction, not compromising the 

ROC accuracy. 

Keywords: Fuzzy rough sets, feature selection, dimensionality reduction, clas-

sification. 

1 Introduction 

The task of knowledge discovery or pattern discovery is much easier and faster by re-

moving attributes of the dataset that are redundant. This process in machine learning is 

called feature selection (FS) [1]. FS has long been a research area within machine learn-

ing, statics and pattern recognition scientific disciplines [2, 3]. Compared to the process 

of pre-processing and constructing new data, FS is well defined. There are several ad-

vantages of using FS; reduction the amount of data to obtain the model, improved ROC 

accuracy, models that are compact and easy interpretable, and allowing learning algo-

rithms to operate faster and more effectively. Sometimes, accuracy on future classifi-

cation is improved; or in other cases, the model is a more compact, easily interpreted 

representation of the classification task. For example, decision tree algorithms such as 

C4.5 [4, 5] can sometimes overfitting the training data, resulting in large trees. In many 

cases, removing irrelevant and redundant information can result in C4.5 producing 

smaller trees [6] and thus reducing overfitting. FS methods for machine learning are 

divided into two wide-ranging categories. The first category, known as wrappers [6, 7], 
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are methods that evaluate the worth of features using the learning algorithm that is ul-

timately being applied to the data. And the second category, known as filters [6, 7], are 

methods that evaluate the worth of features by using heuristics based on general char-

acteristics of the data. Both these methods have advantages and disadvantages regard-

ing the property of any data, mainly the correlation between the attributes and the class. 

When comparing two attributes and their values, it is not easy to say that they are 

similar or to what extent they are similar. Two close values may differ typical as a result 

of noise. Rough set theory (RST) [8] is one of the most distinct and recent approaches 

for modelling imperfect knowledge. RST can be used for feature selection, and in the 

same time preserving the semantics or meaning of the features. It is possible to distinct 

these two attribute values, and attribute affected by noise are considered to be as differ-

ent as two values of a different order of magnitude. The rough set is a set of pair of 

precise concepts, called lower and upper approximations that are used of classification 

of the objects of interest into disjoint categories. The concept of lower approximation 

is a description of the domain objects that are known with certainty to belong to the 

subset of interest. On the other hand, the upper approximation is a description of the 

objects that possibly belong to the subset. Until now, rough theory has been success-

fully used for hidden pattern discovery from data, data reduction, data significance eval-

uation, decision rule generation, and data-driven inference interpretation [9]. However, 

this does not mean that the rough theory has no flaws. In fact, by using only the dataset 

information, this theory assumes that the data are a true and accurate reflection of the 

real world. Which in many cases this is not true; handling noisy data is just one exam-

ple. This method is data-driven and not threshold information is needed. Another draw-

back is reliance on discrete data for the successful operation. Indeed this requirement 

of rough set theory implies objectivity in the data that is simply not present [10]. More-

over, subjective judgment is required for establishing boundaries by the objective meas-

urements. A more intelligent way to handle this problem is use of the fuzzy-rough sets 

(FRS) [11]. 

As we mention in [12], fuzzification aids uncertainty modelling by allowing the pos-

sibility of the membership of a value to more than one fuzzy term. A fuzzy property of 

many datasets arises due to a lack of sharp distinctions or boundaries in the data, while 

rough sets can model ambiguity resulting from a lack of information through set ap-

proximations. FRS is promising approach to combines these advantages by extending 

the fuzzy theory based on similarity or tolerance measures [13]. This method encapsu-

lates the related but distinct concepts of imprecision [14] and indiscernibility (for rough 

sets), both of which occur as a result of uncertainty in knowledge. Since the rough sets 

are sets of pair of precise concepts, here the FRS considers two fuzzy sets. This is a 

product of extending the corresponding crisp set notions. The lower and upper approx-

imations, are converted into fuzzy lower and upper approximations. Fuzzy lower ap-

proximations in crisp case have membership of 1, and they belong to the approximated 

set with absolute certainty. On other hand, element members of upper approximations 

may have membership in a range [0, 1], allowing greater flexibility in handling uncer-

tainty. Using these types of sets, subjective judgments are not entirely removed, be-

cause fuzzy set membership functions still need to be defined in order fuzzy set theory 

ICT Innovations 2015 Web Proceedings ISSN 1857-7288

12 
S. Loshkovska, S. Koceski (Editors): ICT Innovations 2015, Web Proceedings, ISSN 1857-7288 

© ICT ACT http://ictinnovations.org/2015, 2015



to be applied. However, the FRFS method offers a high degree of flexibility when deal-

ing with real-valued data, enabling the vagueness and imprecision present to be mod-

elled effectively [15]. 

The work presented here is in this paper, combines fuzzy-rough sets and feature se-

lection on real-valued data using FRFS [16]. It employs the fuzzy-rough discernibility 

measure to examine the level of discernibility between a single feature and subsets of 

other features. The central idea behind the latter, is that any single feature which carries 

little or no further information than that subsumed by the remaining features is redun-

dant and can therefore be eliminated [17, 18, 19]. Therefore, we proposed a novel sim-

ilarity metric that combines the fuzzy information to reduce the search space of fuzzy 

terms. We also provide comparison of this metric with other previous used metrics [20]. 

The experiments are made on both regression and classification datasets.  

The rest of the paper is organized as follows. Section 2 presents description of the 

rough and fuzzy-rough sets, and the process of FRFS reduction. In section 3, the exper-

imental data used for test the proposed fuzzy similarity metrics and the results, while 

Section 4 concludes the paper and gives direction for future research. 

2 Fuzzy – rough feature selection process 

2.1 What is rough set?  

Let’s assume that U is a nonempty set of finite objects (the universe of discourse) and 

A is a nonempty finite set of attributes such that a: U → Va for every a ∈ A. Va is the 

set of values that attribute a may take. Let’s now consider a dataset that consists from 

attributes and class indexes. A = {C ∪ D}, where C is the set of input features and D is 

the set of class indexes. Here, a class index d ∈ D is itself a variable d: U → {0, 1} such 

that for a ∈ U, d(a) = 1 if a has class d and d(a) = 0 otherwise. Now let’s assume that 

X ⊆ U and P ⊆ A. With any P ⊆ A there is an associated equivalence relation IND(P): 

                           
2(P) {( , ) U | P, ( ) ( )}IND x y a x a y                       (1) 

The partition of U, generated by IND(P) is denoted U/IND(P) (or U/P for simplicity) 

and can be calculated as follows:  

   / (P) {U/ IND({ }) | }U IND a a P                                (2) 

where ⊗ is specifically defined as follows for sets A and B:  

 

A B = {X Y|X A,Y B,X Y }                             (3) 

X can be approximated using only the information contained within P by constructing 

the P-lower and P-upper approximations of the classical crisp set X: 

 P{ |[ ] X}PX x U x      (4) 

 { | [ ] X }PPX x U x      (5) 

ICT Innovations 2015 Web Proceedings ISSN 1857-7288

13 
S. Loshkovska, S. Koceski (Editors): ICT Innovations 2015, Web Proceedings, ISSN 1857-7288 

© ICT ACT http://ictinnovations.org/2015, 2015



The tuple ,PX PX  is called rough set. Let’s now assume that P and Q are set off 

attributes indicating equivalence relations over U, so the positive, negative and bound-

ary region are defined as: 

 

/

(Q)P

x U Q

POS PX


   (6) 

 

/

(Q) UP

x U Q

NEG PX


    (7) 

 

/ /

(Q)P

x U Q x U Q

BND PX PX
 

    (8) 

According rough set definitions [20], the positive region compromises from all the ob-

jects of U that can be classified to classes of U/Q, using the information contained in 

attribute P. In contrary the negative region, contains set of objects that cannot be clas-

sified to classes of U/Q. While the boundary region (see eq. 8) is the set of objects that 

can possible, but not certainly, be classified in this way. Another very important issue 

in data analysis is discovering the dependencies between attributes. In rough set theory, 

dependency - P is define as: Q ⊂ A, it is said that Q depends on P in a degree k (0 ≤ k 

≤ 1), denoted P ⇒k Q, if 

 
(Q)

(Q)
P

P

POS
k

U
    (9) 

where |U| stands for the cardinality of set U. If k=1, Q totally depends from P, if k is 

between 0 and 1, Q partially depends from P, and if k=0 Q does not depend from P. 

Because there are multiple features in one set, calculating change in dependency when 

a features is removed from the set, an estimate of the significance of that feature have 

to be obtained. The higher the change in dependency, the more significant is the feature, 

otherwise the feature is dispensable. The concept of reduct is defined as minimal subset 

R of the initial attribute set C such that for a given set of attributes D, (D) (D)R C 

. R is minimal if  (D) (D)RR a
 


  for all a ∈ R. Real valued dataset may have many 

reduct sets, and the collection of all reducts is represented by: 

 

 C{X | X C, (D) (D); (D) (D), a X}all X XX a
R    


        (10) 

The intersection of all sets in Rall is called core. These elements are features that cannot 

be eliminated without introducing more contradictions to the dataset. For the task of 

feature selection, a reduct minimal cardinality is ideal to search for. This means locating 

a single element of the reduct set Rmin ⊆ Rall: 

  

 min all all{X | X R , Y R , }R X Y       (11) 
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2.2 What is fuzzy-rough set? 

The fuzzy lower and upper fuzzy approximations are redefined as:  

 i
/

(F ) sup min( ( ),infmax{1 (y), (y)})PX F F X
y UF U P

x   


    (12) 

 i
/

(F ) sup min( ( ),supmin{ (y), (y)})F F XPX
F U P y U

x   
 

   (13) 

where Fi denotes a fuzzy equivalence class belonging to U/P. From implementation 

point of view, not all y ∈ U need to be considered - only those where µF (y) is nonzero, 

and y is fuzzy member of class F. The tuple ,PX PX  is called fuzzy-rough set 

(FRS). For FRS, the crisp positive region is defined as union of the lower approxima-

tions. Extending this notion with the extension principle [21], the membership of an 

object x ∈ U, belonging to the fuzzy positive, negative and boundary regions can be 

defined by  

 (x)
/

( ) sup ( )
R PP

POS R X
X U Q

x x 


   (14) 

 (x)
/

( ) inf ( )
R PP

NEG R XX U Q
x x 


   (15) 

 
RP

BND (X) ( ) ( ) ( )
P PR XR X

x x x      (16) 

Objects like object x, belong to the positive region only if their underlying correspond-

ing class do so. So, object x will not belong to the positive region only if the corre-

sponding class it belongs to is not a constituent of the positive region. The negative and 

boundary regions can be also defined in similar way. It is important to note, that fuzzy-

rough negative regions is always empty when the decisions are crisp, but not empty 

when we consider fuzzy decisions.  

Another important property of the FRS is calculating the dependency function. This 

function shows how much feature A or feature B is dependable from subset of features. 

The dependency function is define as follows: 

 
/

( )

(Q)
/

P

X U Q

P

U X

U Q






  (17) 

The dependency of Q on P is the proportion of objects that are discernible out of the 

entire dataset. If the sum function returns 1, means that the object x belongs to the pos-

itive region, otherwise the function is 0. If Q = {a, b} or contains two fuzzy features, 

objects could belong to many equivalent classes, the Cartesian product of U/Q have to 

be consider in determining U/Q. In case of huge number of feature subsets, the com-

plexity of Cartesian product calculation becomes prohibitively high. Some optimiza-

tions to eliminate these problems are given in [16, 22], however the complexity is still 

too high. Further improvement of the method is presented in [23], by using different 

calculation for fuzzy lower approximation. A second problem is it was shown in [24] 

that in some situations the fuzzy lower approximation might not be a subset of the fuzzy 
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upper approximation. This suggests that there is more certainty in the fuzzy upper than 

the fuzzy lower approximation.  

2.3 Fuzzy similarity relations 

One possible improvement of the FRFS methods focuses on fuzzy similarity relations 

[15]. Alternative definitions for the fuzzy lower and upper approximations can be found 

in [25], where a T - transitive fuzzy similarity relation is used to approximate a fuzzy 

concept X: 

 ( ) inf ( ( , ), (y))
P PR X R X X

y U
x I x y  


   (18) 

 ( ) supT( ( , ), (y))
PP

R X XR X
y U

x x y  


   (19) 

where I is a fuzzy implicator and T is a t-norm. RP represent fuzzy similarity relation 

induced by the subset of features P: 

 ( , ) { ( , )}
PR X Ra

a P

x y x y 


   (20) 

μRa (x, y) is the degree to which objects x and y are similar for feature a. However, here 

we use only lower approximation for evaluation of features subsets. In order to be use-

ful this information, which is part of the definition of the lower and upper approxima-

tion, the subset have to have less uncertainty of objects near boundary region. There-

fore, the resulting degree of dependency taking into account the boundary region is:  

 

( )
/

( )( )

(Q) , ( )
/

R xP
PBND

x U Qx U
P P

U xx

where U X
U U Q




 


  (21) 

 

From eq. 18, the overall uncertainty is evaluated via averaging the uncertainty of all 

decision concepts. A better way of measuring the uncertainty within the boundary re-

gion of a concept X is to calculate the fuzzy entropy: 

 
( ) ( )

P P

2

R R

( ) ( )
( ) log

| BND ( ) | | BND ( ) |

R x R xP P
BND BND

P

x U

x x
U X

x x

 



    (22) 

 
j

1

(D )

(D)

| D |

j D

n D

P

D R

P

n

D R

U














  (23) 

This will be minimized when all fuzzy boundary regions are empty. Therefore, a fuzzy-

rough reduct R, or the process of finding FRFS can be defined as subset of features that 

preserves the dependency degree of the entire dataset, so that (D) 0P  .  

In order to calculate μRa (x, y) and preserve the T – transitivity [26], several fuzzy 
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similarity relations have been constructed, and one of them defined with eq. 24, will be 

taken into account: 

     
*( ( ) ( )) 1( , ) max(0,min(1, )), 1,

2Ra

a

a x a y
x y

 
  



 
     (24) 

where (σa)2 is the variance of feature a. In this paper, we propose modification of this 

equation, in order not to be dependable from outside definition of the parameters α and 

β. The objects x and y depend directly from the variance of the feature a. 

| ( ) ( ) |
( , ) max(0,min(1, ))a

Ra

a

a x a y
x y






 
       (25) 

Both equations 24 and 25, will be evaluated for classification task over nine benchmark 

datasets from [12, 27] with three classifiers: J48 [5], Naïve Bayes (NB) [28] and JRip 

[29]. 

3 Experimental setup and results 

In this section, we present the results from the experimentally evaluation of the pro-

posed metric (see eq. 25 – Metric 25) and compare the results from the method that use 

the eq. 24 (Metric 24). In [30], the authors recommend using the Łukasiewicz (Łuk) t-

norm to produce fuzzy T-equivalence relations. Here, we test both Łuk and KD fuzzy 

connectives and later we evaluate them with three classification algorithms. The Łuk t-

norm is defined as (max (x + y − 1, 0)), while the Łuk fuzzy implicator (min (1 − x + 

y, 1)). For both teste we have used Greedy Stepwise method as a search method. Simi-

larly, the Kleene-Dienes (KD) t-norm is defined as (min (x, y)) and while KD implicator 

as (max(x, y)). 

Table 1.   Results from the attribute selection using proposed fuzzy simularity metric 

Dataset Ob-

jects 

Attrib-

utes 

Metric 24 Metric 25 

KD (24) Łuk (24) KD (25) Łuk (25) 

Credit-g 670 21 13 11 12 4 

Dermatology 365 34 9 8 9 7 

Ionosphere 351 34 33 11 23 32 

Mushroom 8124 22 5 4 5 4 

Water 1  218 116 70 2 12 4 

Water 2  218 116 73 3 13 6 

Water 3  201 116 71 3 14 5 

Water 4  190 116 61 3 11 5 

Water 5 218 116 72 3 11 6 

 

After FRFS, the datasets are reduced according to the presented reducts. These reduced 

datasets are then classified using the relevant classifier. The results from the FRFS pro-

cess are shown in Table 1. Table 1 results depict reduction of the features in all of the 

datasets, except for the datasets where KD norm with Metric 24 is applied. The Metric 
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25, in the case of using the Łuk operator, the method obtains lower attribute reduction, 

while using the KD operator, all the datasets obtain significant attribute reduction. 

However, this doesn’t mean that the ROC accuracy will improve either.  

Three classifiers were employed for the purpose of evaluating the resulting subsets 

from the FRFS phase. Table 2 compares the results obtained reduced datasets with the 

raw dataset set. The test evaluation was obtained using 2/3 train and 1/3 test set from 

the original dataset. The ROC analysis is conduct to compare the performance of the 

obtain results. 

Table 2.   Experimental evaluation of both types of datasets (raw and reduced datasets). Bolded 

results are highest ROC value between metrics 24 and 25 using KD operator. Underlied results 

represent the highest ROC values between metric 24 and 25 using Łuk operator. The results 

market with (*), show the highest ROC values for each dataset 
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R
aw

 J48 0.69 0.94 0.88 0.85 0.5 0.53 0.76 0.49 0.52 

NB 0.79* 0.99* 0.94* 0.99* 0.63 0.62 0.66 0.43 0.54 

JRip 0.69 0.89 0.87 0.99* 0.55 0.53 0.72 0.48 0.50 

KD 

(24) 

J48 0.71 0.94 0.88 0.85 0.57 0.53 0.62 0.45 0.48 

NB 0.76 0.99* 0.94* 0.83 0.63 0.59 0.68 0.34 0.52 

JRip 0.59 0.95 0.86 0.83 0.54 0.50 0.62 0.48 0.44 

Łuk 

(24) 

J48 0.70 0.98 0.75 0.92 0.58 0.50 0.52 0.49 0.53 

NB 0.74 0.92 0.87 0.89 0.55 0.57 0.54 0.35 0.56 

JRip 0.54 0.95 0.75 0.75 0.57 0.50 0.59 0.47 0.57* 

KD 

(25) 

J48 0.71 0.94 0.84 0.85 0.66 0.57 0.72 0.51* 0.45 

NB 0.76 0.99* 0.93 0.83 0.73* 0.65* 0.62 0.31 0.45 

JRip 0.59 0.95 0.82 0.83 0.54 0.52 0.78* 0.50 0.45 

Łuk 

(25) 

J48 0.54 0.98 0.73 0.92 0.50 0.49 0.50 0.50 0.54 

NB 0.68 0.92 0.91 0.89 0.59 0.52 0.56 0.35 0.57* 

JRip 0.53 0.95 0.66 0.75 0.55 0.50 0.50 0.50 0.54 

 

The results shown as (*), have point out that combination of the KD operator with the 

proposed metric 25, have in many cases achieve better results than raw dataset in clas-

sification tasks. On the other hand, the combination of KD operator with the previous 

metric 24, have achieve same results in 2 out of 9 dataset, compared with the raw dataset 

analysis. It is interesting to note, that the combination of both metrics with the Łuk 

operator do not achieved any improvement despite the fact that, according Table 1, this 

operator obtain best results in FRFS process. Regarding the classification algorithms, 

the J48 and Naïve Bayes methods obtain best results compared with the JRip method 

among the tested datasets. 
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4 Conclusion 

In this paper we proposed a novel fuzzy similarity metric that could be used in the 

process of FRFS. This metric is based on the fuzzy-rough fuzzy similarity metrics that 

could be applied on real measured datasets. Additionally we compare our metric with 

the previous similarity metric based on experimental evaluation with two aggregation 

operators. After feature selection, they are evaluated on three classification algorithms 

on real valued datasets. The results have shown that the proposed fuzzy similarity meas-

ure achieved in some cases better dimensionality reduction with KD operator and the 

ROC accuracy remain the same or some cases improve. 

A further interesting should be done in direction of testing more new fuzzy similarity 

metrics to improve the method. Other methods for effective backwards search elimina-

tion method should be considered. Some problems related to the search techniques that 

often returns results in local optimum and it can precede do to non-optimal paths. The 

investigation of often more efficient search techniques may help in solving this problem 

and further improve the efficiency of this approach. 
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Abstract. When we talk about real-time systems for tracking people and/or mov-

ing objects using a Global Positioning System (GPS), there are several categories 

of such systems and the ways in which they work. Some uses additional hardware 

to extend the functionality of the offered opportunities, some are free, some are 

too complex and cost too much money. This paper aims to provide a clearer pic-

ture of several such systems and to show results from a comparative analysis of 

some popular systems for tracking people and moving objects that use the GPS, 

like Navixy, Frotcom GPS Vehicle Tracking & Fleet Management System, Fol-

lowMee GPS Tracker, Open GPS Tracking System and our system RadinTech-

nology GPS Tracking System. 

Keywords: Navixy, Frotcom, FollowMee GPS Tracker, Open GPS Tracking 

System, Radian Technology  

1 Introduction 

 

Recent years, we are witnesses of popularization and versatile applications of GPS tech-

nologies. Applications range from military, national security and justice system till per-

sonal safety and comfort.  For example, the criminal justice system in many countries 

uses GPS based mobile tracking devices in the form of an ankle bracelet, that specific 

types of offenders are sometimes required to wear [1]; many fleet operators can monitor 

the driving behavior of employees, parents can monitor their teen drivers [2, 3, 4, 

5];there are special systems for tracking people and their body parts [7], for tracking 

moving objects in surveillance system [8], even stalking [6], etc.  

There are a number of hardware devices (sensors, chips, receivers) which provides 

the functionality of real-time systems for tracking people and/or moving objects. But 

all of them must have: 

 Hardware device (receiver) - which receives signals from a satellite or base stations 

 Software that manages the system - receive data from the hardware, store the data, 

regulate and exchange that data 
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 Communication network, which enables the exchange of data between different de-

vices in the system 

In this paper, we give a comparative analysis of several real-time tracking systems, 

including Navixy, Frotcom GPS Vehicle Tracking & Fleet Management System, Fol-

lowMee GPS Tracker, Open GPS Tracking System and RadinTechnology GPS Track-

ing System, according to presence of web and mobile application, mobile platform, 

need of additional hardware, history of movements, update interval, monitoring of ve-

hicle telemetry, prices, existence of free/trial versions,  etc.  

The motivation  for doing this review is that we want to make better GPS tracking 

system in which we will include all advantages from other analyzed systems and we 

want to take off all disadvantages. 

2 Comparative Analysis  

First, we give several key features and disadvantages of examined real-time systems 

for tracking people and/or moving objects. 

2.1 Navixy GPS Tracking System 

Navixy [9] is an intelligent and professional system for time and distance based tracking 

of vehicles and fleet management by using devices that use satellites (GPS or 

GLONASS) and technologies such as (GSM, WIFI, LBS).It supports over 100+ device 

models from vendors across the world as GPS tracking devices (GPS trackers). Also, 

there is a free X-GPS Tracker app which can turn any smart phone or tablet into GPS 

trackers for people, and X-GPS Monitor for locating different assets. It has a web in-

terface based on pure JavaScript and HTML5 technologies only, and only registered 

users can watch their vehicles in real time. 

The Navixy GPS tracking system has a very good admin panel through which users 

can manage the data obtained from monitoring devices, to see reports, edit their pro-

files, manage user accounts, set up billing plans, etc. Other key features of the system 

Navixy are: 

 24 hours real-time monitoring  

 Complete history of movements at all times until a few years ago, through which 

you can find out when, where, why and length of travel. 

 Adjusting certain events to happen in a given circumstance and a number of notices 

 Users can be notified via SMS, E-mail or Push notification 

 Mobile applications Navixy Tracker and Navixy Viewer through which we can track 

vehicles and send data independently of the computer 

 Monitor vehicle telemetry such as fuel consumption in real-time, engine rpm, speed 

all that done with the help of additional hardware that is installed in the vehicle 

 Remote control of the vehicle using the integrated hardware (starting the engine, 

engine blocking, heating the vehicle, etc.) 

 Interval mode for longer battery life 
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Fig. 1. View of Navixy GPS tracking system 

Disadvantages of the system Navixy are: 

 Requires installation of additional expensive hardware 

 Expensive monthly payment 

 Complex to use and install 

 Additional GPS device with GSM card for every vehicle 

2.2 Frotcom – GPS Vehicle Tracking & Fleet Management System 

Frotcom GPS Vehicle Tracking & Fleet Management System [10]is intelligent and pro-

fessional vehicle tracking and fleet management system, designed to control drivers, 

communicating with them and closely monitoring the way of driving. 

A Frotcom tool for GPS tracking and fleet management consists of a GPS receiver 

and GPRS communication module which is installed in each vehicle. Powered by the 

vehicle battery, this unit will allow the fleet manager to monitor the movements of the 

vehicles, where are now, where they were, when they started the journey, how long did 

not move, etc. The data and monitoring of vehicles can be viewed using a computer 

with a web browser and internet, and vehicles are displayed on a map. 

Modern trucks have built in circuit for transmitting data from the onboard computer 

called CANBus / J1939. This flow allows external equipment to read some information 

like level and fuel consumption, the turnover of the engine, the engine temperature, 

tachograph data etc. 
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Fig. 2. Frotcom GPS Vehicle Tracking & Fleet Management System 

With Frotcom you can track all the vehicles 24 hours a day, with GPS positions and 

sensor data being received every minute. Additional modules include cost management, 

integrated navigation module for drivers, two-way text communication, fuel control 

and automatic driver identification. Data collected by Frotcom from the vehicles is pro-

cessed, generating rich, simple and useful reports, which can be sent automatically by 

email. Alarm situations are also immediately detected and can be reported by email and 

SMS. Frotcom offers also route planning and monitoring, remote tachograph down-

load, workforce management, sensors for open door and temperature and management 

dashboard for the owners. Disadvantages of Frotcom GPS Vehicle Tracking & Fleet 

Management System are: 

 Requires installation of additional expensive hardware 

 The device is dependent on the server side software 

 Expensive accessories mounted on the vehicle 

 Tracking work only for vehicles 

 An expensive monthly subscription 

 No mobile application 

 No remote control device for mounted device 

2.3 FollowMee GPS Tracker 

 

FollowMee GPS Tracker [11] is a real-time system for tracking people and objects us-

ing a GPS, and it converts mobile phone or tablet into a GPS tracker. It works in the 

background and periodically records its location (GPS, WiFi, or cellular triangulation) 

and sends data to the secured web server for processing. 

To monitor tracked devices one can use only web browser and internet. Registration 

is simple and also is the user interface. Additionally, one can use login token, linked to 

his account. 
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There is a free version with limited features, and standard and deluxe versions of the 

application that is paid and offers additional features. Up to 90-days history is available 

for paid GPS track app, and only current location for free version. 

 

Fig. 3. FollowMee GPS Tracker 

Key features of  FollowMee GPS Tracker are: 

 Monitoring of multiple devices at once 

 Mobile application, Works on all major mobile platforms 

 All mobile devices are displayed in one place 

 Geo–region, receiving notifications when the device enters or exits from 

someregion, Geo-fencing with user notification by e-mail 

 No additional hardware is required, just a phone with a GPS receiver or tablet 

 Publication of the tracks through URLs or downloadable KML files, and possibility 

of embedding the live map in the user web site or Facebook 

 Operation of the application even when the device is disabled 

 The Android version of this app has a stealth mode, which hides the app icon on the 

phone screen 

 Downloading the tracks in HTML or CSV (Excel) file format. 

Disadvantages of  FollowMee GPS Tracker are: 

 A small number of  options on the server control panel and mobile application 

 No remote control 

 The tracker app stops after 2 weeks (Windows Phone 8 limitation) 

 Limited history of movements 
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2.4 Open GPS Tracking System 

Open GPS Tracking System [12] is the first open source project designed specifically 

to  offer a web based services for the GPS. The services of the system can be used for 

a fleet of vehicles that can be used to track a group of vehicles, and even mobile phones. 

The system is designed to be used to monitor a number of vehicles in larger companies 

but can be used in smaller companies and is highly modular and flexible, and easily 

expandable. 

Open GPS Tracking System supports the collection of data from a large number of 

GPS trackers and collections of telemetry data from hardware that is connected to the 

computer of the vehicle.  

Based on Open Open GPS Tracking System, a number of commercial systems for 

tracking vehicles are developed and tailored to the more specific tasks, depending on 

the requirements of companies. One such system is known as GTS Enterprise 

[13]which is proprietary. 

 

Fig. 4. Open GPS Tracking System 

Key Features of Open GPS Tracking System: 

 Customizable web-based interface 

 Customizable mapping service, with support for Open Layers/OpenStreetMap, 

Google Maps, Microsoft Virtual Earth, and Mapstraction 

 Customizable reports and customizable geofenced areas 

 Use of  tracking devices from different manufacturers 

 Open GTS system is independent of the operating system 

 Open GTS system is i18n compliant and supports easy localization of other lan-

guages other than English 

Disadvantages of Open GPS Tracking System are: 
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 No mobile application 

 No remote control of devices 

 The system is tied only to vehicles powered by a car battery 

 Requires installation of additional expensive hardware for each vehicle 

 A small number of customizable features on the server panel 

2.5 RadinTechnology GPS Tracking System 

RadinTechnology GPS Tracking System [14] is a real-time system for monitoring of 

people and moving objects using the GPS. The system is web-based and on the client 

side is needed only mobile device with GPS receiver on which is installed a mobile 

application that replaces expensive hardware and is used for receiving data from base 

stations and satellites and sending data to the server via the network. 

For comfortable working, the RadinTechnology GPS Tracking System uses Google 

Maps for tracking of the devices. The advantage of the system is that can be powered 

by portable batteries that are small and have capacity to 20000 mAh, or the device can 

withstand more than a week without charge and is independent of the battery of the 

vehicle and can be used everywhere. Easily can be modified and extend with additional 

functionalities. 

 

Fig. 5. RadinTechnology GPS Tracking System, the server part 

The system has a lot of features, it has options for simulating a passed route between 

two dates, good reporting services, multiple devices per user account, 24 hour real time 

tracking of the device and is integrated with Google Cloud Messaging. 

The system has mobile applications for Symbian, Android and one hybrid applica-

tion for all other mobile platforms. 
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Fig. 6. View of RGPS Monitor mobile application 

Key Features of RadinTechnology GPS Tracking System are: 

 24 hours real time monitoring , Web-based interface, customizable reports 

 Complete history of movements at all times until a few years ago, through which 

you can find out when, where, why and length of travel. 

 Users can be notified via SMS, E-mail or Push notification 

 Intelligent background services of mobile applications 

 Mobile applications RGPS Monitor Tracker and RGPS Tracker through which we 

can track vehicles and send data independently of the computer 

 Remote control of tracking devices via SMS or push notifications 

 Local database independent from server 

 Remote database synchronization 

 Export data to KML or TXT for future analysis in another map solution 

 Simulation of passed route and length of passed route  

 Optimized battery consumption of mobile applications 

 Free notification sending to tracking devices directly from a web control panel 

 Can operate independently(offline), and later sync 

 Choice of various operation modes and data sending 

 

Disadvantages of RadinTechnology GPS Tracking System are: 

 No external navigation support 

 The system has not been adjusted and tested to monitor vehicle telemetry such as 

fuel consumption in real time, the engine speed using the additional hardware which 

is built into the vehicle 

2.6 Summary 

The following table shows the results of the comparative analysis of the previous sys-

tems for tracking people and/or moving objects using GPS. 
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Table 1. Results of the comparative analysis 

Features Navixy Frotcom FollowMee Open GTS RTGTS 

Tracking 
Vehicles, 

people 
Vehicles 

People, ob-

jects 

Vehicles, 

mob. 

phones 

Vehicles, 

people, ob-

jects 

Multiple de-

vices at once 
√ √ √ √ √ 

Trial/free ver-

sion 
30 days x √ √  

Web interface √ √ √ √ √ 

Registration √ √ √ √ √ 

Mobile applica-

tion 
√ x √ x √ 

Mobile plat-

form 

Android 

iOS 
x all x all 

Additional  

hardware 
√ √ x √ x 

Monitor of ve-

hicle telemetry 
√ √ x √ x 

Remote control √ x x x √ 

History of 

movements 
all √ 

up to 90 

days 
√ all 

Update interval  Real time 1 min >=30 min Real time Real time 

Price 

$99.99 - 

$299.99/m

onth 

√ 

up to $10 

per device, 

one time 

x 

5$ per de-

vice, 50$ 

per com-

pany 

monthly up 

to 100 de-

vices 

User notifica-

tion 

SMS, 

E-mail 

Push 

SMS,  

E-mail 
E-mail 

SMS, 

E-mail 

SMS, 

E-mail 

Push 

Reports √ √ √ √ √ 

GPS preci-

sion/accu-

racy/speed 

It depends 

from GPS 

receiver 

It de-

pends 

from 

GPS re-

ceiver 

It depends 

from GPS 

receiver 

It depends 

from GPS 

receiver 

It depends 

from GPS 

receiver 

3 Conclusion 

There are a number of systems for monitoring people and/or moving objects. Some use additional 

expensive hardware, some are too complex, some are free but with limited functionality. The 

analyzed systems are one of the best existing systems for tracking people and moving objects 
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using Global Positioning System (GPS) that appeared on the market, without the last one, which 

is our recently developed product. 

Depending of needs and price all systems have their advantages and drawbacks. If you need 

a complex system that works with external navigation and cost and complexity of installation is 

not important and is intended to monitor the vehicle and not the people then you can decide for 

systems like Frotcom or Navixy. 

 If you want a quick, simple and cheaper way to monitor not only the vehicles, but also people 

and moving objects, then it is advisable to choose a system like RadinTechnology GTS system. 
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Abstract. With the rapid evolution in computer technology, there’s an 

augmented need to eminently dedicate attention to the computer-aided 

interaction, including crucial design aspects, implementing and evaluating the 

interfaces that provide this type of communication. Various techniques for 

human-computer interaction have been used, commencing with keyboards, 

printers, moving on with gesture interaction, speech interaction, touch screens, 

eye gaze tracking and many more. Most of these techniques are still analyzed 

and examined if they could ensure an ease at performing given tasks, such as 

moving the mouse cursor, selecting menus, moving or dragging objects on the 

computer screen, thus helping users with disadvantages to interact with the 

workstation. This paper describes usability study of an existing eye-tracking 

system and evaluate its correctness and calculate its error percentage, which can 

lead us to the deduction if this system would present an efficient interaction and 

provide facilitation of performing certain tasks, such as reaching a goal, 

following a trajectory, steering through straight tunnels and steering through 

circular tunnels.  

Keywords: Human-computer interaction, eye-gaze, tracking systems, usability, 

Fitt’s law. 

1   Introduction 

Many recent computer interfaces have been designed in a fashion that enables users 

that have disadvantages to easily adapt to them and can flexibly interact with. That’s 

precisely why alternative interaction techniques are seriously considered more 

frequently, such as controlling the main activities using eye gaze. Eye-tracking can be 

simply defined as a type of human-computer interaction where the system providing 

this functionality can calculate the coordinates where one’s look is located on the 

screen. This type of system is also capable of making a movement between two 

locations on the screen obtained by the eye gaze of the user, and is also video based.  

Concretely, eye-movements on the computer screen can be tracked and saved for later 

examination, which is a common task if we want to check whether given interface is 

user-friendly. Very frequent task that should be mentioned here is moving the mouse 

cursor with the user’s gaze, which is essential to people with disabilities to have as a 
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way to interact with the workstation. This actually means that any user is capable of 

controlling with his eyes and uses them as an output which is processed by the 

computer and it’s the workstation’s task to determine the direction of the user’s gaze. 

Eye-tracking system should offer several benefits. The main goal it should reach is 

providing facility of use, which means that the user won’t have to move his hands to 

move the cursor, and there is also no additional strain when moving the mouse cursor 

with one’s eyes. The maintenance issues are reduced, which means all a user has to do 

is turn on a camera and he’s ready to perform all the required activities. Since user’s 

eyes can move quickly, this implicates that these types of interfaces must be fast and 

efficient. The eye-tracking system ensures that the user has the required attention 

through the human-computer interaction, which can be used to determine if the person 

is reading, how old a person is, etc. 

Although a lot of systems for eye tracking were developed and a lot of scientific 

works have been published, to the best of the authors’ knowledge just few of them are 

presenting some results of evaluation of these types of interfaces. This papers aims to 

propose an evaluation methodology and to presents evaluation results of eye-gaze 

tracking interfaces, which may be suitable for designers and developers at one side 

and for the users of these types of interfaces (mainly disabled persons). 

2 Related work 

The earliest researches made in the field of eye-tracking, according to Drewes [1], 

origin about 100 years ago, when there were several methods to describe methods for 

detecting an eye-movement, such as ghost images, coupling the eyes and the ears, 

electro-oculographic techniques [2] and using photo-graphic methods to record those 

kind of activities. Later, Fitts et al. have an interest of determining the usage of 

cockpit controls on planes, so he used a motion picture camera to track the eye gaze 

of the pilots [3]. 

The start of video-based eye gaze tracking systems origins back to 1981, when Bolt 

showed that computers were becoming efficiently enough to perform these tasks [4]. 

Since then, eye-tracking systems became widely useful, presenting a good alternative 

to manipulating user interfaces which provided disabled users with the ability to 

perform certain computer tasks, such as moving the cursor, object movement and 

manipulation etc. 

There have been several studies and researches connected to this field of human-

computer interaction. Many of them provide a good implementation of an eye-

tracking system, and also some of them are open-source and free to use to perform 

deeper researching and evaluations. They perform in a way of detecting the pupil and 

recording its’ movements. Such an algorithm that used this method was presented by 

Dongheng, which is called the starburst algorithm, using a head mounted eye-tracking 

system that had an accuracy of around one degree of visual angle [5]. This algorithm 

was also implemented in the OpenEyes low-cost eye-tracking system. There are also 

many other efficient systems that perform eye gaze detection by tracking the 

reflection of the cornea of the pupil [6]. Gustafson et al. [7] have presented a portable 

eye tracking device. Varsha et al. gave an example implementation of eye gaze 
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tracking by using neural networks. Recently there are many approaches for solving 

the problem of human-computer interaction for people with disabilities using even 

commercial eye-tracking systems [9].  

3   The ITU gaze tracker system 

The ITU Gaze Tracker [10] is a video-based eye-tracker, which means that the 

direction of the eye gaze will be easily determined by using a video-camera. It was 

developed at the IT University of Copenhagen by the Gaze Group. This system 

automatically detects the available video-camera and since it recognizes it, it provides 

a simple user interface which can facilitate the user experience and thus giving the 

ease of manipulating the cursor with the eye gaze. The ITU Gaze Tracker can obtain 

the desired functionality using any webcam or infrared night vision camera. This 

system was chosen to be evaluated because of its openness, possibilities for custom 

development and because it principles of functioning are the same as others. 

Using the Gaze tracking library [11] which is an open source framework (developed 

by ITU) for eye tracking using off-the-shelf components, a special evaluation 

software has been develop. The application was develop in the programming 

language C# and was intended to work with a standard web-camera.   

For the testing and evaluation purposes of this research, several different GUI designs 

were developed in order to test various tasks, such as reaching a goal, steering 

through straight and circular tunnels and following paths, using the eye gaze 

controlled mouse. The developed interfaces and correspondent tasks are given and 

thoroughly discussed in the following.  

4   Experimental evaluation tasks and environment 

4.1   Reaching a goal  

In the first evaluating task, an elementary interface (Fig 1) was developed. It consists 

of a point on the left side and a resizable rectangle on the right. The user in this 

particular assignment is supposed to bring the cursor from the point to the rectangle as 

soon as possible. The calculations applied were followed by the Fitts’ law, which 

defines the movement time of the cursor as follows: 

 

MT = a + b * ID (1) 

where  

ID = log2(A/W + 1) (2) 

 

A is the distance between the point and the goal and W is the width of the rectangle. 
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Fig. 1. GUI for evaluation of the goal reaching task.  

 

In equation (1), the factors a and b are determined by calculating linear regression on 

the obtained samples. The distance between the point and the rectangle was moving in 

the interval [200; 600] with step of 50, and the width of the rectangle was ranging in 

the interval [50; 400] with step of 50. Every possible combination was taken into 

consideration. 

4.2   Steering through straight tunnel 

 
Fig. 2. GUI for evaluation of the steering through straight tunnel task.  

 

In the second task, we designed a minimal interface which provided changeable 

width and height of the rectangle presenting the tunnel we need to use to reach from 

the left to the right side. Whenever the user went out of the tunnel before reaching the 

end, we counted it as an error and an invalid test. 

For the purpose of this experiment, again we needed to gain results from the Fitts’ 

law, by using the equation (1), but this time ID is obtained by: 
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ID = A/W (3) 

 

where A is the length of the tunnel, and W is the width of the tunnel. A was driving 

in the interval [200; 600] with a step of 50 and W was ranging in values [50; 300], 

also with a step of 50. 

4.3   Steering through circular tunnel 

 
Fig. 3. GUI for evaluation of the steering through circular tunnel task.  

 

Continuing with our research, we constructed a flexible interface which allowed us 

to easily change the width of the circular tunnel. The user was supposed to make one 

lap through the tunnel, so that we could measure the time of completing the task. 

Equation (1) was used here too, given ID which is calculated by (3), but this time the 

length of the tunnel A is determined as: 

A= 2*R*π (4) 

where 

R=  (R1+R2)/2 (5) 

 

given R1 and R2 as the radiuses of the inner and outer circle respectively. Here, W 

was changing in the interval [50; 250] with a step of 20. 
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4.4   Path following 

 
Fig. 4. GUI for evaluation of the path following task.  

 

For the next step of this research, we designed a path of a hexagonal form to measure 

the effectiveness of the eye-tracking system in providing the user with the ability to 

give him facilitation in adapting to this method of human-computer interaction. In 

order to calculate the error of movement at following the path, we used the path 

repeatability formulas that follow: 

]3max[max liipip SlRTRT  ; mi ...1  (6) 
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(7) 

 

m is number of calculated points along the path, and n is number of measurement 

cycles. 

ICT Innovations 2015 Web Proceedings ISSN 1857-7288

36 
S. Loshkovska, S. Koceski (Editors): ICT Innovations 2015, Web Proceedings, ISSN 1857-7288 

© ICT ACT http://ictinnovations.org/2015, 2015



5   Evaluation methodology 

We recruited 50 participants, 40 were male and 10 female; 38 were students and 12 

non-students. All of the participants were aged 21-38. We recruited each person 

separately and ensured that none of them has eye problems or wearing glasses or 

lenses. None of them has previous experience with an eye-gaze tracking systems. 

To evaluate how useful is the eye-gaze tracking system, the user study which 

including three stages was conducted. During the first stage, the players learned the 

interface basics and working principles. During this interface a calibration was 

performed and the developed application has “learned” how to adapt to the particular 

user’s eye characteristics. During the second stage, the participants tried practically 

the developed GUIs’ and tasks. Each participant was given at most three times to try. 

These sessions and users’ behavior was observed and notes were taken. All the users 

were instructed to complete the tasks as fast as possible. In the final stage, the 

participants performed each of the given tasks for 10 times and average results for 

each of them were calculated.  

6   Results and discussion 

The results of experimental evaluation of given tasks and developed GUIs’ are 

presented in the following. Results from the linear regression line fitting for the goal 

reaching and steering through straight tunnel tasks are presented in Fig 5 and Fig 6. 

 

 
Fig. 5. Results from the linear regression line fitting for the goal reaching task.  

 

In the first case the results obtained yield a regression line with movement time (ms) 

predicted as: 

 

MT = 4300 + 116*ID (8) 

and in the second case:  

MT = 4400 + 125*ID (9) 
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with a correlation of r = .942 and r = .915 correspondingly. Correlations above 

.900 are considered very high for any experiment involving measurements on human 

subjects. A high r suggests that the model provides a good description of observed 

behavior. Both equations have large intercepts. 

 

 

 
Fig. 6. Results from the linear regression line fitting for the steering through straight tunnel 

task.  

 

The implication, of course, is that a movement task rated at ID = 0 bits will take 

4.3 and 4.4 seconds correspondingly. The slopes of 116 ms/bit and 125 ms/bit 

translate into bandwidths of 8.6 bits/s and 8 bits/s correspondingly. This implies that 

this interface requires big effort from the user and could be classified as difficult to 

use, because the operations take relatively big amount of time. 

Result from the linear regression line fitting for steering through circular tunnel task is 

presented in Fig 7. They yield a regression line with movement time(ms) predicted as: 

MT = -2000 + 1000*ID (10) 

A negative intercept implies that, as tasks get easier, a point is reached where the 

predicted movement time is negative. This, of course, is nonsense and indicates a flaw 

in the application of the model or the presence of uncontrolled variations in the data. 

 

 
Fig. 7. Results from the linear regression line fitting for the steering through circular tunnel 

task.  
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The values for path repeatability task upon 10 measurements (averaged for all 

users) were calculated and they are given in Table 1. 

Table 1.  Repeatibility results.  

Test number Repeatability (pixels) Test number Repeatability (pixels) 

1 32 6 35 

2 45 7 41 

3 28 8 44 

4 38 9 37 

5 52 10 39 

 

The results imply that this interface should be considered very carefully when we 

have to deal with tasks that require precise actions. Moreover, in order to check the 

development of the user experience, i.e. how much time does one need to gain a better 

experience and to adapt to the eye gaze method of manipulating the cursor, the 

learning curve was calculated for the steering through a straight tunnel task (taking 

fixed values A=300pixels, and W=200. This experiment was conducted for 30 times 

and gained the results given in Figure 8. 

 

 
Fig. 8. Learning curve (power law of practice).  

 

The results show an almost perfect fit with the power law of practice formula [12], 

with α=0.4. One can easily observe that the largest improvements in speed are made 

during the very first trials. Therefore, we should be careful with generalizing timing 

results from first‐time users. The results are also useful to reach a conclusion 

regarding the number of trials after which there is no more significant learning. In our 

case for the given task it was determined that it corresponds to trial number 29. 

5   Conclusion 

This paper describes comprehensive usability study of eye-tracking system, which 

is presenting experimental results that may be useful both for developers and end 

users. The experimental validation was performed on a certain tasks, such as reaching 
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a goal, following a trajectory, steering through straight tunnels and steering through 

circular tunnels. 
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Abstract. This paper intends to reinforce on the mathematical formalism of the 

calculation of the Intensity-Curvature Functional (ICF) of the signal-image and 

to present applications of the ICF to Magnetic Resonance Imaging (MRI) of 

human brain tumors. The ICF of the signal-image in one dimension or multiple 

dimensions is calculated as the ratio between two terms. The two terms are: (i) 

the integral of the product between the model function fitted to the MRI data 

and the classic-curvature, which are both calculated at the grid node of the sam-

pled signal, and (ii) the integral of the product between the model function fit-

ted to the MRI data and the classic-curvature, which are both calculated at the 

intra-node location used to re-sample the signal-image. The Intensity-Curvature 

Functional is therefore employed to re-map the MRI data into a new domain. 

This paper also emphasizes on three major findings provided with the Intensity-

Curvature Functional when applied to two-dimensional Magnetic Resonance 

Imaging (MRI) data of human brain tumors. The three findings are: (i) the visu-

ally perceptible third dimension perpendicular to the imaging plane of the MRI, 

(ii) the medical intensity-curvature measure map related to the accumulation of 

fluids in the tumor area of the brain and more generally of the human brain cor-

tex, and (iii) the fact that the ICF is a filter mask which can be convolved to the 

MRI data so to filter the MRI, which benefits of an enhanced gray level scale. 

Indeed the novelty of this research is that, in four subjects out of eight, the ICF 

based filtering of the Fluid Attenuated Inversion Recovery (FLAIR) imaging 

modality benefits of an enhanced gray scale which allows the observation of de-

tails not visible in the FLAIR.  

 

Keywords: intensity-curvature functional, magnetic resonance imaging, visual-

ly perceptible third dimension, medical intensity-curvature measure map, filter 

mask. 
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1 Introduction 

There are two main motivations to present this paper. The first motivation is to rein-

force on the mathematical formalism of the Intensity-Curvature Functional (ICF) 

which was developed during earlier research [1,2,3,4]. The second motivation is to 

expand on the three characteristics of the ICF calculated on two-dimensional Magnet-

ic Resonance Imaging of human brain tumors.  

The three characteristics are: (i) the visually perceptible third dimension perpen-

dicular to the image plane, (ii) the medical intensity-curvature measure map related to 

the accumulation of fluids in the human brain, and (iii) the convolution of the ICF 

onto the two-dimensional MRI which results into filtered MRI images. It is immediate 

to clarify that the mathematical notation presented here is consistent with the formal-

ism presented elsewhere [1,2,3,4], and such mathematical notation makes use of the 

integrals of: (i) the intensity-curvature term before interpolation, and (ii) the intensity-

curvature term after interpolation. Likewise earlier works [1,2,3,4] the integrals are 

definite in between: (i) the grid node location of the sampling grid of the image, and 

(ii) the intra-node location of the image to re-sample. The aforementioned integrals 

were calculated in order to map the signal-image into a novel domain. The novel do-

main is the ICF image [1,2,3,4] and such image can be calculated at any intra-node 

locations. The advantage offered by the calculation of the primitive function through 

the aforementioned integrals is immediate and is useful because the ICF becomes a 

function of the independent variables and thus makes it possible to create the ICF 

images at an infinite array of spatial locations defined: in between nodes (one dimen-

sional case with x as dependent variable); in between pixels (two dimensional case 

with (x, y) as dependent variables); and in between voxels (three dimensional case 

with (x, y, z) as dependent variables). As far as regards the three characteristics of the 

ICF calculated on two-dimensional Magnetic Resonance Imaging of human brain 

tumors this paper expands on the empirical evidence [3,4] that the ICF is an intensity-

curvature measurement approach capable to build a medical map which is useful to 

highlight the accumulation of fluids in the human brain tumor [3] and to provide the 

tumor images with the borderline of the pathology [4] without the need of segmenta-

tion [5,6,7] and/or filtering algorithms [8,9,10]. Additionally, this paper presents evi-

dence of the fact that the convolution of the ICF onto the MRI makes it possible to 

filter the MRI. Thus, the ICF is here employed as the filter mask which brings the 

MRI into an additional domain (the filtered MRI) characterized by a variety of gray 

levels observable on the tumors and more generally on the human brain structures.  

The three aforementioned characteristics make the ICF a unique mathematical engi-

neering tool (Intensity-Curvature Measurement Approach [3]) yet not found in the 

literature other than the references [1,2,3,4] and other related works, which calcula-

tion is however possible because of the availability of the software at the URL: 

http://www.sourcecodewebsiteCarloCiulla.com. Although the ICF has been proposed 

as an Intensity-Curvature Measure Approach [3] capable to study the diagnosis of 

tumors in the human brain detected through Magnetic Resonance Imaging, while 

providing complementary and/or additional information to the MRI, this paper clari-

fies that in order to accomplish the goal of an improved diagnosis, the analysis of the 

ICT Innovations 2015 Web Proceedings ISSN 1857-7288

52 
S. Loshkovska, S. Koceski (Editors): ICT Innovations 2015, Web Proceedings, ISSN 1857-7288 

© ICT ACT http://ictinnovations.org/2015, 2015

http://www.sourcecodewebsitecarlociulla.com/


ICF images should be included into an MRI protocol used in diagnostic settings, and 

to this aim, further work and evidence in favor to the diagnostic capabilities of the 

ICF images, needs to be presented to the scientific community.  

The next sections of this paper present the mathematical formalism of the ICF, the 

subjects and the pathologies, and the results which were collected from eight subjects 

and which were obtained calculating ICF maps of established MRI imaging protocols: 

(i) contrast enhanced T1-weighted MRI, (ii) Fluid Attenuated Inversion Recovery 

(FLAIR) imaging modalities and (iii) T1-weighted MRI. The paper also presents the 

discussion on the interpretation of the ICF maps of the human brain tumors, and a 

conclusion section emphasizing on both the mathematical formalism of the calcula-

tion of the ICF and the results obtained with the research developed herein.  

2 The Mathematical Formalism 

The mathematical formalism presented herein is consistent with the notation used in 

previous works [1,2,3,4] which made use of the definite integral in order to calculate 

the Intensity-Curvature Functional. Let g(0) be the signal intensity value at the node 

of the sampling grid, in the three cases: (i) one-dimensional g(0), (ii) two-dimensional 

g(0, 0), and (iii) three-dimensional g(0, 0, 0). Let g(x) be the model function fitting 

the data in one dimension (1D), g(x, y) fitting the data in two dimensions (2D), and 

g(x, y, z) fitting the data in three dimensions (3D).     

2.1 Intensity-Curvature Term before interpolation (Eo)        

                                                        x 

One-dimensional case [1]: Eo(x) = ∫ g(0) · (∂2 ( g(x) ) /∂x2)(0) dx                      (1)  

                                                       0       
x  y

 

Two-dimensional case [1]: Eo(x, y) = ∫ ∫ g(0, 0) · [ (∂2 ( g(x, y) ) /∂x2) + (∂2 ( g(x, y) )  

                                                                                           0  0 
 /∂y2) + (∂2 ( g(x, y) ) /∂x∂y) + (∂2 ( g(x, y) ) /∂y∂x) ](0, 0)  dx dy                      (2) 

                                                              x  y  z 

Three-dimensional case [1]: Eo(x, y, z) = ∫ ∫ ∫ g(0, 0, 0) · [ (∂2 ( g(x, y, z) ) /∂x2) + (∂2 (  
                                                                                                    0  0  0 

g(x, y, z) ) /∂y2) + (∂2 ( g(x, y, z) ) /∂z2) + (∂2 ( g(x, y, z) ) /∂x∂y) + (∂2 ( g(x, y, z) )  

 

/∂y∂x) + (∂2 ( g(x, y, z) ) /∂x∂z) + (∂2 ( g(x, y, z) ) /∂z∂x) + (∂2 ( g(x, y, z) ) /∂y∂z) +  

 

(∂2 ( g(x, y, z) ) /∂z∂y) ](0, 0, 0)  dx dy dz                                                                        (3) 

2.2 Intensity-Curvature Term after interpolation (EIN) 

                                                                                  x 

One-dimensional case [1]: EIN(x) = ∫ g(x) · (∂2 ( g(x) ) /∂x2)(x) dx           (4) 
                                                                                0 
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                                                                    x  y
 

Two-dimensional case [1]: EIN(x, y) = ∫ ∫ g(x, y) · [ (∂2 ( g(x, y) ) /∂x2) + (∂2 ( g(x, y) )  
                                                                                              0  0 

/∂y2) + (∂2 ( g(x, y) ) /∂x∂y) + (∂2 ( g(x, y) ) /∂y∂x) ](x, y) dx dy                                   (5) 

                                                                                                        x  y  z 

Three-dimensional case [1]: EIN(x, y, z) = ∫ ∫ ∫ g(x, y, z) · [ (∂2 ( g(x, y, z) ) /∂x2) +  
                                                                                                      0  0  0 

(∂2 ( g(x, y, z) ) /∂y2) + (∂2 ( g(x, y, z) ) /∂z2) + (∂2 ( g(x, y, z) ) /∂x∂y) +  

 

(∂2 ( g(x, y, z) ) /∂y∂x) + (∂2 ( g(x, y, z) ) /∂x∂z) + (∂2 ( g(x, y, z) ) /∂z∂x) +  

 

(∂2 ( g(x, y, z) ) /∂y∂z) + (∂2 ( g(x, y, z) ) /∂z∂y) ](x, y, z) dx dy dz                                (6) 

2.3 The Intensity-Curvature Functional 

The Intensity-Curvature Functional [1,2,3,4] is defined in equation (7), as the ratio 

between: (i) intensity-curvature term before interpolation (Eo(x))) and (ii) the intensi-

ty-curvature term after interpolation (EIN(x)). Where: x is the independent variable x 

in the one-dimensional case; the independent variable (x, y) in the two-dimensional 

case; and the independent variable (x, y, z) in the three-dimensional case.  

 

ΔE(x) = Eo(x) / EIN(x)             (7) 

 

Because of the fact that the Intensity-Curvature Functional (ICF) is a function of the 

independent variable x, it is possible to calculate from an MRI an immense number of 

ICF images each of which is derived from the numerical value of x. Additionally, as it 

shall be seen in the results section, the ICF is a filter mask which brings the MRI into 

another domain where it is possible to observe details of the MRI images under a 

complementary and/or additional perspective. The above stated characteristics make 

the ICF a unique mathematical engineering tool. 

3 Subjects, Pathologies and MRI Modalities 

The subjects, the tumor pathologies and the MRI modalities are detailed as follow: (i) 

a 64 years old male (pathology: oligodendroglioma) is shown in Fig. 1 (MRI modali-

ty: contrast enhanced T1-weighted MRI), (ii) a 72 years old male (pathology: brain 

metastases) is shown in Fig. 2 (MRI modality: Fluid Attenuated Inversion Recovery - 

FLAIR), (iii) a 55 years old male (pathology: brain metastases from pulmonary can-

cer) is shown in Figs. 3, 9 (MRI modalities: contrast enhanced T1-weighted MRI in 

Fig. 3 and T1-weighted MRI in Fig. 9), (iv) a 41 years old female (pathology: ana-

plastic oligodendroglioma) is shown in Fig. 4 (MRI modality: contrast enhanced T1-

weighted MRI), (v) a 38 years old female (pathology: meningioma) is shown in Fig. 5 

(MRI modality: contrast enhanced T1-weighted MRI), (vi) a 37 years old female (pa-

thology: cystic glioblastoma) is shown in Fig. 6 (MRI modality: contrast enhanced 
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T1-weighted MRI), (vii) a 44 years old female (pathology: glioblastoma) is shown in 

Fig. 7 (MRI modality: contrast enhanced T1-weighted MRI), (viii) a 42 years old 

male (pathology: tumor with intra-ventricular extension) is shown in Fig. 8 (MRI 

modality: Fluid Attenuated Inversion Recovery - FLAIR). The MRI scanning proce-

dures were conducted consistently with the routine diagnostic protocol and in compli-

ance with the ethical standards set by the General Hospital 8-mi Septemvri, Skopje - 

Macedonia, which is the institution where the patients were diagnosed. 

4 Results 

The results presented here were collected from the MRI data of the eight subjects 

described in the previous section. The organizational layout of the Figs. 1 through 9 is 

such that in (a) is shown the MRI data, and in (b) is shown the ICF calculated with 

equation (7) when fitting the bivariate linear function [4] to the MRI data shown in 

(a). In Figs. 1 through 9, all of the images except those in (a) were brightness contrast 

enhanced. Figs. 7, 8 and 9 show in (c) the result of the ICF based filtering.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. The contrast en-

hanced T1-weighted MRI 

is shown in (a) and the 

ICF of the image in (a) is 

shown in (b). The pixel 

matrix size is 512 x 512 

with pixel size of 0.45mm 

x 0.45mm. The tumor is 

visible inside the white 

ellipse. 

 

 

Fig. 2. The FLAIR imag-

ing modality is shown in 

in (a) and the ICF of the 

image in (a) is shown in 

(b). The pixel matrix size 

is 260 x 320 with pixel 

size of 1.00mm x 1.00mm. 

The tumor is visible inside 

the white ellipse.  

 

 

(a) 

(b) 

(a) 

(b) 

(a) 

(b) 

Fig. 3. The contrast en-

hanced T1-weighted MRI 

is shown in (a) and the 

ICF of the image in (a) is 

shown in (b). The pixel 

matrix size is 512 x 512 

with pixel size of 0.45mm 

x 0.45mm. The white 

arrow points to the tumor. 
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(a) 

(b) 

(a) 

(b) 

(a) 

(b) 

Fig. 4. The contrast en-

hanced T1-weighted MRI 

is shown in (a) and the 

ICF of the image in (a) is 

shown in (b). The pixel 

matrix size is 512 x 512 

with pixel size of 0.45mm 

x 0.45mm. The tumor is 

located inside the ellipse.  

 

 

Fig. 5. The contrast en-

hanced T1-weighted MRI 

in (a), (b) shows the ICF 

of the image in (a). The 

pixel matrix size is 512 x 

512 with pixel size of 

0.45mm x 0.45mm. The 

tumor is located inside the 

ellipse.  

Fig. 6. The contrast en-

hanced T1-weighted MRI 

is shown in (a), the ICF of 

(a) is shown in (b). The 

pixel matrix size is 512 x 

512 with pixel size of 

0.45mm x 0.45mm. The 

tumor is located inside the 

ellipse.  

 

Fig. 7. The contrast enhanced T1-weighted MRI is shown in (a) and the ICF of 

the image in (a) is shown in (b). The pixel matrix size is 512 x 512 with pixel 

size of 0.45mm x 0.45mm. The tumor is visible inside the white ellipse. The 

images are shown in the sagittal plane. In (c) is shown the filtered MRI when 

using the ICF (b) as filter mask, and the emphasis is on the tumor gray scale 

levels. 

 

 

(a) (b) (c) 
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The pathologies shown in Figs. 1 through 3 are: (i) oligodendroglioma, (ii) brain me-

tastases, and (iii) brain metastases from pulmonary cancer; respectively. The images 

shown in Fig. 2 were cropped. In Fig. 1b the visually perceptible third dimension is 

localized as a valley at the location of the tumor (see inside the white ellipse in (b)). 

The visually perceptible third dimension is also visible in the metastasis of Fig. 2b 

although less accentuated than the one seen in Fig. 1b, because of the MRI imaging 

modality, which is the FLAIR. Fig. 3b shows a clear and distinguished demarcation of 

the tumor affection (see white arrow), placed on an elevation which is higher than the 

localization of the rest of the cortical surface seen in (b).  

Figs. 1 and 3 demonstrate that the ICF is capable to build the medical intensity-

curvature measure map related to the accumulation of fluids in the human brain and 

of the contrast agent in the region of the tumor mass, and in the rest of the cortical 

surface and such accumulation is localized through the higher elevation correspond-

ing to the visually perceptible third dimension.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. The FLAIR imaging modality is shown in in (a) and the ICF of the image in 

(a) is shown in (b). The pixel matrix size is 260 x 320 with pixel size of 0.72mm x 

0.72mm. The tumor is visible inside the ellipses in both of (a) and (b). In (c) is shown 

the result obtained filtering the MRI in (a) with the ICF shown in (b), which is used 

as the filter mask. The images were cropped. The filtered MRI in (c) reveals features 

of the tumor not quite readily observable in the FLAIR shown in (a). 

 

 

Fig. 9. The T1-weighted MRI imaging modality is shown in (a) and the ICF of the 

image in (a) is shown in (b). The pixel matrix size is 512 x 512 with pixel size of 

0.45mm x 0.45mm. The tumor is visible inside the ellipses in both of (a) and (b), 

however it is less visible than the tumors shown with the contrast enhanced T1-

weighted MRI modality. In (c) is shown the result obtained filtering the MRI in (a) 

using the ICF in (b) as the filter mask, and the tumor is more visible than it is in (b) 

and in (a). The images in (b) and in (c) were brightness contrast enhanced. 

 

 

(a) (b) (c) 

(a) (b) (c) 
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Figs. 4b, 5b and 6b, allow the observation that the tumor is identified in the ICF 

images through valleys (see Fig. 4b) and elevations (see Figs. 5b and Fig. 6b). The 

medical intensity-curvature measure map is thus built in the ICF images. Due to clari-

fy that the medical intensity-curvature measure map seen in the ICF images is more 

demarcated when the visually perceptible third dimension is accentuated and such 

phenomenon happens because of the contrast agent used in the T1-weighted MRI 

imaging modality. Data not reported in this paper have shown [3] that when the MRI 

imaging modality is the T1-weighted without the contrast agent, the map seen in the 

ICF images shows less of the visually perceptible third dimension and more generally, 

a flattened cortical surface. The pathologies are: (i) anaplastic oligodendroglioma (see 

Fig. 4); (ii) meningioma (see Fig. 5); and (iii) cystic glioblastoma (see Fig. 6).  

Figs. 7, 8 and 9 shows in (c) the result of ICF based filtering of the MRIs shown in 

Figs. 7a, 8a and 9a respectively. Indeed, the ICF based filtering is made through the 

convolution of the ICFs of Fig. 7b, 8b, 9b, with the MRI of Figs. 7a, 8a, 9a respec-

tively. Thus, the ICF is used as filter mask. Figs. 7, 8 and 9 elucidate on the useful-

ness of the ICF images, which adds up to the capability of the ICF to provide with: (i) 

the visually perceptible third dimension perpendicular to the image plane (see Figs. 1 

through 8); and (ii) the medical intensity-curvature measure map related to the accu-

mulation of fluids (see Figs. 1 through 8). Both of the visually perceptible third di-

mension and the medical intensity-curvature measure map are visible in the ICF im-

age of Fig. 7b (see inside the white ellipse). Additionally, Fig. 7 (pathology: glioblas-

toma) shows in (c) the result obtained when filtering the MRI seen in Fig. 7a using as 

filter mask the ICF shown in Fig. 7b, and so (c) offers details of the tumor with a 

different gray scale versus the details observable in Fig. 7a. Filtering the MRI using 

the ICF image as filter mask makes it possible to obtain the filtered image (Fig. 7c) 

which is useful to highlight with a diverse gray scale, features of the tumor which 

would be yet visible in the MRI of Fig. 7a.  

Fig. 8 shows a Fluid Attenuated Inversion Recovery (FLAIR) imaging modality of 

the tumor with intra-ventricular extension in (a) and the ICF in (b). Likewise Fig. 2b, 

Fig. 8b shows that both of the features: (i) the visually perceptible third dimension 

and (ii) the medical intensity-curvature measure map; are less demarcated when the 

imaging modality is the FLAIR. And, thus Fig. 8 suggests that in order to obtain the 

aforementioned features, the MRI imaging modality needs to be the contrast enhanced 

T1-weighetd MRI.  

Worth noting that in Fig. 8c the result obtained filtering the FLAIR shown in (a) 

with the ICF seen in (b), reveals features of the tumor not quite readily observable in 

the FLAIR of Fig. 8a. The aforementioned behavior is the novelty of this research and 

it has been observed in sample images collected from four subjects out of eight.  

Fig. 9 shows the evidence that the T1-weighted MRI (without contrast agent) does 

not provide the ICF with a well behaved and well demarcated visually perceptible 

third dimension, however filtering the MRI in (a) with the ICF in (b) provides with an 

enhanced gray level scale (see Fig. 9c) where details of the tumor are well visible and 

accentuated when compared with the MRI shown in (a). 
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5 Discussion 

The first aim of this paper is to reinforce on the mathematical formalism relevant to 

the calculation of the Intensity-Curvature Functional [1,2,3,4]. The notation given in 

this paper recalls that the ICF is the ratio between the primitive of the functions under 

the integral (or integrals when calculating in two and three dimensional cases). The 

functions which allow the calculation of the ICF are: (i) the intensity-curvature term 

before interpolation, and (ii) the intensity-curvature term after interpolation. The 

property needed by the aforementioned functions is to be differentiable with respect 

to the independent variables. The interpretation of the results needs to emphasize on 

the three most important advantages of the ICF images. The advantages are: (i) the 

possibility to highlight the tumor contour line without the need of segmentation [4], 

(ii) the increased visibility of the tumor mass at the location of the accumulation of 

fluids [3,4] which is determined through the visually perceptible third dimension per-

pendicular to the image plane [4], and (iii) the filtering properties of the ICF. The 

highlight of the tumor contour line [4] is clearly visible in the figures presented in the 

results section and it is related to the injection of the contrast agent into the subject 

and the consequent imaging modality: contrast enhanced T1-weighted MRI [3]. The 

contrast agent tends to accumulate in proximity and onto the tumor mass. As far as 

regards the physiological phenomenon of the accumulation of contrast agent, the ICF 

images are capable to capture the borderline of the tumor which appears spatially well 

defined as shown in the figures. Another important behavior of the ICF images is to 

highlight the brain sulci and gyri and more generally the various brain structures. 

Indeed the figures presented in the results section demonstrate that the ICF images 

show mounts and valleys in the proximity of the brain structures and this phenomenon 

is a definite characteristic of the ICF images. 

The second most important advantage of the ICF is the visually perceptible third 

dimension [3] along the axis perpendicular to the imaging plane. It can be asserted 

that to trigger the manifestation of the visually perceptible third dimension (likewise 

the capability of the ICF images to show mounts and valleys at the location of sulci 

and gyri of the brain, and the highlight of the tumor borderline) is the contrast en-

hanced T1-weighted MRI modality. In fact, as visible in Figs. 2 and 8, both of: (i) the 

highlight of the tumor contour line (and more generally the human cortex structures), 

and (ii) the visually perceptible third dimension; are less accentuated when the FLAIR 

imaging modality is used to image the tumor through MRI. It is also due to emphasize 

that the ICF embeds the characteristics of a filter mask as it is true that filtering the 

MRI with the ICF results into the filtered MRI (see Figs. 7c and 8c).  

Moreover, as Fig. 8c shows, when the imaging modality is the FLAIR, the ICF 

based filtering is capable to add information and so to reveal details not quite observ-

able in the FLAIR shown in Fig. 8a. The aforementioned phenomenon has been ob-

served in four subjects out of the eight and it is what makes the true and neat differ-

ence between this piece of research and the research reported earlier in [3]. Finally, 

because of the originality and the uniqueness of the present works it is not possible to 

make comparison with related works in the literature.  
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6 Conclusion 

It is due to emphasize that the formalism of both of the intensity-curvature term be-

fore interpolation (Eo(x)), and the intensity-curvature term after interpolation (EIN(x)) 

demands the calculation of the primitives of the integrand functions. The advantage of 

doing so is to place the primitive functions obtained: Eo(x) and EIN(x); into the form 

of the ratio of equation (7), which makes it possible to bring the MRI data into the 

domain of the Intensity-Curvature Functional (ICF). This research has shown that the 

contrast enhanced T1-weigthed MRI imaging modality allows the ICF images to 

build: (i) the clear and neatly demarcated visually perceptible third dimension; and (ii) 

the medical intensity-curvature measure map related to the accumulation of fluids in 

the tumor. Additionally, the ICF has been demonstrated to be a filter mask, which can 

be convolved to the MRI to make it possible to see an enhanced gray level scale. Fi-

nally, the novelty of this research is the capability of the ICF to filter the FLAIR im-

aging modality and so to show details not observable in the FLAIR images. 
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Abstract. Storing data is topic that is constantly present in everyday life, especially 
in IT industry that is part of all areas today. Today, the need for optimization, data 
compression and deduplication using enterprise storage systems, has become a 
necessity. In this paper we describe one of the leading systems for data backup, 
archiving and deduplication and its algorithm operations (Stream Informed Segment 
Layout - SISL) used for data backup, archiving and deduplication. We provide a 
comparison of the best storage solutions manufacturers. Also we present different 
measurements for backup jobs with different data stream sizes. Additionally we will 
suggest which data stream size is the best for the deduplication process. 

Keywords: SISL, enterprise storage, optimization, compression, deduplication. 

1 Introduction 

Enterprise storage is a kind of centralized data depository that includes products and 
services designed to assist large organization with backing up data and archiving. Enterprise 
storage performs the same functions as smaller data storage solutions, but is more reliable, 
fault tolerant, and can provide huge amounts of storage. If we have large number of users, 
heavy workloads, need of high availability and redundancy in our organization, then we 
definitely should have enterprise storage system [1]. Also enterprise storage systems usually 
involve centralized storage repositories, such as storage area networks (SANs). These work 
with fiber channel or network attached storage (NAS) devices. Today, we have many 
different ways for storing data, such as backup and archiving. IT companies have huge 
problems with growing data and finding the best storing solution [2]. Also the way of 
securing data is very important for every type of business. With the size of data growing, 
the number of corresponding duplicates also grows [4]. A very effective technique for 
reducing storage costs is the automatic elimination of duplicate data, more commonly 
referred to as deduplication [3]. Different storage types and solutions use this technique, 
ranging from archives and backups to random access memory [5]. In [1], authors present 
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modified enterprise storage system and they make different analyses for the system 
performance. The most popular challenge is identifying and eliminating duplicate data 
segments on a system that cannot perform fast processing. In [2], authors explain how data 
deduplication and compression improve the effectiveness of the whole system. Authors in 
[3], introduce a new solution for backup and archiving data, with similar performances and 
capabilities like data deduplication process. In [9], Authors describe different techniques 
for avoiding the disk bottleneck. These are embedded in Data Domain deduplication file 
system. 

Having in mind how the big the data storage concept is (Table 1), and the benefits of using 
enterprise storage systems with enterprise deduplication algorithms, one of the goals of this 
work is to describe differences between basic and enterprise deduplication algorithms. 
Furthermore, we emphasize the benefits of using enterprise storage systems with enterprise 
deduplication algorithms and present different measurements for backup jobs with different 
sizes for data stream. In addition, in this work we recommend the adequate data stream size 
for the deduplication process.  

From the following table (Table 1), we can see just how big the data storage market is, in 
terms of revenue. Note that, the enterprise algorithm described later in this paper is used by 
the leading company in data storage systems. 

This paper is organized as follows. In Section 2 we describe the basic deduplication 
algorithm and measurements with different data sizes, while in Section 3 we describe the 
enterprise algorithm for data deduplication. In Section 4 we present the benefits from using 
storage deduplication and deduplication system with SISL algorithm. Finally, Section 5 
concludes this work. 

Table 1. Quarterly revenue comparison for top 5 storage vendors 

Top 5 Vendors of Worldwide Total Disk Storage Systems, Third Quarter of 2014 
(Revenues are in Millions) 

Vendor 3Q2014 
Revenue 

3Q2014 
Market 
Share 

3Q2013 
Revenue 

3Q2013 
Market 
Share 

3Q2014/3Q2013 
Revenue Growth 

EMC $1,822 20,8% $1,761 21,1% 3,5% 
HP $1,276 14,6% $1,201 14,4% 6,2% 

DELL $926 10,6% $865 10,4% 7,1% 
IBM $866 9,9% $933 11,2% -7,2% 

NetApp $746 8,5% $744 8,9% 0,3% 
Others $2,101 24% $1,993 23,9% 5,4% 

All Vendors $7,738 88.4% $7,490 90% 5,1% 
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2 Basic Deduplication Algorithm 

Data deduplication, is process that helps when we have data for backup and archiving. The 
main function of deduplication algorithm is to reduce the storage capacity needed to store 
amount of data that has to be transferred over a network. These algorithms, practically detect 
redundancies within a data set or file system and remove them [6]. One of the most 
important applications of data deduplication are backup and archiving storage systems. 
These algorithms are able to reduce the storage requirements to a small fraction of the 
logical backup data size. This work introduces a new extension of the aptly named 
fingerprinting-based data deduplication [7]. 

The main idea of the basic algorithm for deduplication is to break the incoming data stream 
into segments repetitively and compute a unique fingerprint (identifier) for the segment. 
That identifier is then compared to all others in the system to determine whether it is unique 
or duplicate. If the identifier is unique, then unique data is stored to disk. If it is not unique, 
it continues to compare fingerprints. The system gives off the impression of working in its 
usual way, but in reality it never stores the same segment twice on the disk. This is 
accomplished by creating new references to the previously stored segment. For maximum 
data reduction, smaller segments should be used. The smaller the segment, the higher the 
possibility is for it to be found in more than one place. But smaller segments increase the 
complexity, because there are more fingerprints for computing and comparing. 

The technology that is used in Data Domain systems, uses small segments of data (on 
average of 8KB), see Fig. 1. This approach results in very good deduplication, which in turn 
gives us a flexible store, independent from the application [7]. When unique segments are 
identified, they are compressed with any compression method (LZ, gzip, or others) and are 
stored to the disk as such. 

 
 

Fig. 1. When using high capacity low cost local SATA disks, the fingerprinting algorithm performing 
random lookups for segments of average size of 8KB limits the overall throughput to about 1MB/s 
per disk (Source: EMC Data Domain SISL Scaling Architecture, p. 5) 
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Because the fingerprint index in this algorithm can be much bigger in size than the amount 
of the system RAM memory, it is typically stored to disk. For index lookups, the system 
should perform a disk read for each incoming segment, which may potentially lead to 
additional problems. This implies that if we want 100 MB/s throughput, we should use hash 
based system with 100 disks. If SATA disk with size of 500 GB is used, it can support 
around 120 disk accesses for index lookups per second. If the segment size is 8 KB, a single 
disk could sustain an incoming data rate of about 120 x 8 KB, or around 1 MB/s. In the next 
table (Table 2), we took measurements with various data stream sizes. For the purpose of 
these tests, we used Symantec Backup Exec 2014 backup software, EMC Data Domain 
DD2500 storage system, interlinked with 10G SAN network. If it is required to go faster, 
more disks would be required to spread the access load. That kind of system would be too 
expensive to compete with tape in most situations. In Fig. 2 we present the ratio between 
different data stream size, average execution time and average execution speed for backup 
job of 34.5GB. 

Table 2. Measurements for backup job of 34.5GB with different data stream sizes 

Data Stream Size Average execution time Average execution speed 

32KB 17min07sec 30.64MB/sec 

64KB 15min43sec 38.75MB/sec 

128KB 14min10sec 42.80MB/sec 

256KB 13min03sec 47.30MB/sec 

512KB 12min50sec 48.90MB/sec 

1MB 12min16sec 50.05MB/sec 

 
Fig. 2. Graph with different measurements for backup job of 34.5GB 
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There are more simple solutions. One solution could be to use bigger segment size, but that 
would provide worse deduplication effects, features and performance. Other solution are 
the Fibre Channel disks for deduplication, but they often cost 3 to 5 times more than 
traditional disks. 

Thus, if we say that capacity of 100 disks is too much, how many disks are enough? 

To determine how fast of a system is needed, the best measurement is to make weekly full 
backup with daily incrementals. For scalable deduplication system, we need to index the 
unique identifiers using on-disk structure. For good efficiency, the system needs to 
effectively seek the disk to determine whether an identifier is new, unique or redundant. At 
the moment, disk performances require that we have more disks than the required capacity 
in order to achieve greater seek speeds. The most challenging throughput configuration is 
when all full backup backups are on one weekend day (Fig. 3).  

If we are using a 16-hour weekend backup, at 100 MB/s, a starting dataset would have to 
be less than 5.75 TB (16h x 100 MB/s). If we have deduplication storage system with 500 
GB drives, we only need 12 drives for storage. Also, if we use 1TB disks, then we need half 
of the previous disks. 

The differences in price and manageability between storage system configurations are quite 
big. There are a lot of differences between systems with 12 disks and 100 disks, especially 
in capacity and data that is addressed. 

 
Fig. 3. Deduplication disk efficiency using 500 GB, 7.2k rpm SATA disks and an average 8 KB 
segment size (Source: EMC Data Domain SISL Scaling Architecture, p. 7) 
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The disks that are used today, require speeds around 60 MB/s stream. If disks are working 
with 1 MB/s, the system will need 60 disks for good performance and reading power. To 
achieve that, the system should minimize RAM usage, enable CPU improvements for 
improving throughput, avoid disk fragmentation or use enough number of SATA disks to 
support the required capacity needful for the system. 

3 Enterprise Algorithm for Data Deduplication 

All previous problems of the deduplication algorithm are solved with the new algorithm 
that is implemented in EMC Data Domain systems and its name is SISL (Stream Informed 
Segment Layout). SISL technology includes different combination of deduplication 
algorithms and it identifies around 99% of the duplicate segments in system RAM memory, 
before storing them to disk. 

SISL makes groups of related segments and fingerprints and store them together in such a 
way that large groups can be read at once. With these patented techniques, Data Domain 
enterprise storage system can utilize the full capacity of large SATA disks for data 
protection and, without increasing RAM, minimize the number of disks required for high 
throughput. With other words, SISL algorithm allows Data Domain OS - based system 
performance to track significant CPU speed improvements. SISL implements a series of 
techniques performed directly in RAM, before storing the data to the disk, for quickly 
distinguishing between new unique segments and redundant duplicate segments. SISL uses 
two new terms, summary vector and segment localities [8].  

The summary vector is a data object that is part of the memory, used by Data Domain OS 
for quick identification of unique segments. The process for identification of new segments 
saves the system from comparing indexes on the disk only to find that the segment is new. 
The summary vector is array of bits located in system RAM which bits values are initially 
set to zero. It can effectively determine unique segments without using the fingerprint index. 
When the system stores a new segment, a few bit values in the array are set to 1. The values 
are chosen based on the identifier of the segment. When following segment arrives, its bit 
values are checked. If any of the values are equal to 0, the system will recognize the segment 
as new, and it can stop looking (Fig. 4). 

However, the summary vector is not sufficient for declaring a segment redundant. There is 
1% probability, that in one moment all of the segments would have been set to 1 even though 
the new segment is unique. This happens because of process concurrency. When this 
happens, the system needs to rely on other mechanisms to conclude recognition, but they 
are out of the scope of this paper. 
The problem with finding duplicates exclusively with index lookups is that every disk 
access only retrieves one segment. One way to disk efficiency is to retrieve many segments 
with each access.  
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Segment localities are units in form of containers. In these, the Data Domain system 
sequentially stores small segments of data with the same neighboring segments. Most of the 
time these come together as neighbors before and after the current segment. File system of 
the Data Domain is a log structured system, at the center of which is located the log of 
containers that are used for storing localities. Localities are one kind of data segments that 
are used in backup systems. They are grouped together in containers and appended to their 
logs [8].  

 
Fig. 4. The entire array is initialized to 0.When inserting (A), segments with hash identifiers h1, h2, 
h3 of the segment fingerprint are set to 1. When doing a lookup (B), hash identifiers h1, h2, h3 are 
checked again and if any are 0, the segment is refused by the system (Source: EMC Data Domain 
SISL Scaling Architecture, p. 8) 

The containers use metadata sections where they store the unique identifiers for the 
segments, as well as other file system elements. This way the identifiers and the data can 
be accessed easily when performing deduplication and when the deduplicated stream is 
reconstructed. The function of locality is keeping segments close together on disk, when 
they are neighbors. Because of this functionality, the system can access all the identifiers or 
a whole locality with a single disk access. This means that many associated segments or 
segment identifiers can be accessed on very effective and fast way (Fig. 5). Upon the arrival 
of new segment, the system first checks the bits in the summary vector. If the system using 
the summary vector, finds out that the segment is new, the system adds the segment to the 
current segment locality for later storage to disk. If it is not a new segment, the system looks 
in a fingerprint cache in the RAM memory of the system [8]. 

When using backup and restore processes, most data segments are not often accessed. A 
full backup passes an entire file system serially through the backup process and references 
huge numbers of segments that will not be referenced again until the next full backup. For 
that reason, the technique with caching data that is recently accessed will not be effective. 
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Fig. 5. Segment localities and containers (Source: EMC Data Domain SISL Scaling Architecture, p. 

9) 

When using SISL algorithm, if a segment isn’t located in the cache, the system looks for it 
in the on-disk index and then puts the unique identifiers of an entire locality into the cache. 
Then the following segments in the incoming backup stream are found in the cache of the 
system and there is no need for further disk accesses. This helps in finding duplicate 
segments with high speed and reducing hardware needs (including RAM memory and the 
number of disks). Unnecessary index lookups for new segments are avoided with the use of 
summary vector. Segments and their unique identifiers are organized as such so that each 
data fetch consists of only data relevant to that sequence of segments. The preloading of 
these localities into the cache memory enables fast and effective identifying of duplicate 
segments. With real backup data, these improvements eliminate up to 98% of the disk reads 
and provide balanced performance using the full capacity of SATA disks, and getting best 
deduplication performance [8]. 

On Fig. 6 we present space usage statistics from our test environment. The tests were made 
with EMC Data Domain DD2500 storage deduplication system and Symantec Backup Exec 
2014 software, both connected with fiber optic in 10G SAN switch. We made a backup of 
540.5 GiB data and after deduplication process and the use of SISL algorithm we got 91.9% 
compression or 12.3 times reduced space.  
The total amount of data before compression was 540.5 GiB (Total Pre-Compression). The 
total data amount of data after compression is 43.8 GiB (Total Post-Compression). This is 
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perceived as very efficient performance of our storage systems, resulting in more effective 
usage of storage space and significant cost savings. 

 
Fig. 6. Data Domain DD2500 Space Usage statistics 

4 Benefits from using storage deduplication system with SISL 
algorithm 

 Reduces the amount of storage space – With high data compression and keeping 
only unique data, the storage space is reduced and significant capacity saving 
becomes highly feasible. 

 Cost-Effective storage system – The use of low cost disk drives with high 
performance and CPU scaling architecture make system to be cost effective. 

 Fast Backups – Performing deduplication in CPU and RAM and using SISL 
algorithm, the system can achieve fast backups. 

 High deduplication performances – CPU Centric architecture with SISL algorithm 
and unique segments result with high deduplication performances. 

 Less disk accesses – With use of containers and localities, the system reduces disk 
accesses. 

 CPU - Centric Architecture – Uses CPU processing performance for the 
deduplication process. 

 Fewer disk drives – High data compression, reduced amount of storage space and 
high deduplication performances reduce the number of disk drives in the system. 

 Data compression – High compression of data with use of SISL fingerprinting 
algorithm and fingerprinting unique segments. 

5 Conclusion 

Today, every company for storage solutions, attempts to reduce cost and get the most out 
of the system. That is possible with choosing right deduplication system and algorithm. In 
this paper, we present two algorithms for data deduplication, the first one is the basic 
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algorithm and the second one is optimized algorithm for deduplication and compression, 
called SISL. The SISL algorithm that is used in Data Domain system architecture optimizes 
deduplication scalability and performance by minimizing disk accesses. For cost efficiency, 
the deduplication system needs to use CPU centric architecture and should require small 
number of disk accesses, so as to minimal number of low-cost, high capacity disks would 
be utilized. In SISL algorithm, Data Domain system has developed a perfect architecture 
for providing deduplication storage systems with economical characteristics and hardware 
with best performance. 
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Abstract. The spread of mobile phones in the world, increasing quantity and 

quality of sensors embedded in modern smartphones open up new opportunities 

for more individual and less obtrusive stress analysis in real-life situations. One 

of the aims of our research is to develop a real-life stress recognition method by 

measuring behavioral data and context, through gathering data from 

smartphones, and without the use of additional wearable sensors. The parame-

ters collected from smartphones are audio, accelerometer, gyroscope, external 

lighting, screen light on/off, and self-reports (current stress level assessment). In 

a binary classification (stress or relax) we achieved over 81% accuracy using 

activity level information (accelerometer and gyroscope features) and decision 

tree algorithms. For a 3-class stress classification (low, medium, high) we 

achieved a 70% accuracy with the application of all features.   

Keywords: Stress recognition; stress tracker; behavioral data; context; classifi-

cation; smartphone.  

1  Introduction  

Due to the effects of stress, there are losses worth multibillions in the world economy 

[1]. Chronic, reoccurred and prolonged stress can induce problems with people's 

health [2], [3]. Stress can directly cause illness, through its physiological effects, or 

indirectly, through maladaptive health behaviors (smoking, poor eating habits or lack 

of sleep) [4]. Overabundance of stress in the modern world can cause all these prob-

lems.  

Our aim was to explore the possibility of determining stress in real life by only us-

ing the data collected from smartphones. There have already been a number of studies 

where the smartphone was used as a tool for gathering contextual and behavioral data, 

as well as to analyze the stress and emotional state. In [5] authors used the smartphone 

data collected during the day and combined it with the heart-rate variability (HRV) 

data from a chest belt received during the night to predict the stress level. Picard et al. 

[6] analyzed the smartphone data and the data from a wrist sensor to find statistically 

significant features connected with the stress level, and to classify whether an indi-

vidual was under stress or not. Smartphone usage patterns were applied to recognize 
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users’ daily happiness [7]. In another research contextual data and electrodermal ac-

tivity (EDA) from a wristband sensor were used to recognize chronic stress situations 

on the basis of the user’s context [8]. Authors in [9] also gathered contextual data 

(calendar events, phone calls, location, e-mail readings) to evaluate how the environ-

ment and events impact physiology. The main contribution of the presented work 

consists in selecting various properties from the behavioral pattern and the contextual 

information for analysis by using various algorithms. In addition, we set an aim to use 

mobile phones only for the purposes of stress measurement in real life without any 

additional external sensors, and this way we aimed at achievement of maximal nonin-

vasiveness. 

The remainder of the paper is organized as follows: Section 2 discusses a 

smartpnone as a stress recognition sensor. Stress level assessment methods are pre-

sented in Section 3. In section 4 the collected data description is given. Section 5 pre-

sents the results of the study. Finally, in Section 6 conclusions are given. 

2 Smartphone as stress recognition sensor 

According to the [10] 2.04 billions of smartphones will be in use by the end of 2015. 

Ericcson report claims that during 2014 alone, 800 million smartphone subscriptions 

were added worldwide [11]. This trend is continuing, and smartphone subscriptions 

set to more than double by 2020 [11]. A smartphone is an object that we carry with 

us. Modern smartphones can be called small computer centers due to their growing 

technical capabilities: an increase in CPU, RAM, the number of cores and perfor-

mance. The smartphone is also a technical platform for various sensors: ranging from 

sensors that are regular for daily life and exist practically in every "normal" 

smartphone, like accelerometer (ACC), gyroscope (Gyro), GPS, Bluetooth 4.0 (BT4), 

light and proximity sensors, infrared sensors etc., to embedded sensors used for e-

Health purposes: optical pulse and pulse oximetry (SpO2) sensors, gesture recogni-

tion, sensors for measuring environmental temperature and humidity, ultra red sensor 

and dosimeter. In this study, we used a "normal" smartphone Nexus 5 that does not 

have any e-Health sensors and does not require additional hardware.   

A smartphone can capture and provide various types of data: (i) changes in our dai-

ly behavior (through the analysis of changes in the pattern of the way we use our 

phone, etc.), (ii) current type of activities (by analyzing the data from ACC and Gyro), 

(iii) context information (location, lighting, audio features, weather, etc.), (iv) and can 

be used for subjective self-assessment of current stress level. 

3 Collecting self reports from user 

Researchers use various methods for the purpose of current stress level assessment. 

Authors in [18] collected salivary cortisol, a hormone with important functions that 

participates in the development of stress reactions. Physiological parameters of the 

body like HRV in [19], EDA in [20], heart rate (HR) in [21], electromyography 

(EMG) in [22], blood volume pulse (BVP) in [23] etc. were used for the assessment 
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of stress level. Self-reports about the current emotional state of participants were used 

in a large number of studies [8], [22], [5] as ground truth. In this study, we used sub-

jective self-assessment by participants of their current stress level as ground truth in 

accordance with the study [8], in which authors claim that an average user is able to 

make a good assessment of own current stress or relax states. Based on this 

knowledge we used a 7-point scale questionnaire in our study, similar to NASA Task 

Load Index [24]. For this purpose application for Android, named "Stress Tracker", 

was developed. This application with a set time interval (in our case 1 hour) asked a 

participant to assess the current level of stress from Monday to Saturday from 09-00 

to 20-00 with the possibility to leave a comment (Fig. 1). Self-reports should be trig-

gered at least 30 minutes apart. Further, these self-reports were unloaded in a .csv 

format, and then imported into the MySQL database. Before importing the data into 

the database, time was converted into a Unix format as for all of the remaining pa-

rameters.  

               

Fig. 1. Android application for assessment of current stress level. Left - main screen, right - log 

screen 

4 Collected data 

In [12] researchers made a classification of sensors which can be used in stress and 

emotion recognition systems, and figured out that behavioral and contextual data are 

the most interesting types to collect information noninvasively. 
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There are solutions that provide low-level access to sensors built-in smartphones. 

The most popular of them are Funf [13], Sensor Data Collection Framework for An-

droid (SCDF) [14] and MyExperience platform [15]. In our study application based 

on the framework Funf was used to gather the behavioral and contextual information, 

because Funf, in our opinion, provides the easiest way to get your data.  

Table 1 presents the collected information and the time intervals when it was done. 

Table 1. Gathering data from smartphone with time intervals.

Data type  Time interval between 

starts, sec. 

Duration after start, sec. 

Screen on/off every change is count-

ed 

 

Audio features 300 40 

Light features 300 40 

Gyroscope features 120 15 

Assessment of stress level 1800-3600  

Accelerometer features 120 15 

 

The frequency and duration of the information collection were selected based on: 

(i) minimization of the battery consumption, so that the phone can work without re-

charging for at least one day; (ii) minimization of the intervals when data is collected. 

We counted every change of the screen off/on. Collected audio features include 

values of mel-frequency cepstral coefficients and power spectral density across fre-

quency band. Light features describe ambient light. Gyroscope features are normal-

ized values on axis X, Y and Z. By using accelerometer features, three activity levels 

were calculated: none, low and high.  

Once all the data has been collected, it was imported from a cloud storage to a sep-

arate database table in MySQL. Each data type was put in a separate table with the 

key field "timestamp" (Unix format), which corresponds to the time of occurrence of 

the event. 

5 Results 

The data was analyzed with the WEKA software package [16]. WEKA is a collection 

of algorithms for machine learning to solve data mining tasks. The system allows 

applying algorithms to the data samples, as well as running the algorithms in Java 

programs. 

Values of self-assessment of the current stress level for a binary classification were 

divided into two classes. Values 1, 2, 3 correspond to the "relax" class and values 4, 5, 

6, 7 correspond to the "stress" class. Next, all data from the MySQL database was 
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processed and converted to the WEKA format (ARFF - Attribute-Relation File For-

mat) and then uploaded into the program. ARFF format is a simple format, which 

organizes as .csv file with headers that describe the variables. After normalization of 

the data, there was classification made as follows: 4 algorithms were used for the 

classification with different sets of features to get a better understanding of the signif-

icance of certain properties for the purpose of stress recognition.  

Results of a 3-class classification are presented in Table 2. For this task self-

assessments were divided into 3 classes: values 1,2 correspond to "low" stress, values 

3, 4, 5 correspond to "moderate" stress and values 6, 7 correspond to "high" class. 

A 10-fold cross validation was applied to estimate how good prediction results will 

be in practice. We randomly divided the data into 10 parts, and each part was used as 

a control set whereas others were used as a training set. Four algorithms were used for 

data classification: k-nearest neighbors (kNN), decision tree (J48 and REPTree), and 

simple logic. We will not describe how these algorithms work, but note that in our 

case REPTree algorithm was the best and kNN algorithm was the worst for 2-class 

classification. The computation results are presented in Table 2. 

Table 2. Analysis results. 

Algorithms  

Set of features kNN J48 

Simple 

logic 

REP 

Tree 

all features (3-class classi-

fication) 62.50% 63.75% 70.00 % 61.25% 

all features (2-class classi-

fication) 65.00% 73.75% 73.75% 76.25% 

without Gyro and ACC da-

ta (2-class) 53.75% 71.25% 70.00% 72.50% 

without screen off/on data 

(2-class) 57.50% 72.50% 75.00% 76.25% 

without lux data (2-class) 68.75% 75.00% 77.50% 76.25% 

without audio data (2-class) 57.50% 75.00% 75.00% 80.00% 

only Gyro and ACC data 

(2-class) 73.75% 81.25% 75.00% 81.25% 

 

As shown in Table 2, the accuracy of binary classification with the exclusion of the 

data from Gyro and ACC is 2.5% to 11.25% lower (the average value is 5.31%) com-

pared to the use of all features for the analysis. On the other hand, by using the data 

only from Gyro and ACC the accuracy of 2-class classification is 1.25% to 8.75% 

higher (the average value is 5.63%) compared to the use of all parameters.  

Thus, according to the results presented above, it is possible to conclude that the 

Gyro and ACC data are significant parameters for stress analysis, the consideration of 

which increase the accuracy of classification. 

As we can see in Table 2, the contribution of various sets of features for the classi-

fication accuracy can be both: positive and negative, except for the variant without the 
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lux data, in which accuracy of classification is up to 3.75% higher (the average value 

is 2.19%) compared to the use of all parameters. 

Therefore, it is important to choose the significant sets of parameters that could 

lead to an increase in the accuracy of classification. It is possible to find optimal fea-

tures with the highest correlation to stress level (or emotions) using a combination of 

different algorithms for this. In [17] the authors used the genetic algorithm to select 

the significant parameters to optimize stress classifications and got a better result 

compared to the classification without using a genetic algorithm.  

6 Discussion and conclusion 

Our results showed over 81% accuracy in a binary classification (stress and relax) and 

over 71% accuracy in a 3-class classification (low, medium and high stress) using the 

data from a smartphone only. ACC and Gyro features, and external lighting data were 

correlated with the stress level more than other features (audio, screen light on/off). 

Although our results are preliminary, it is possible to conclude that a smartphone 

can be used as an instrument of stress determination. Moreover, we believe that a 

smartphone can provide a real-time feedback to individuals about their stress level 

and help them to reduce or even avoid stressful situations by providing prompts on 

how to change their behavior, but this assumption should be checked on practice.  

We plan to collect many various types of data in real life from smartphones and 

then to choose optimal parameters which are strongly correlated with stress. In addi-

tion, we want to gather physiological data from wearable sensors (HRV, EDA, SpO2, 

etc.) to get robust results. 
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Abstract. Analyzing huge amount of data are a big challenge. On one hand we 
are faced with the problem of storing a large amount of data, and on another to 
process it in a reasonable or even real time. Real time analytics can be defined 
as the capacity to use all available enterprise data and sources in the moment 
they arrive or happen in the system. In this paper, we present an infrastructure 
that we have implemented in order to analyze data from big log files in real 
time. The main components of the infrastructure are Redis, Logstash, 
Elasticsearch and Kibana. Redis is used for temporary buffering of the log data, 
Logstash utilizes different filters to manipulate and analyze the data, 
Elasticsearch is used for indexing and storing the data and Kibana is a user in-
terface used to visualize the results. We explore implementation of several fil-
ters in order to post-process the log information and produce various statistics 
that suit our needs in analyzing log files containing SQL queries from a big na-
tional system in education. The post-processing of the SQL queries is mainly 
focused on preparing the log information in adequate format and information 
extraction. The purpose of the analysis is to monitor performance and detect 
unusual behavior in order to alert or prevent possible unwanted activities, or to 
develop (in future) triggers that can indicate or even prevent possible problems 
in real time. 

Keywords: Big data, log data, real time processing, Redis, Logstash, 
Elasticsearch, Kibana. 

1 Introduction  

With the increased number of internet users, the need for analyzing data and specifi-
cally log data is increasing too. The two general requirements of big data projects are 
common: analysis of the (near) real time information extracted from a continuous 
inflow of data and persisting analysis of a massive volume of data. Log management 
is complex and time consuming process, even harder when we have to deal with big 
log files that came in real time. Log file is a file that records all the events that hap-
pened during one software or/and operating system is running. Also, it may register 
all the exchange of personal messages between different users under some communi-
cation software. The content of log files could be diverse, e.g. it could be structured, 
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semi-structured and weakly structured. Our special interest is log files that contain 
SQL queries. 

Building an infrastructure for analyze of big log files in real time is a computa-
tional, storage and scalability challenge. To make proper choice of infrastructure we 
have done extensive investigation reported in [7], [8], [9] and [10]. In this paper, we 
present adjusted infrastructure proposed by Ian Delahorne [2]. Among open source 
and free software tools, we find it appropriate because it is possible to modify it when 
needed, by adding various other components (like Hadoop), or scale up or down by 
adding (duplicate, triplicate,…) some of existing components. 

Study and experiments are motivated by need to use such an infrastructure for ana-
lyze of the log files from a system called e-Dnevnik (ednevnik.edu.mk1). e-Dnevnik is 
an electronic system for managing the data records of students in Macedonian 
schools. System enables daily communication between teachers, parents and students 
and various statistical analyzes used by Ministry of education and research of RM and 
other public institutions. System receives a big number of requests during a day and 
analyze of these requests is required before they are saved to database in order to 
reduce the amount of logs that is necessary to be saved. The idea is to save into data-
base just the information that is of interest for future processing and other to be ig-
nored. Even more, analyze of log files in real time can signalize and detect errors, 
track CPU usage, monitor parameters and similar. If some of the parameters rise 
above expected values, or error occurs, built-in (in future) triggers will indicate or 
even prevent possible problems in real time.  

Paper is structured as follows: In the second chapter we explain which are the 
components and functions of this infrastructure; in the third chapter, we demonstrate 
pre-processing of the SQL queries contained in log files and usage of several Log-
stash filters important for real time analytics; in the fourth chapter we implement the 
infrastructure for real time analysis of e-Dnevnik database log file; the last chapter is 
the conclusion for our work done thus far, including also ideas for future work.  

2 Infrastructure for analyzing log data in real time 

With aim to deal with big log files in real time produced by PostgreSQL server in 
order to analyze query performance, we start with the solution proposed by Ian Dela-
horne [2]. Since Elasticsearch [5], together with Logstash has evolved during the past 
several years, we include in our architecture several new and remove several unneces-
sary components. Our proposed architectural is shown in Figure 1. This architectural 
design is based on pipeline event processing, divided in following phases: input (col-
lects and manages events and logs), buffering, decode/pre-process (extract structured 
data into variables, parse), filter (modify, extract information) and output (ship the 
data for storage, index, search and visualize). 

An important characteristic of this architecture is the capability to scale up/out of 
every component, depending on the input stream size and rate, by running one or 

                                                           
1  http://ednevnik.edu.mk/ 
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more of its components as a separate threads/servers. For example, we can scale out 
the input phase with three shipper servers as shown in Figure 1, or we can scale up the 
Logstash filtering server on a bigger machine with more CPU cores/RAM. 

 
Fig. 1. Components of infrastructure for big data log analytic in real time 

Flexibility is achieved also by possibility of adding various additional components 
as Hadoop, Cassandra, statistical or graphical tools like Statsd, Graphite and others. 
Generally in most cases when we run the Logstash server there will be two broad 
classes of Logstash host [3]: 

 The first one is the host which runs the Logstash agent as an event "shipper" that 
sends application, service and host logs to a central Logstash server. 

 The second one is central Logstash host which runs a combination of components 
of this architecture for pre-processing and filtering of events. 

Broker (usually Redis [12]) acts as efficient temporary buffer for logs. This espe-
cially is important to enable interruptions in the processing of the log events in an 
occasion of upgrade process of the Logstash instances, or in the case of an unexpected 
raise of event size and number. 

2.1 Logstash 

The main component of the infrastructure is Logstash [4]. It is written in JRuby and 
runs in a Java Virtual Machine (JVM) [4]. It is easy to deploy, as a single JAR file 
that can be started directly using a JAVA SE VM (no Apache Tomcat Containers are 
needed). Its architecture is simple comparing with other similar software architectures 
since it consists of a three phase pipeline (input, filter, output) and it provides an easy 
way of extension of functionalities in each phase using plugins. 

Input phase collects the logs and sends the collected events to the filter phase. Logs 
can generally arrive from various sources: Files, TCP/UDP files, Syslog, Microsoft 
Windows EventLogs, STDIN, Key-value stores and a variety of others. In our case 
log file includes Postgres SQL CSV log files and Key-value stores (Redis [12]).  

Logstash comprise a large collection of filters which enable us to extract structured 
data into variables, parse, modify and enrich the data, before they are pushed to the 
Elasticsearch.  
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2.2 Elasticsearch / Kibana 

Elasticsearch enables efficient indexing and storing of the event logs, and enables a 
full text search on them. It is an open-source distributed search engine library, built on 
top of Apache Lucene [11]. ElasticSearch [5] allows us to implement store, index and 
search functionality and as such help us in easier and more efficient computation of 
various data analytics. ElasticSearch is a NoSQL data store where data are stored as 
documents. Although it is mainly used by Java applications, the important thing is 
that applications need not to be written in Java in order to work with ElasticSearch, 
since it can send and receive data over HTTP in JSON to index, search, and manage 
our Elasticsearch cluster.  

The last component is Kibana [6] which is a HTML/JS frontend web interface to 
Elasticsearch for viewing the log data. The beauty of Kibana is that we can easily 
search in the data with different queries, produce charts, histograms and other visual 
products [2]. 

3 Processing of  SQL queries  

Processing of database transaction logs presents a big challenge due to their massive 
volume. The main target of the SQL queries analytics is to gather information and 
detects anomalies in query performance on an operational level. This means that we 
want an early detection of performance degradation of SQL queries in real time and 
alert adequately in order to remove the possible causes. 

3.1 Log data pre-processing 

In order to get more realistic results we must do a SQL queries pre-processing by 
performing a normalization procedure on them. The normalization of the SQL queries 
tries to remove all data and parameters from the queries in order to gather better 
grouping/clustering of SQL query types. These includes elimination of comments, 
start of transactions, string content, null parameters, non essential numbers and hexa-
decimal numbers, the last line of code, removing of extra space, new line and tab 
characters and lower-casing. Similar normalization process can be referred in 
pgBadger [1] that is used for batch log file processing. Next is an example of Log-
stash configuration file for normalization of SQL queries using Logstash mutate filter. 
This filter allows performing of regular expression pattern matching and replacement 
for general transformation of event fields. Following is the piece of the Logstash filter 
configuration file for SQL query normalization: 
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mutate { 

 # Set the entire query lowercase 

 lowercase => [ "statement" ] 

 gsub => [ 

  # Remove comments 

  "statement", "\/\/\*(.*?)\*\/", "", 

  # Remove extra space, new line and tab 

  "statement", "[\t\s\r\n]+", " ", 

  # Remove start of transaction 

  "^\s*begin\s*;\s*/,"", 

  # Remove string content 

  "statement" , "\\'", "", 

  "statement" , "'[^']*'", "''", 

  "statement" , "''('')+", "''", 

  # Remove NULL parameters 

  "statement" , "=\s*null", "=''", 

  # Remove numbers 

  "statement" , "([^a-z_\$-])-?([0-9]+)","\ 10", 

  # Remove hexadecimal numbers 

  "statement" , "([^a-z_\$-])0x[0-9a-f]{1,10}", "\10x" 

 ] 

} 

Other useful pre-processing plugging is the merge filter that lets us combine two 
events that occur within a period into a new single event. This can be helpful if infor-
mation for a single SQL query is split into several log events. In our case, Postgres 
logs two events for a single query, first containing the SQL query, and the second 
containing the duration of the query execution. Merge plugin has the following op-
tions that are used: 

 key => Unique identifier, used to match the two events you want to merge. 
 order => 'first' or 'last', the order the events should arrive  
 merge_tag => Tag(s) to add on the new event.  
 period => Max length of time between events(seconds).  

In the example below if the event is the first event to be merged we execute the fol-
lowing merge plugin. This can be controlled using conditional filter processing. The 
merging of events is based on the key values, i.e. in this case "session_id" and "ses-
sion_line_num". 

merge { 

 key => [ "session_id", "session_line_num" ] 

 order => 1 

 period => 1 

} 
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Finally for the second event, if that event contains the durraion of the SQL query, 
and matches the key fields "session_id" and "session_line_num", the event fields 
specified are merged. In this case we merge only the "duration" field. 

merge { 

key => [ "session_id", "session_line_num" ] 

fields_to_merge => [ "duration" ] 

 order => 2 

} 

At the end of pre-processing we remove the log message key-value for personal 
data protection, and further calculate a hash of the normalized SQL statement in order 
to optimize the analysis process so it will not involve the full complex SQL state-
ments. 

mutate { 

 add_field => [ "sql_hash", "%{statement}" ] 

 remove_field => [ "message" ] 

} 

anonymize { 

 algorithm => "MD5" 

 fields => [ "sql_hash" ] 

 key => "<some seed>" 

} 

Analytics filter . In order to perform statistical analysis of the performance of SQL 
queries, we found that the use of the metrics filter [3] can be practical. The metric 
filter produces an aggregation metrics from the log events based on the selected key 
values. The metrics filter is invoked periodically (flush_interval), can filter the proc-
essed events based on a time frame (clear_interval) and can produce statistics of both 
event occurrence (count, rate of events) and event values (ex. sql statement duration). 
The timer parameter of the metrics filter gives us a variety of information as follows: 

 “thing.count” - the total count of events 
 “thing.rate_Xm” - the X-minute rate of events 
 “thing.min” - the minimum value seen for this metric 
 “thing.max” - the maximum value seen for this metric 
 “thing.stddev” - the standard deviation for this metric 
 “thing.mean” - the mean for this metric 
 “thing.pXX” - the XXth percentile for this metric 

Following is the Logstash configuration that uses the metrics filter in order to pro-
duce statistics on every 60 seconds, based on SQL events in the past 300 seconds. The 
statistics contain count, rate_1m and rate_5m for the event occurrence, and duration 
statistics per SQL query type (sql_hash). The statistics are produced as a separate log 
event. 
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metrics {  

 add_tag => "metric" 

 timer => [ "%{sql_hash}", "%{duration}" ] 

 flush_interval => 60 

 clear_interval => 300 

 rates => [1,5] 

} 

Analyze of log files in real time can signalize and detect errors, track CPU usage, 
monitor parameters and similar. If some of parameters rise above expected values, or 
error occurs, built in (in future) triggers will indicate or even prevent possible prob-
lems in real time. Figure 2 shows how these metrics filters present results in Kibana. 

 
0091e3390f763d542da76ea18d56717d.count 832 
0091e3390f763d542da76ea18d56717d.rate_1m 4.50225627 
0091e3390f763d542da76ea18d56717d.rate_5m 4.21929311 
0091e3390f763d542da76ea18d56717d.min 0.008 
0091e3390f763d542da76ea18d56717d.max 0.283 
0091e3390f763d542da76ea18d56717d.mean 0.0620601 
0091e3390f763d542da76ea18d56717d.stddev 0.20703094 
0091e3390f763d542da76ea18d56717d.p1 0.009 
0091e3390f763d542da76ea18d56717d.p5 0.009 
0091e3390f763d542da76ea18d56717d.p10 0.01 
0091e3390f763d542da76ea18d56717d.p90 0.113 
0091e3390f763d542da76ea18d56717d.p95 0.124 
0091e3390f763d542da76ea18d56717d.p99 0.15367 
0091e3390f763d542da76ea18d56717d.p100 0.283 

Fig. 2. Result fields of metrics (meter and timer) event in Kibana 

4 Real time analysis of e-Dnevnik database log file  

To illustrate possibilities of our infrastructure, we have analyzed log files generated 
from e-Dnevnik. e-Dnevnik is the electronic system for managing the student records 
of elementary and high schools in Macedonia. There is a huge number of requests in 
real time and we would like to take some statistics based on the traffic that is gener-
ated in a defined periods of time. The data analyzed are SQL queries saved in log file. 
In the Figure 3 below we present two histograms produced by Kibana. The first chart 
displays the distribution of the number of events in the system, calculated per 30 sec-
onds intervals in the time period from 14:26 untill 15:16, having 2207880 hits all. The 
second chart shows the calculated mean duration of SQL queries execution time for 
the same period and intervals. This shows that the mean of the query duration is 
higher at the specific period of time. The higher mean duration time of SQL queries in 
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this example is the consequence of the Postgres server restart and warming up of 
Postgres shared buffers. 
 

 
Fig. 3. e-Dnevnik number of hits and duration mean per 30 seconds intervals, in selected 14:26-
15:16 period of time 

4.1 Result Visualization 

For now we didn’t implement any specific tool or make our own, beside  Kibana that 
will visualize the statistical data produced by the metric filter. In future work we plan 
to implement such a tool that visualizes result automatically. To visualize and com-
pare results for various time intervals, and multiple parameters obtained by metrics 
filters in single picture, we export results in JSON format and import them in Excel. 
Figure 4, 5 and 6 present results acquired by the metrics filters count, rate_1m, 
rate_5m, min, max, mean, p1 (1 percentile), p5 (5 percentile), etc. Illustration is done 
for the five types of SQL queries. On the Figure 4 the 1 and 5 min rates of each query 
for the consecutive 1 min intervals in 10 min period are shown. Figures may indicate 
that the rates of query types 5 and 3 are slightly higher. Further investigation should 
be done (for their duration) and eventual optimization of these queries can be sug-
gested.  

 
Fig. 4. Comparison of the 1 and 5 min rates for the five types of queries (parameters: rate_1m, 
rate_5m) for the consecutive 1 min intervals in 10 min period. 
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On the Figure 5 below the number of occurrences for the same five types of que-
ries for the consecutive 1-min intervals in 10 min period is shown.. 

 

  
Fig. 5.    Comparison of the number of occur-
rences for the five types of queries (parameter: 
count) for 1 min intervals in 10 min. period. 

Fig. 6. Change of the several statistical pa-
rameters for the one type of query, for 1 min 
intervals in 10 min. period. 

Figure 6 shows the change of the several statistical parameters for one type of 
query in 10 min period. The idea is to monitor these and other parameters in order to 
detect anomalies.   

5 Conclusion 

Analyzing Big Data in real time is a challenging process but the need for this ana-
lytics is emerging with enormous growth of incoming data and need of their fast ana-
lyze. In this paper, we propose infrastructure we have adjusted in order to analyze big 
log files in real time and demonstrate related analytics we made on system “e-
Dnevnik” big log files that are produced daily by its PostgreSQL server.  

The main components of the infrastructure are open source and free software tools, 
Redis, Logstash, Elasticsearch and Kibana. The infrastructure design is based on the 
pipeline event processing, divided in phases: input (collects and manages events and 
logs), buffering, decode/pre-process (extract structured data into variables, parse), 
filter (modify, extract information) and output (ship the data for storage, index, search 
and visualize). Proposed architecture is capable to scale up/out depending on the input 
stream size and rate, by running one or more of its components as separate 
threads/servers. Flexibility is achieved by possibility of adding various further com-
ponents as Hadoop, Cassandra, statistical or graphical tools like Statsd, Graphite, or 
deploying extension of functionalities in each phase by using own plugins.  

We illustrate the SQL queries database transaction logs analytics with implementa-
tion of the filters that produce various statistics enabling detections of anomalies in 
query performance on an operational level. This means that we are able to detect per-
formance degradation of SQL queries in real time and alert adequately in order to 
remove the possible causes. In the same time in real time we do the pre-processing of 
the logs in order to reduce the amount of content of SQL queries that are necessary to 
be saved for further analyze. 

In the future work we plan to extend the usage of available Logstash filters and in-
clude our own. The main goal will be to build-in triggers or similar mechanism that 
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will automatically act in case of detected problems. We plan to extend the pre-
processing of the incoming logs by parameterization of the SQL queries to lower 
further the volume of the stored data and to enable easier future analyses. Depending 
on the input stream of data we will experiment with scale up/out of the system com-
ponents/servers and including other (batch appropriate) components as Hadoop and 
visualization tools. 
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Abstract. This paper presents strategies for text-based retrieval of med-
ical articles by applying query expansion. The goal of the paper is to in-
vestigate whether the propose query expansion techniques can improve
the retrieval performance. The query expansion strategies include ex-
pansion of the queries by adding medical concepts or synonyms and
traditional query expansion techniques based on the retrieved document
collection. The articles for the experiment are PubMed medical articles.
The text from the medical articles is used to create a field-based textual
representation. We used Terrier IR search engine due to its flexibility
and scalability. The results showed that query expansion can increase
the performance of the medical articles retrieval.

Keywords: Medical articles retrieval, Query expansion, PubMed arti-
cles, Terrier IR

1 Introduction

Advances in technology are constantly making modern life easier and in the same
time more reliant on the ever-growing data collections that power the systems
and tools that we use everyday. From simple decision making, to solving complex
medical cases. Thorough research of such data collections is needed. The data is
digital and can appear in multiple forms like texts, images, web pages etc. The
value that the data provides depends on the context where it is provided.

Acquiring the right information related to a medical question is a very com-
plex, but important task as it can help the doctor with the current case he
is working on or educate him on a certain topic. Having in mind, that there
are over 12400 different categories of medical conditions [1], the existence of an
appropriate information retrieval system is vital.

Our interest in this paper lays in medical information retrieval systems, which
is related to analysis, organization and retrieval of medical information [2]. More
precisely, we focus on retrieval of medical articles (cases), since they contain a
lot of biomedical information. Already, there are systems which provide such
services: Pubmed [3], eTBLAST [4], Pubget [5] etc. The systems accept keywords
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as input, whereas a more practical scenario would be where the queries are of
narrative nature, where the user can explain the situation in more details [6].

In this paper we try to improve the retrieval by using methods for query
expansion in text-based retrieval of medical articles. The proposed approach
processes the articles in the standard way and uses indexing and retrieval tech-
niques that are implemented in many search engines. The initial retrieval phase
is further tuned by applying query expansion techniques.

The rest of the paper is organized in the following manner: The related work
is presented in Section 2. Section 3 contains the query expansion methods used in
the experiments. The experimental setup and evaluation measures are described
in Section 4. The experimental results and discussion are presented in Section 5.
Finally, the concluding remarks and planned future work is provided in Section
6.

2 Related word

Already there are many approaches at solving the medical articles retrieval prob-
lem. There are many systems that offer this kind of services, which are usually
based on existing search engines.

Vanegas et al [7] proposed a more custom approach where they implement
their own version of the Okapi BM25 weighting model using the NLP toolkit for
Python. This technique was proposed for the text-based ad-hoc image retrieval
task. It achieved good results on the CLEF 2012 workshop. The proposed ap-
proach is generic and which means that it can be reused for medical articles
retrieval.

The approach presented by Simpson et al [8] uses the Essie search engine for
indexing and retrieval. The proposed approach is multimodal,, i.e... the retrieval
is consisted of a text-based and content-based approach. For the text-based part,
Essie implements a query expansion feature by including UMLS concepts. For
the content-base approach they use low level features to describe the images and
retrieval is done by computing Euclidean distance between them. The results
from both retrieval types are fused in the end. This approach did not provide
good results due to the poor content-based part, but is promising as it allows to
investigate on the expansion methods it uses.

Similarly, Mourao et al [9] presented two distinct strategies for retrieval,,
i.e... text-based and content-based retrieval of medical articles. The text-based
retrieval utilized the Lucene search engine as a retrieval platform. As for data,
they used the entire text content of the articles even the image captions. The
text-based result is further boosted by applying pseudo-relevance feedback. On
the other side, the content-based approach was using a combination of low level
features: color histograms, FCTH, and LBP histograms. The content-based re-
trieval of the medical articles was performed on the basis of the images which the
articles contained. Unlike Simpson et al [8], they did not provide a multimodal
approach to compare the individual and merged results.
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The approach reported by Herrera [10] also uses the Lucene search engine as
a retrieval platform. Their approach did not apply any additional processing of
the articles, but included the entire text content in the indexing: title, abstract,
paper text (also referred as full-text) and image captions. The interesting note
is that it provided best results on the CLEF 2012 workshop for the specified
subtask.

Choi et al [11] provided an interesting framework for the medical articles
retrieval. Firstly, they focus only on text-based retrieval. Their underlying system
is simple in the sens that they index the articles (title, abstract and full-text) with
the Indri search engine. In the retrieval phase they use the unigram language
model with Dirichlet prior smoothing. The novelty comes into place with the
query expansion methods. Here, they use an external bibliographic source, i.e..
MEDLINE. The query is first executed on the MEDLINE database and the
MESH terms in the top n documents, which are case reports, are added to
the original query. Then, the newly modified query is executed on the medical
articles collection. Their approach provided the best results in the CLEF 2013
workshop case-based retrieval subtask.

The presented solutions in the related work, show that the task of medical
articles retrieval is a complex one and can be approached from multiple different
aspects. Different search engines are used in the presented solutions, but Lucene
and Terrier IR, stand out as generic and versatile search engines which can be
used in various scenarios. One of the best results were reported with the Terrier
IR and it has efficient and effective search methods for large-scale document
collections. Hence, we used it in the experiments for this paper. The potential in
the query expansion methods also led us to try and investigate whether query
expansion will increase the default retrieval performance.

3 Retrieval with query expansion

The related work has provided insight into the state-of-the-art methods for the
posed or related of problems. Hence, in this paper we experiments with query
expansion methods with the aim to improve the overall medical articles retrieval
results.

3.1 MESH term expansion

Medical Subject Headings (MeSH) is a strictly controlled vocabulary with the
purpose of indexing journal articles and books in life sciences and frequently
used when searching [12]. It is created and maintained by the National Library of
Medicine (NLM) in the US. The vocabulary is used by the MEDLINE/PubMed
database.

The aim of this approach is to use an external mapping tool, which can
analyze the query and extract the MeSH terms associated with it. The existing
mapping tools include NLM’s Medical Text Indexer (MTI) [13] or MeSH Up
[14]. The extracted/detected terms are then added to the original query and it
is executed on the medical articles collection.
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3.2 UMLS term expansion

The Unified Medical Language System (UMLS) is a combination of different
medical vocabularies [3]. The set provides a mapping structure among the con-
tained vocabularies and in that manner allows for translation among the various
terminology systems. It is also perceived as a comprehensive thesaurus and ontol-
ogy of biomedical concepts. UMLS essentially consists of databases and software
tools.

The goal of this approach is similar to the previous one, with the exception
that the terms used are UMLS terms. There are also mapping tools that can
extract these types of concepts. The most famous being the tool developed by
NLM - MetaMap [15]. After the concepts are extracted, they are appended to
the query and it is executed over the medical article collection.

3.3 Pseudo-relevance feedback

Query expansion with pseudo-relevance feedback is an industry standard method
in information retrieval [16]. The process works by first executing the query on
the medical article collections. Once, the results are provided it analyzes the top
n documents for m most informative terms. The acquired terms are added to
the original query and it is again executed on the collection and final results are
provided.

4 Experimental setup and evaluation

4.1 Dataset

The data used in the experiments of this paper is provided from the ImageCLEF
2013 [17] collection. The collection contains text and visual data. The subset of
the collection meant for case-based retrieval contains 74 654 medical articles
(cases), mainly journal articles from PubMed. Each paper is organized in an
XML file, which consists of several parts: title, abstract, body text (referred as
full-text) and captions from the images associated with the paper. The provided
structure is depicted on Figure 1. In the experiments, we also added the MeSH
terms associated with article from PubMed.

The collection also provides 35 queries, so that the case-based retrieval can
be evaluated appropriately. The queries are short narrative case descriptions.
Each text query is accompanied by 2-3 images for multimodal or content-based
retrieval experiments. Since the focus of this paper is on text-based medical
articles retrieval we use only the text part of the queries. Sample queries:

– Query 1. A 50-year-old man with severe right flank pain and hematuria.
Renal ultrasound shows a markedly echogenic lesion with a posterior acoustic
shadow measuring about 8x10mm in the right kidney.
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Article

Title Abstract Fulltext Figures

Figure 1 Figure 2 Figure N...

Caption Caption Caption

Fig. 1. Diagram of the XML structure of a medical article

– Query 2. A 49-year-old woman with a prolapsed mass in the opening of her
urethra. Pelvic CT shows a heterogeneously enhanced mass on the female
urethra. Pathology shows ramifying papillae, high nuclear/cytoplasmic ratio,
and brisk mitotic activity.

– Query 3. A 56-year-old woman with Hepatitis C, now with abdominal pain
and jaundice. Abdominal MRI shows T1 and T2 hyperintense mass in the
left lobe of the liver which is enhanced in the arterial phase.

4.2 Retrieval details

As a retrieval platform, we used the Terrier IR [18] search engine. We used it
to index the articles (title, abstract, full-text, image captions and MeSH terms)
and to later retrieve them. The articles and text queries are first preprocessed in
the indexing and retrieval phase respectively. The preprocessing consists of the
following steps: 1. Tokenization using the built-in tokenizer for English; 2. Stop-
words removal; 3.Stemming, i.e.. finding the root term using Porter stemmer
[19]. We turned to the BM25 [20] weighting model as it is reported as one of the
best models used in this context. The model is used to compute a numeric score,
which is essentially an estimate of how similar an article is to a give query. The
higher the number - the more similar the items. After the score is calculated,
the articles are sorted in descending order and returned.

The results are tuned by providing the queries with query expansion. The
pseudo-relevance feedback method adds the 4 most informative terms which
appear in the top 3 initially returned articles and the terms must appear in a
minimum of 2 articles. The MeSH and UMLS expansion methods use mapping
tools developed from NLP to find and extract the medical concepts associated
with them. For extracting UMLS terms, we used the MetaMap tool. The queries
are sent to the tool and it returned UMLS concepts accompanied by a score
which determines their relevance. We used all concepts with a score higher thn
10 as the concepts below that are too generic and add no real value. As for the
MeSH terms, we used the MTI tool. The MTI tools can accept large chunks of
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text (up to 10000 words). We send the queries to that tool and use all MeSH
terms that are returned, as they are only related to medical terms.

4.3 Evaluation measures

As evaluation metrics for the experiments, we turned to the standardized Im-
ageCLEF evaluation metrics:

– Mean Average Precision (MAP) - the mean of the average precision scores
for each query

– Precision at first 10 (P10) - precision of the first (top) 10 returned articles
(cases)

– Precision at first 30 (P30) - precision of the first (top) 30 returned articles
(cases)

The total number of documents over which the MAP is processed is 1000,
according to the ImageCLEF practices [17]. This means that the approach should
return 1000 cases for a given query.

4.4 Experimental questions

The main purpose of this paper was to answer the following questions:

1. Can the default case-based retrieval be boosted by query expansion?
2. Which of our proposed query expansion methods provided the best results?

To answer the first question, we would compare the results from the default
retrieval against all other retrieval runs using query expansion. The second ques-
tion would be answered, just by comparing the results of the retrieval runs using
the query expansion.

5 Results and discussion

We made four types of experiments to try and answer our questions: 1. Baseline
(normal) experiment - performs the retrieval with the original query without
modification (as is); 2. Retrieval with MeSH concepts - the queries here are ex-
tended by adding the extracted MeSH terms; 3. Retrieval with UMLS concepts
- in this experiment, the queries are extended with the UMLS terms extracted
from them; 4. Retrieval with pseudo-relevance feedback - this experiments ex-
pands the queries with the pseudo-relevance feedback method.

The results from the experiments are presented on Table 1. The results show
that using query expansion can increase the default performance. The biggest
improvement is in the case of the pseudo-relevance feedback method, where
a boost is noted in the P10 and P30 metrics. These are very important as
they represent the precision for what regular users would experience, since users
usually look at the top returned results.
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Table 1. Results from the evaluation of the query modification methods.

MAP P10 P30

normal 0.2004 0.2029 0.1381
mesh concepts 0.1556 0.1800 0.1238
umls concepts 0.1625 0.1943 0.1343
pseudo-rel. 0.2005 0.2286 0.1667

It is interesting to note that the baseline retrieval performs second best in
all metrics. Implying that the added MeSH and UMLS terms do not add value
to the retrieval process, i.e.. they add more false-positives in the top ranked
items. This can be due to multiple issues. One issue can be that the queries are
not descriptive enough for the mapping tools to extract the appropriate terms.
Which means that the extracted terms are not carrying the meaning that is
supposed to be attached to the query. That will cause for other not relevant
articles to be pushed towards the top ranks.

6 Conclusion

In this paper we provided novel methods for text-based retrieval of medical arti-
cles or case-based retrieval. The methods relied on query expansion techniques.
We proposed three techniques for query expansion. More precisely, expansion
with MeSH terms, expansion with UMSL terms and expansion with pseudo-
relevance feedback. The best results were provided with the pseudo-relevance
feedback, which is accepted as an industry standard. The expansion with med-
ical terms from standardized vocabularies and tools, still has potential as there
is still room to work with other databases (such as MEDLINE).

In the future we plan to implement new methods for retrieval of medical
articles and make them available online. We have already developed a publicly
available system for medical image retrieval 1. We plan to add the case-based
retrieval functionality to the system, which would use additional medical knowl-
edge bases to perform the retrieval and preferably to include a content-based
component, which would also perofrom the retrieval by visual content of the
contained images.
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Abstract.

Socializ-
ing is something that people used to do on the web; gradually is becoming the web
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gener-
ation gap

How can interactive media devices be used as assistive devices to help sen-
ior citizens for a better social engagement?
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Abstract.  Enterprise Resource Planning (ERP) systems are a strategic tool for 

gaining competitive advantage through gaining company information. The 

beginnings of their implementation in several companies in Macedonia 

occurred during the last decade. In this paper, we are making an analysis of the 

use of ERP systems in Macedonia, explaining their implementation, benefits, 

challenges and disadvantages in the process. We are also making an analysis of 

the selection of ERP solution in the company and their implementation. After 

that, we are analyzing the results of the implementation and its effects on the 

company. The conclusion is that the company's top management is deeply 

convinced that the purchase of this software is a beneficial investment. It will 

therefore result in return of investment through improved visibility of 

processes, more accurate data, as well as reduction of the time needed to gain 

information necessary for effective company management. 

Keywords: ERP implementation, SAP ERP, Microsoft Dynamic Navision 

1   Introduction  

In circumstances where the business environment is changing dramatically, 

companies face increased competition, globalization and increased customer 

expectations. This increases the pressure to reduce total costs in supply chains, 

dramatically reduce inventory levels, expand the range of products and provide 

reliable and accurate delivery, as well as improve services to the client and enhance 

quality. 

In order to respond to the many challenges, many companies in Macedonia decide 

to implement integrated systems that, besides integration of data, give managerial 

decision-making support. Complex software solutions that bring their own business 

logic help to get the full range of current situation for the entire company as well as 

for each department separately. Unsuccessful implementation of an ERP system can 

lead to high costs for software and training, yet inability to respond to business 

challenges. 

Due to this fact, it is necessary to make an adequate preparation of the company to 

implement an ERP system. It is a process that includes: planning and determining the 

needs and prerequisites for implementation, detecting the challenges and risks of 
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implementation and how to overcome them, choosing the manner of implementation 

of the ERP system and defining of objectives. 

The purpose of this paper is to consider the trends in ERP in the Republic of 

Macedonia and understand the need for their implementation. We also examine the 

process of selection of the appropriate ERP system for each company. An overview of 

the necessary conditions for successful implementation of the ERP system has been 

made. Furthermore, we have made an analysis of the benefits of a successful 

implementation in a company. 

The first part of the paper describes the development efforts and the progress of the 

implementation of ERP systems in Macedonia. The second part is focused on defining 

the expectations of the companies from ERP systems, key features of the technical 

aspect and generally accepted steps for ERP systems implementation.  

In order to cope with business challenges, we then delwt into clarifying the meaning 

of ERP systems for companies and their handling with data. The following section 

deals with the actual implementation of ERP systems and the critical factors for 

successful implementation. In this section we show a case study, which examines the 

need for implementation of an ERP system in a company in Macedonia where we 

describe the method of solution selection, as well as all subsequent stages of the ERP 

implementation in the company. In the end, we make a comparative analysis of the 

factors affecting the implementation of ERP systems from theoretical aspect and the 

practical effects of the implementation. We also make an analysis of the current 

situation of the implementation. Concluding remarks summarize the results of the 

research. 

 

2   Analysis of the development efforts and implementation 

progress of ERP systems in R. of Macedonia 

After Macedonia became an independent state, a transformation of the social capital 

took place, mainly with a process of privatization of the state-owned companies. The 

Macedonian economy, faced with globalization and increased competition in the last 

decade, has begun to seek a solution to improve its information infrastructure, as well 

as accuracy and relevance of the needed data. Some of the companies that were 

privatized by established international corporations and those who wanted to remain 

competitive in the global market realized that the most appropriate solution was to 

join the global trend of implementation of ERP solutions. Telecommunication 

companies, major insurance companies and several Macedonian pharmaceutical and 

food brands had already set up their critical systems of ERP solutions (mainly SAP 

ERP and MS Dynamic Navision). Implementation, though hard, was successful only 

because of the help of their mother-companies and because of the dedication of the 

management teams, who understood the importance of successful ERP 

implementation. At the beginning, they implemented modules of ERP systems, which 

support streaming company processes and then they were upgraded with Business 

Intelligence (BI) systems, crucial for business survival. 

Several Macedonian companies successfully use ERP systems. However, there are 

many unsuccessful implementations of ERP systems. The implementation in most of 
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them failed primarily due to insufficient organizational readiness, and insufficient 

commitment and support from top management. One factor for failure is insufficient 

training of technical and non-technical projects leaders. Because of the above-

mentioned reasons, the implementation of ERP systems also failed in some state 

institutions. It should be noted however that many companies use integrated systems 

of lower degree of integration similar to ERP because of lack of funds for providing 

ERP software solutions. One successful story is the pharmaceutical company 

Alkaloid. This is an example of a company whose successful positioning in the global 

market is related to the implementation of the ERP solution ALKASAP. The 

implementation of the system started in the beginning of the 2000s, as a response to 

the pressure put on the company by the need for application of standards. Basically, 

the company needed to standardize 4000 products that should be made with 20 000 

raw materials. It first started with the implementation of modules for materials 

management, production planning, control, finance, sales and distribution. The 

implementation was not an easy process and problems occurred in all implementation 

stages. The company received three types of external support: Partner support (b4b), 

License support (SAP West Balkan) and Validation support (Compliance control). 

They also received Remote help (on-site) and help from top management who had a 

strong determination for implementing ERP system. Over the last decade, all 

mentioned modules were implemented in the company and its subsidiaries. Crystal 

report was used as BI support tool, which was later purchased as a BI solution by SAP 

and improved the system’s performance [10]. 

The ERP development continues in 2014 with the implementation of modules for 

HR (Organizational management, personal development, Travel management, etc.), 

whose implementations should be completed at the end of 2015. The process of 

implementation of the quality control systems is expected to start in the company’s 

laboratories and afterwards in all other places quality control is needed. This 

implementation is planned for 2016. 

 

3   Expectations from ERP systems 

In the big companies, data are usually stored on multiple computer systems in 

different functional or organizational units, sometimes under different platforms that 

are not interconnected. Although each of these "islands of data" provides support for 

specific business activities within the whole company, the performance is reduced by 

the lack of integrated information. Maintaining these systems may result in significant 

costs. In order to improve their business practices and procedures, to share more of 

their aggressive hidden data with suppliers, customers and distributers, companies 

need to change its strategy of gathering information and information dissemination. 

Nowadays, companies are turning to ERP systems. Thus provide two major benefits 

that do not exist in sectors unrelated systems [1, 5]: 

1. Unified company business overview that runs the functions and services; 

2. Enterprise database where all business transactions are stored. 

ERP provides the information backbone of the company with a widespread 

information system. The base is the software that puts data into a central database that 
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take data and use in modular applications that run on a common computer platform. 

This will standardize business processes and data definitions in a unified 

environment. In the ERP system, data are entered once, and this provides consistency 

and visibility through the company. The objective of ERP systems is the management 

of the movement of materials, money, resources and information through corporate 

space. Major benefits of the ERP system include easier access to accurate, integrated 

information which is achieved through integrated planning and control of all relevant 

resources to a business system [9]. Another benefit is the elimination of unnecessary 

data and streamlined processes, resulting in significant cost savings [2, 4]. The 

integration between business functions facilitates communication and information 

sharing, which leads to dramatic positive effects on productivity, efficiency and 

effectiveness (Fig. 1). 

 

Fig.1 Structure of ERP system and connections 

In order to be qualified as an ERP solution, one system needs to be distinguished by 

[3, 8]: flexibility – to be able to adapt to the real needs of a business system; 

Modularity and open architecture - each module is intended for a specific business 

function and can be implemented on different hardware and software platforms; 

Availability - is available to all organizational units; Simulating the various business 

conditions - the prediction of the behavior of the system in certain, realistic business 

circumstances. This prediction is made by applying the appropriate domain simulation 

scenarios on real business data, defined by certain assumptions that are based on 

forecasts. 

The implementation of the ERP system is a complex process. The key of success for 

this process is a high level of planning and coordination, as well as systematic and 

consistent phased approach in understanding the critical factors necessary for ERP 

implementation. Although there are different approaches to the implementation of 

ERP systems, a synthesized approach includes the following stages as key steps in the 

process: planning, analysis, projecting and design, implementation and testing, 

evaluation, support and maintenance [10]. 
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4   ERP systems as information source for successful company 

management 

In the decision-making process the managers select from a predefined set of possible 

solutions to a defined problem. This process requires support from corporate and 

external information systems. The information used for decision-making should be 

accurate, timely, relevant, complete, well presented and economical. Systems that 

support the decision making process should provide benefits, such as reduced 

communication barriers, uncertainty and support decision-making. As an integrated 

system, with real benefits to increased efficiency and effectiveness in all business 

processes, ERP is the logical candidate to guide management processes such as 

planning and decision making at the tactical and strategic level. However, despite its 

enormous potential, the role of ERP systems in decision-making is not sufficiently 

exploited, since here the focus is on operational processes. 

The decision-making process is not explicitly recognized as one of the main reasons 

for implementing ERP systems and the main objectives behind such big investment 

remain operational issues such as the elimination of conflicting information, reducing 

redundant data, standardization of business processes and increased efficiency in 

managing transactions. However, operational challenges have become less important 

as companies mature in their process of adaptation and vendors gain more experience 

and awareness of the design and effective implementation of ERP systems. As a 

result, companies that originally implemented ERP, to overcome the operational and 

transactional problems tend to subsequently underpin their expectations with more 

strategic advantages, like improving systems in order to help the decision making. 

Some users claim that companies using ERP systems become more mature by 

implementing ERP achieve operational objectives and begin to consider the 

possibility of expanding their investments towards more strategic advantages, such as 

BAM, BPM and analysis of information activity [9, 11]. 

5   Case study: ERP implementation in practice 

The research made for the purposes of this paper explore the process of selection and 

implementation of ERP software solution in "Mermeren Kombinat” - Prilep, 

Macedonia. The research was done by a programming aspect, analyzing the practices 

of companies that have long term experience in implementing ERP system. 

5.1   An overview of the company’s current state 

After the process of privatization, the company's management concluded that it has 

insufficient information to successfully manage the company. The legacy software in 

the company satisfies the needs for accounting, production operations and operation 

of CNC machines. Therefore, there was no visibility of processes and operations that 

were performed in the company; there was no unified database that would generate 

operational reports, there was a lack of a system that monitors the production and 

processing of raw materials. There was no information about the quantities and 
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clients. For the new management, this was a huge problem. They searched for a 

solution in the implementation of ERP system which, beside timely information, 

should bring greater company goodwill. In this case, management decided not to 

apply full scientific methodology for Change management [7], but to use only a short 

version of Project management in CM, shortened by engaging external consultants. 

5.2   Selection of ERP solution 

For this purpose more software packages as possible ERP solutions were reviewed. 

The solution was selected from offered ERP based on their functionality, rating in the 

local and world frameworks and customers support that was offered in the region. A 

team of IT partners and representatives from the departments of the company 

reviewed submitted ERP software solutions. Three ERP solutions were short-listed: 

Microsoft Dynamics Navision, SAP ERP and Panteon, local integrated application 

made by Datalab - Serbia. Panteon ERP solution was dropped from the selection due 

to the unsatisfactory support for these areas. SAP R / 3 software package by SAP AG 

is a modern client/server solution that sets new standards for business management 

solutions. The main advantage of SAP ERP is the high level of integration through the 

individual applications that ensure data consistency and application of experience 

from large companies for BPM, BAM and BI standards. Standard SAP system is 

divided into three areas: development environment, quality assurance and production. 

This solution requires high commitment to the implementation and has higher cost 

compared to the other two offered solutions. For this reason, the selected solution was 

MS Dynamics Navision. 

Microsoft Dynamics Navision (MsD Nav) includes integrated systems for resource 

planning such as Microsoft Dynamics AX, Microsoft Dynamics GP, Microsoft 

Dynamics SL and business applications Microsoft Dynamics CRM, Microsoft 

Dynamics RSM and Marketing Pilot. Among other things, the advantage of this ERP 

solution is that collaborators of Microsoft Dynamics Nav have full access to the 

business logic and software source code and can adapt to the corporate needs more 

easily. MsD Nav [12] has a lot of partners who can be engaged as consultants in the 

implementation of the ERP solution. 

5.3   Challenges in MS Dynamic Navision implementation 

 

Numerous problems appeared during the implementation of MsD NAV solution. 

Some of them are due to the decision to work on a test basis for more than a year. The 

aim was for the employees to be better trained and to get used to the operation of the 

new system, so that they will be able to run a live database without problems. This led 

to prolonging the implementation period to 2.5 years, which is a common practice in 

ERP implementation. However, because of the long period of time, employees 

continued to make mistakes. Although there have been rules introduced to minimize 

errors and to correct them, the percentage of errors did not decrease. The second 

detected problem, which was the prolonged period of 2.5 years, was due to the 
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insufficient number of developers available for the implementation. From the 

programmers’ point of view, in the implementation of the modules required for a 

company with good development plan, there should not be problems and 

complications. The biggest challenge was designing the modules for manufacturing 

and accounting and their flawless operation under national legislation. For this reason, 

the company hired an expert to implement the ERP solution whose task was to ensure 

the process of developing modules in the company take place smoothly and without 

problems with the ultimate aim to reduce the time of implementation. This 

management act proved to be very successful. The company employed external 

consultants who helped the teams in the introduction of the main functionalities of the 

ERP system - generating reports from data. By taking these steps, the complex 

situation of the ERP implementation of the company had improved (Fig. 2). Another 

challenge that should be mentioned is the non-acceptance of the new system by 

employees and permanent doubt. It is a real problem manufacturers face in each 

implementation of ERP system. It takes patience and trainings. 

 

 

Fig.2 Time axes of ERP system implementation in the company 

The application of ERP system in the company after the implementation was 

analyzed, according to used modules and their utilization. This analysis was the 

subject of a comparison with the application of ERP systems in Greece. We 

considered data from internet research on the situation of the use of ERP systems in 

Greece and compared it with obtained data from our company [6].  

The analysis of the results of the survey showed that, while a key module in the 

implementation of ERP systems in companies in Greece is accounting [6], in our case 

study, some of the remaining modules were also active, in particular module 

production (80.3%), whose implementation took several years and module supply 

(88.8%). The ratio of the functionality of the modules in the target company is shown 

in Table 1, which was obtained as a statistical report from the ERP system, MsD Nav. 

Table 1 The most used modules of ERP in the company: 1-Finance and accounting, 2-

Supply management, 3-Production control, 4-Costs, 5-Fixed assets, 6-Taxes, 7-Logistics, 8-

Sale and Marketing 9-Quality management, 10- e-commerce 

Module 1 2 3 4 5 6 7 8 9 10 

% of 

usage 

95,9

% 

88,9

% 

80,3

% 

75,1

% 

71,4

% 

69,3

% 

57,5

% 

40,6

% 

19,8

% 

11,5

% 
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Analysis of the results of the implementation of ERP system as well as the online 

survey [6] show that the implementation of the ERP system in accounting does not 

contribute to reducing the number of employees in this sector, which corresponds 

with the results of a similar research by O'Leary [5] 2004. This research also found 

that the use of ERP systems in accounting has no effect on reducing the number of 

employees in the accounting department. In the target company in the Republic of 

Macedonia, the team in this department had increased by one member. The ERP 

system did not reduce the volume of data entry for operators, but facilitated receiving 

reports and improved data accuracy. The biggest benefit of implementing an ERP 

system management is the visibility of the data and receiving accurate and timely 

reports for the Board of Directors. 

Jet Report [12] is used for generating reports, which is associated with MS Excel 

and provides direct data flow from MsD Nav database and processes complexes 

reports. Reports contain advanced analysis, statistical and mathematical functions and 

visual display or dashboards. This tool is a perfect addition to any ERP system, but it 

has to be purchased with a separate license. According to top management, the 

acquisition of Jet Report is an excellent investment.  

The general manager and the person responsible for the ERP system claim that 

complex reports that took a few days to prepare are now received in a matter of 

seconds. With the help of Jet Report, data from the database directly loaded and errors 

were reduced from 65.8% before implementation to 15.3% after, with a tendency to 

decline. Commonly used in company reports are those that show the movement of 

profits and budget, an overview of sales per employee, sales report and employee 

salaries report. When creating reports, Jet Report shortens the time end users spend 

for at least 3 hours a week, 12 hours per month or 144 hours per year. These are 

significant time savings per employee annually, which allows diverting the rest of the 

staff time to other activities required by the company. 

Although the analysis of the overall ERP investment proved it long and hard 

process, the general manager said that this process has contributed to improving the 

visibility and availability of data in real time and increasing accuracy, which justifies 

the investment. According to him, it is "Investment which justified the money and 

provided mitigating circumstances that were expected." The overview of the cost of 

implementation of the ERP system and the period after that is given in Fig.3. 
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Fig.3 Overview of costs of ERP implementation during and after  

6   Conclusions and recommendation 

Competitive business environment in Macedonia inevitably entails the use of ERP 

systems as the corporate strategic weapons. Although shy, ERP systems are 

implemented in several companies in Macedonia. This paper analyses the use of ERP 

systems in Macedonia, clarifies the process of implementation of ERP system, the 

benefits, the challenges and the disadvantages in this process. Careful study of the 

theoretical bases for the functioning of an ERP system and current trends in this field 

help in the planning and implementation of the ERP system in the company and its 

successful implementation. According to the established need, the target company 

made the choice for ERP system and this system was implemented. The result from 

the implementation is receiving reports that are helpful to the managers in decision-

making. The accuracy and timeliness of data is greatly enhanced by the successful 

implementation of the ERP system, which leads us to a conclusion that the objectives 

of the implementation of the ERP system are achieved. The plan for a new investment 

is to connect this ERP system to the new GPS system to monitor machines. 

The company management is deeply convinced that the acquisition of this software 

is an investment whose return on assets is seen through visible and invisible benefits 

one of which is the enormous visibility of all processes that did not previously exist. 

This fact helps in planning and decision-making, which shows that ERP is 

indispensable for the efficient functioning of the company. 

The example of several Macedonian companies shows that successful brands have 

managed to implement ERP systems since the year 2000 and achieved the objectives 

of implementation. With great commitment of top management and implementation 

teams, several major Macedonian companies are leaders in ERP implementation. 
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They implement new modules because they understand the power of information and 

knowledge they carry. 
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Abstract. The analysis of the characteristics of two or more proteins can result in 

comparison of their mutual or totally different characteristics and as a result can lead in 

obtaining general conclusion about determining their function. Although comparative 

methods give substantial results, we would like to point out that including the so called, 

“logical” determination will mean that functional predictions can be greatly improved 

by focusing on how the genes became similar in sequence (i.e., evolution) rather than 

on the sequence similarity itself [22]. This evolutionary perspective method, based on 

phylogenetic analysis, will separate only the relevant data, thus simplifying the function 

prediction and making it more accurate. From the obtained results we can conclude that 

the combination of phylogenetic analysis with comparative methods results in better 

accuracy in prediction. 

 

Keywords: Protein function prediction, Phylogenetic analysis, Gene Ontology, C4.5 

Classification 

1 Introduction 

Fast and accurate prediction of protein functions is significant challenge in this era. 

Each day, more and more sequences are discovered, but the knowledge of their function 

is still not satisfactory. Prediction of protein function is based on conclusions from 

previously gathered data of proteins with known functions and their similarity with the 

protein of interest [1].  

Analysis of characteristics of two or more proteins leads to comparison of their 

common or totally different characteristics to the resulting conclusion i.e. assigning 

function to the unknown protein. In order to find and determine the function of 

unknown protein it is necessary to know its structure and the similarity metrics that will 

be used for measuring similarity with other proteins. Protein structure can be described 

in many ways. The primary structure is the sequence of amino acids of the protein, 

while the secondary and tertiary structure describe the position of the protein in 3D 
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space. Spatial band determines the chemical characteristics of the protein and its 

function. Characteristics such as length of amino acid sequences, the radius of 

molecules or parts of polarity describe the building structure, and thus the function of 

the protein. By comparing these features with such characteristics of other proteins we 

can get information about a similarity with other proteins or we can infer the 

information that they share the same ancestor. Hence, knowledge of the protein 

structure and finding other similar protein structure leads to the discovering functional 

correlation between protein structures. 

 
Fig. 1. Protein structure levels 

Relatively new approach in predicting protein functions is the concept of 

phylogenetic analysis. Phylogenetic analysis is based on a relatively simple premise - 

because genetic features have changed as a result of evolution, the reconstruction of 

their evolutionary history should help in predicting the functions of uncharacterized 

genes [2]. This means that predicting the functions can be significantly improved if the 

methods focus on the evolution of genes / proteins i.e. how they became similar in 

sequence instead of just their similarity. This evolutionary perspective will separate 

only useful data and prediction will be simpler and more accurate.  

Until now predicting the functions of uncharacterized proteins was based mainly 

on the examination of primary and secondary structure or a combination of these 

features. Here, we will also be make a combination of two descriptors of proteins - their 

primary, secondary and tertian structure described by descriptor and their evolutionary 

characteristics derived from the primary structure. As mentioned, the secondary and 

tertiary structure describe the position of the protein in 3D space as a consequence of 

inter atomic forces affecting this structure and affect the function of the protein. Hence, 

the secondary structure of proteins is an important feature associated with the function 

of the protein which is to be expected. The choice of the second feature that will be 

considered in this work i.e. evolutionary characteristic of the protein is taken because 

of the logical concept of such analysis and its connection with the function of the 

protein. 

In this paper, we will explain the concepts of phylogenetic analysis, various 

methods for sequence alignment and building phylogenetic tree together with an 

analysis of advantages and disadvantages giving an explanation for the selected 

method. We will also describe the method for calculating the secondary structure of the 

protein and its biological properties, mainly introducing the concept of ontological 
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structure - Gene Ontology [3] and discussion of the final results for the prediction of 

protein functions obtained by using these methods.  

In section 2 we present details about the proposed phylogenetic analysis approach, 

additionally, section 3 describes a protein descriptor used in the analysis. Section 4 

presents the experimental results, while the section 5 concludes the paper. 

2 Phylogenetic analysis 

Analysis of the characteristics of two or more organisms by comparing their similarities 

or differences leads to conclusion of their connection. The methods used vary in the 

approach of prediction. If the methods perform analysis and make a final conclusion 

depending on the similarity of the entities examined, they belong to the group of 

homologous methods [4]. In the other group, in non - homologous methods other 

characteristics are examined rather than their similarity. The key determining factor in 

both homologous and non-homologous methods are comparison of the characteristics 

of unknown proteins with the characteristics of known protein. This comes to the 

conclusion that both methods have comparative nature [4] i.e. they simply focus on 

counting and characterizing the similarities and differences between organisms. 

However, with a better understanding of the biology, it is helpful to clarify how did 

these similarities and differences came. This concept is known as an evolutionary 

perspective of comparative biology. 

Prediction of protein function with comparative method together with methods 

based on the evolutionary perspective leads to better results, i.e. more precise final 

prediction of protein functions. This can be considered as a combination of "numerical" 

and "logical" description of the characteristics. Numerical determination representing 

the results of comparative methods i.e. numbered similarities and differences of 

proteins. The practical logic behind this comparison is based on the fact that genes that 

have similar characteristics are likely functionally related. However, some of these 

characteristics are important for determining functional relationship, and some can even 

be completely irrelevant. Therefore, it is always good to use the advantage of the so-

called "logical" choice especially in combination with such numerical comparative 

methods. Thus, by focusing on how genes occurred similar in sequence (evolution) 

predictions will be significantly improved. Methods of the evolutionary perspective 

will separate only the relevant data and determining the final protein function will be 

simpler and more accurate. 

This method is based on a relatively simple assumption—because gene functions 

change as a result of evolution, reconstructing the evolutionary history of genes should 

help predict the functions of uncharacterized genes. The first step is the generation of a 

phylogenetic tree representing the evolutionary history of the gene of interest and its 

homologs. Such trees are distinct from clusters and other means of characterizing 

sequence similarity because they are inferred by special techniques that help convert 

patterns of similarity into evolutionary relationships [5]. The basic concepts of 

phylogenetic analysis are quite easy to understand, but understanding what the results 

of the analysis mean, and avoiding errors of analysis can be quite difficult. 
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The final product of phylogenetic methods is phylogenetic tree from which we can 

get information about evolution. Phylogenetic tree represents structure in which 

organisms are arranged in branches that are connected according their relationship and 

evolutionary distance. An example of such a tree with root (ancestor) and scaled 

branches is shown in Figure 2. 

 

Fig. 2. Phylogenetic three with scaled branches 

The phylogenetic tree is a binary tree with or without root, made of leaves and 

branches where the leaves can be organisms, genes, proteins etc. It is constructed of 

protein or DNA sequences. The leaves and branches reflect the evolutionary link 

between members of these sequences where the leaves are sequences and the branch 

length marks evolutionary distance (during evolution) among members. 

Regardless of the sequence type the first step in building a phylogenetic tree is the 

sequence alignment of the data set. There are methods for global and local alignment, 

methods for pairwise alignment or alignment of group of sequences and each different 

method is more accurate than the other under different conditions and individual 

datasets. For example, global alignment gives better results for sequences that are 

similar to each other and local alignment is recommended for long sequences with 

regions of similarity. Therefore the choice of methods should be made taking in 

consideration all the parameters of the training and test set and the aim of the 

experiment and this choice makes great impact because the result of the alignment is 

actually the input for the method for building phylogenetic tree and thus significantly 

affect the accuracy of evolutionary relationships. 
Methods to generate phylogenetic trees can be divided according to how they 

process the data or by the approach for building the tree [7]. The method of processing 

data are the methods that are based on the distance or the characters (discrete methods). 

The first measure is the distance / difference between two genes and construct the tree 

from the resulting matrix of distances. Others evaluate all possible trees and choose the 

final one that optimizes evolution. Another way of dividing methods for building 

phylogenetic trees is according the approach for building the tree. 
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Methods of clustering follow many steps (algorithm) when generating the tree. Methods 

for building phylogenetic trees from second class use so called optimality criterion to 

choose one of the many possible trees. This criterion is used to assign "points" or rank 

of each candidate tree. Points / rank are calculated according to the link between the 

tree and the input data. Examples of these methods are maximum parsimony or 

maximum likelihood. 

In general, methods of distance are often a choice because of their speed. Also, they 

generate trees with values for the length of the branches. NJ compared with UPGMA 

method is faster and provides more precise results. It also does not work on the basis 

of the presumption of molecular clock. The method of maximum parsimony works 

faster than the maximum likelihood method and "weighted" schemes of parsimony 

method can cope with the different models used in the method of maximum likelihood 

[7][8][9]. Maximum likelihood method is the slowest, but most intense and in most 

cases provides the best result and tree with most information. 

Selecting the method depends mostly on the data set, available memory and 

computational resources. For large datasets and small memory and computational 

resources recommended method is neighbor join [10][11], which is also our choice for 

this experiment. Also, for purposes of this work the phylogenetic tree needs to be 

expressed with values of the evolutionary distance between sequences, so the choice 

comes down to some of the methods based on distance. Neighbor join method is the 

best choice because of its speed and accuracy. 

 
Fig. 3. Building phylogenetic tree 

3 Methods 

In this experiment we work with data sets from Protein Data Bank [6] and SCOP [5]. 

The training set is a subset of SCOP version 1.73 (November 2007) and a test set of 

SCOP version 1.75 (June 2009). The whole data set is divided into subsets according 

to the SCOP where all members of a subset belong to the same class in SCOP. SCOP 

is classified into 11 classes, but only some of them have a sufficient number of samples 

needed to perform the experiment. 
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The experiment consists of several steps: 

 

1. Separation of the data set into subsets according to the SCOP classification 

where each subset consists of a protein belonging to a single SCOP class; 

2. Alignment of each subset with progressive method (global sequence 

alignment method); 

3. Creating a phylogenetic tree for each subset separately with the method of 

nearest neighbors (Neighbor Join) and clustering of proteins according to our 

custom algorithm that follows the structure of the phylogenetic tree. This 

clustering algorithm combines proteins from the first level of the phylogenetic 

tree and if in the first level a protein is alone in the cluster it joins with the 

second level of the tree. In the prediction descriptor we use information in 

which cluster every protein from the training and the test set belongs; 

4. Calculation of 3D descriptors for the protein data set according to the method 

described - the descriptor [12] relies on the geometric 3D structure of the 

proteins. It consists of four phases: triangulation, normalization, voxelization 

of the 3D protein structures, and the Spherical Trace Transform applied. As a 

result, geometry-based descriptors are produced, which are completely 

rotation invariant. The training procedure is the descriptor extraction. 

Descriptors consisting of 450 features (416 of them describe the protein’s 

geometry, while 34 of them give information for the primary and secondary 

protein structure) are generated for each protein forming a training set for a 

C4.5 decision tree algorithm. 

 

5. Creating Gene Ontology (GO) descriptor for the protein data set – for each 

class in SCOP clustering in smaller segments according to the phylogenetic 

tree. For each protein belonging to a particular cluster a descriptor is made 

according to the percentage of how many GO molecular functions it contains 

compared to all molecular functions of proteins from all members of a given 

cluster. For example, we are working with 5165 proteins from the class of 

46456 - alpha helixes. They are clustered in 132 clusters. Proteins from the 

first cluster have different annotated GO molecular functions whose union has 

a total of 11 molecular functions. The first protein cluster instance has 3 out 

of 11 functions and is described by descriptor 3/11 and so on for each protein 

from each cluster. 

6. Creating a data classifier for the training and testing set. It is a classifier for 

predicting that uses the descriptor with the attributes of the 3D protein 

descriptor, GO and information in which cluster derived from phylogenetic 

analysis tree the protein belongs to. For the need of the research, experiments 

are made with a combination of any of the above attributes and each attribute 

separately; 

7. Classification with C.45 algorithm; 

8. Analysis of results; 
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For the purpose of the experiment we are working with several groups of datasets: 

 

Group 1. Set of proteins with SCOP class 46 456 - α helices 

Group 2. Set of proteins with SCOP class 48 724 - β helices 

Group 3. Set of proteins with SCOP class 51 394 - α / β domains 

Group 4. Set a group of proteins SCOP class 53 931 - α + β domains 

Group 5. Mixed set with multiple protein classes (46456, 51394) 

Group 6. Mixed set with multiple protein classes (56835, 56572, 57942, 58231 

and 58788) [16] 

 

The number of samples for all of the groups in the training and test sets is roughly 

the same, because that affects the accuracy in prediction. For all groups we make a 

prediction of a SCOP family using only the 3D protein descriptor, only phylogenetic 

analysis attribute and a combination of both, with and without the GO descriptor. As 

noted above the 3D descriptor so far gives good accuracy for prediction and from our 

experiment is expected that phylogenetic analysis will improve the precision of sets 

belonging to the same SCOP family. Additionally, we make addition of the GO 

descriptor to test the prediction accuracy in case of a combination of the Gene ontology 

with phylogenetic analysis. 

The first four sets are proteins belonging to the same SCOP class because of the 

assumption that the use of phylogenetic information will yield to better results in sets 

of proteins that have similar properties. Additionally, the latter two groups are selected 

to verify this assumption. Selecting sets of proteins belonging to the same class is due 

to the SCOP classification logic where SCOP classes are determined according to the 

secondary structure of the protein which is closely related to the evolutionary history. 
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Fig. 4. Graphical presentation of the experiment. All 6 groups go through all steps that are 

presented for group 2 

4 Experimental Results 

The results shown in the following tables confirm our expectations and the theoretical 

background explained in upper sections. Table 1 includes the results of the first four 

groups of similar proteins and table 2, the latter two groups mixed proteins. Therefore, 

in the first table we can notice the positive impact of phylogenetic information accuracy 

in predicting, and in the second table we can conclude that the phylogenetic analysis 

has no effect. 
 

Тable 1. Results for sets with similar proteins 

Data set Group 1 Group2 Group3 Group4 

Number of proteins in 

training data set 

6222 7144 6220 6211 

Number of proteins in test 

data set 

689 852 885 1127 

Accuracy with 3D descriptor 80.8418 67.4883 58.3051 62.2893 

Accuracy with 3D descriptor 

and phylogenetic analysis 

80.9869 68.0751 58.6441 62.4667 

Accuracy with 3D and GO 

descriptor 

80.2612 71.1621 58.5311 61.4662 

Accuracy with 3D and GO 

descriptor and phylogenetic 

analysis  

80.4064 71.1621 58.6441 61.5602 

Accuracy with phylogenetic 

analysis 

3.9187 3.1023 1.9209 2.2496 

     

 

Тable 2. Results for sets with similar and different proteins 

Data set Group 5 Group 6 

Number of proteins in 

training data set 

5624 1269 

Number of proteins in test 

data set 

620 209 

Accuracy with 3D descriptor 85.4839 77.9904 

Accuracy with 3D descriptor 

and phylogenetic analysis 

85.4839 77.9904 

Accuracy with 3D and GO 

descriptor 

85.6452 77.9904 

Accuracy with 3D and GO 

descriptor and phylogenetic 

analysis  

85.6452 77.9904 

Accuracy with phylogenetic 

analysis 

7.5806 2.8708 
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According to the results shown in Table 1, the accuracy of the prediction is 

improved by adding additional information from phylogenetic analysis of the first four 

groups as expected because proteins belonging to them are functionally and 

evolutionary related and belong to the same class. The accuracy in the last two groups 

containing related and unrelated proteins at the same with and without addition of 

phylogenetic information. The present high rate of accuracy comes due to the already 

good precision of the 3D descriptor, but also it is unavoidable to conclude that 

phylogenetic analysis does not affect the improvement of precision. 

Further confirmation of the benefits of including the phylogenetic analysis is when 

in predicting experiments we involve a GO factor as an attribute for classification. In 

such cases, accuracy is increased when introducing phylogenetic analysis. 

It is worth mentioning the poor prediction accuracy when using only information 

from phylogenetic analysis. Taking in consideration the data set we are working with 

and the type of information from phylogenetic analysis which is forwarded in 

predicting, the conclusion is that the phylogenetic data attribute is not sufficiently 

descriptive to independently give satisfactory results. Reason for further work is 

creation of a more extensive descriptor which would give information of the 

phylogenetic origin of each sample and which would include information also for the 

other levels of the phylogenetic tree that is generated. 

5 Conclusion 

The evolutionary perspective is closely related to the function of proteins. Proteins 

change with time and therefore change its features and functions. How did the change 

come is equally important as the change itself. Therefore, better results in predicting 

are obtained when you take into account information how certain proteins become 

similar together with data on their similarity. 

In this paper we tried to present the difference in predicting including information 

about the evolutionary origin of proteins, which is a new perspective known as 

phylogenetic analysis. Predicting with 3D descriptor already provided excellent results 

but bioinformatics always strives to improve the precision so every new way that gives 

slightly better results than the previous is a great progress taking in consideration the 

benefits of the practical uses of prediction of protein functions in the world. 

The prediction of protein functions by an inclusion of phylogenetic information 

gives better results in proteins that are similar to each other i.e. proteins with close 

evolutionary origins. In addition, from the experiments with the included descriptor for 

the functions of each protein by Gene Ontology and the accompanying results we can 

infer that although the inclusion of this descriptor sometimes gives worse results in 

general it does not affect the accuracy in predicting with phylogenetic information 

because under the same conditions the predicting is always improved when you 

introduce phylogenetic information. 

A motivation for further work is expanding the descriptor using Gene Ontology 

striving not to deteriorate the accuracy in predicting under the same conditions and 

testing results when using information from two-level phylogenetic analysis. 
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Abstract. Binary Gray code is used elsewhere to propose a fast algo-
rithm for construction of ΛΠτ− sequences. In this paper, the binary
Gray code is generalized in the case when the base b is an arbitrary
prime number. This b−adic Gray code and direction matrices are used
to propose a new efficient algorithm for construction of a special class
of low-discrepancy sequences and nets, called digital (t, s)− sequences
and (t,m, s)− nets in base b. Two computer programs are written. The
first one generates generalized Gray code over the field IFb. The results
of the first program are used as input in the second program, which
constructs (t, s)− sequences and (t,m, s)− nets in the base b. In this
manner, this theoretical algorithm is practically realized. The generali-
zation of Antonov and Saleev’s approach is the main motivation of our
theoretical and practical investigations.

Keywords: Low-discrepancy sequence, Sobol’s sequence, (t, s)-sequence,
(t,m, s)-net, b−adic Gray code, direction numbers, direction matrices

1 Motivation

This paper is based on two principles:

1. A generalization of the constructive approach of Antonov and Saleev ([1]),
which produces classes of (t, s)− sequences over the field IF2 by using binary
Gray code;

2. The results of our previous paper ([2]), where we constructed a class of digital
(t, s)− sequences and (t,m, s)− nets over the field IFb with a prime base b.

The main progress of this paper is the possibility to use the b−adic Gray
code to construct a class of (t, s)− sequences and (t,m, s)− nets over the field
IFb with a prime base b.

2 Introduction

Let s ≥ 1 be a fixed integer. The parameter s denotes the dimension in our
investigation. Following Niederreiter ([6]), we will give a concept of a class of
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sequences with well distribution of their points in the unit s−dimensional cube
[0, 1)s. So, let b ≥ 2 be a fixed integer what is the base in which the considered
sequences and nets are constructed. In the following, we give the definition of a
(t,m, s)−net and a (t, s)−sequence.

Definition 1. Let t and m (0 ≤ t ≤ m) be given integers. A point set P consist-
ing of bm points in [0, 1)s is called a (t,m, s)−net in base b, if every subinterval

J =
s∏

j=1

[
aj
bdj

,
aj + 1

bdj

)
has a volume bt−m and contains exactly bt points of P ,

where dj ≥ 0 and 0 ≤ aj < bdj are integers for 1 ≤ j ≤ s.

Definition 2. Let t ≥ 0 be a given integer. The sequence (xn)n≥0 of points in
[0, 1)s is called a (t, s)−sequence in base b if for all l ≥ 0 and m ≥ t, the point
set

{xlbm , . . . ,x(l+1)bm−1}
is a (t,m, s)−net.

We denote that a (t,m, s)−net is extremely well distributed if the parameter
t is small.

We will give some notations and statements about the linear homogeneous
recurrence relations and primitive polynomials over the field IFb.

Let i ∈ ZZ, and ui ∈ IFb for 0 ≤ i ≤ m− 1, ai ∈ IFb, a0 �= 0. A relation of the
form

Lui = ui+m + am−1ui+m−1 + . . .+ a1ui+1 + a0ui (1)

is called linear homogeneous recurrence relation over IFb of orderm with constant
coefficients (LHRR). A solution of the equation

Lui = 0

is a sequence {ui} = {. . . u−2, u−1, u0, u1, u2, . . .} whose elements are from IFb

and they satisfy previous equation for all integer i. The solutions of the equation
Lui = 0 have cyclic character. It is easy to show that the solution {ui} is
periodical with a period ω such that ω ≤ bm − 1.

The relation Lui is called monocyclic if the equation Lui = 0 has only one
solution with period ω = bm − 1.

For every LHRR (1), there exists a unique polynomial of degree m over IFb

of the form

Lui ↔ P (x) = xm + am−1x
m−1 + . . .+ a1x+ a0, (2)

where for i = 0, 1, . . .m− 1, ai ∈ IFb.
An irreducible polynomial is a non-constant polynomial that cannot be fac-

torized into the product of two non-constant polynomials. Lidl and Niederreiter
in [7] give the following definitions and results: It is well known that to a mono-
cyclic relation of the form (1) corresponds an irreducible polynomial. In other
side, this condition is not sufficient. Zierler ([10]) proved that the condition ”the
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polynomial (2) is primitive” is the necessary and sufficient condition for mono-
cyclicality of relation (1). A polynomial is primitive if it is irreducible, a divisor
of the binomial xω−1 (ω is the period of the corresponding monocyclic relation),
and it is not a divisor of a binomial xq − 1 of degree q < ω.

Following Sobol’ [9] and our paper[2] we will recall the theoretical bases of
the construction of sequences of b−adic rational type, so-called BR− sequences.
So, the details are as follows: Let {Vj}j≥1 = {V1, V2, . . . , Vj , . . . , } be an arbitrary
sequence of b−adic rational numbers such that for j ≥ 1 we have that 0 < Vj < 1.
The numbers of this sequence we will call direction numbers.

Definition 3. A BR− sequence {r(i)}i≥0 which corresponds to the direction
numbers {Vj}j≥1 is defined as: if an arbitrary integer number i has the b−adic
presentation

i = emem−1 . . . e2e1,

then we replace
r(i) = e1V1 ∗ e2V2 ∗ . . . ∗ emVm,

where * is the operation digit-by-digit summation modulo b and we have that
ejVj = Vj ∗ . . . ∗ Vj︸ ︷︷ ︸

ej−times

.

We can represent the direction numbers Vj in the form of b− adic fractions:

Vj = 0, vj1vj2 . . . vji . . . , (3)

where all vji ∈ IFb. In this sense the setting of the sequence {Vs} is equivalent to
setting an infinite matrix (vji) with elements from the field IFb, so let us signify

(vji) =

⎡
⎢⎢⎢⎢⎣

v11 v12 . . . v1i . . .
v21 v22 . . . v2i . . .
. . . . . . . . . . . . . . .
vj1 vj2 . . . vji . . .
. . . . . . . . . . . . . . .

⎤
⎥⎥⎥⎥⎦ .

This matrix is called direction matrix. By using results of the paper ([2]) the
following statement holds:

Let Lui be an arbitrary monocyclic LHRR over the field IFb of order m. We
generate the direction numbers V1, V2, . . . , Vi, . . . as a solution of the equation

Vi+m ∗ am−1Vi+m−1 ∗ . . . ∗ a1Vi+1 ∗ a0Vi = b−mVi, (4)

i.e., LVi = b−mVi, obtained by replacing of symbol + with operation * in the
relation Lui. The initial conditions V1, V2, . . . , Vm of the equation (4) can be
chosen in different manners, but for our purposes it is necessary to satisfy the
next conditions: we assume that vjj �= 0 for all j ≥ 1 in the b−adic presentation
of the number Vj of the form (3) and vji = 0 for i > j. In this way the matrix

(vji) =

⎡
⎢⎢⎣
v11 0 . . . 0
v21 v22 . . . 0
. . . . . . . . . . . .
vm1 vm2 . . . vmm

⎤
⎥⎥⎦
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is triangular and nonsingular. On the main diagonal there are nonzero numbers
and all the entries above the main diagonal are zero.

In the next theorem given in [2], we show the possibility to use monocyclic
LHRR as a tool to construct (t, s)−sequences.

Theorem 1. Let b be a prime number and L1, L2, . . . , Ls be different monocyclic
LHRR of orders m1,m2, . . . ,ms over IFb. For k = 1, 2, . . . , s, let (P (k)(i))i≥0

be the BR− sequence which corresponds to the relation Lk. Then the sequence
(P (i))i≥0 of points of the form

P (i) = (P (1)(i), P (2)(i), . . . , P (s)(i))

is a (t, s)− sequence in base b with a parameter t =
∑s

k=1(mk − 1).

3 Generalization of binary Gray code and other useful
results

In the next formula we give the so-called b−adic Gray code in the case when b is
an arbitrary prime number. For an arbitrary integer number i we define b−adic
Gray code with

G(i) = i ∗ (b− 1) · [i/b], (5)

where * is the operation digit-by-digit summation modulo b and [ ib ] means the

integer part of the number
i

b
.

For the Gray code, it is essential to note the fact that Gray codewords G(i)
and G(i−1) of two successive integers i and i−1, are different only in one digit,
which position we will denote by l. Our investigations show that this difference
is equal to 1 and the position l is the lowest nonzero position in the b−adic
presentation of i.

On Table 1, we present Generalized Gray codes, for base b = 7, for some
numbers n.

Let Q0, Q1, . . . be an arbitrary s− dimensional (t, s)− sequence in base b.
Using (5), let us construct a new sequence Q

′
0, Q

′
1, . . . where Q

′
i = QG(i). For an

arbitrary integer i with the b−adic presentation i = emem−1 . . . e2e1, we set

Qi = e1V
(1) ∗ . . . ∗ emV (m),

where direction numbers V (j), j = 1, 2, . . . are defined in [2].
For an arbitrary b−adic digit a ∈ IFb we use the signification

a =

{
0, a = 0
b− a, a �= 0

For an arbitrary integer i with the b−adic presentation i = emem−1 . . . e2e1 we
will use the notation

i = emem−1 . . . e1.
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Table 1. Generalized Gray code, base b = 7, for some numbers n

n10 n7 Gray code(n) (Gray code(n))10
51 102 162 93
52 103 163 94
53 104 164 95
54 105 165 96
55 106 166 97
56 110 106 55
57 111 100 49
58 112 101 50
59 113 102 51
60 114 103 52

From the previous analysis it is obvious that

Q
′
i ∗Q

′

i−1
= QG(i) ∗QG(i−1)

= V (l),

where l is the lowest nonzero position in the b−adic presentation of i. It implies
that

Q
′
i = Q

′
i−1 ∗ V (l),

i.e., if the coordinates of the point Q
′
i are (q

′
i,1, . . . , q

′
i,s) then

q
′
i,j = q

′
i−1,j ∗ V (l)

j , i = 1, 2, . . . , j = 1, 2, . . . s, (6)

with initial condition that q
′
0,j = 0, j = 1, 2, . . . s.

4 Algorithm

According to (5), results in previous section and exposed algorithms in [2] and
[3], in this paper we propose a new algorithm for construction of sequences in
base b, where b is an arbitrary prime. The steps of the algorithm are:

1. For an arbitrary integer i, find the b−adic presentation

i = emem−1 . . . e2e1,

and then compute number l as the lowest nonzero position in the
previous formula.

2. Compute direction vectors V (l) using algorithm in [2].
3. Compute coordinates of the new point Q

′
i given by (6).

In order to visualize the (t, s)− sequences constructed by the proposed al-
gorithm, a computer program is written. The output of this program is one
s-dimensional (t,m, s)− net, where b is an arbitrary prime.

ICT Innovations 2015 Web Proceedings ISSN 1857-7288

130 
S. Loshkovska, S. Koceski (Editors): ICT Innovations 2015, Web Proceedings, ISSN 1857-7288 

© ICT ACT http://ictinnovations.org/2015, 2015



5 Results from the software simulations and visualizations

In the following we present some results of this program for different dimensions
s and different bases b, where N is the number of points of the net.

In Table 2, we present the times (in seconds) for generation of (t,m, s)−
net in base b, for the generalized Sobol’s algorithm and for the new algorithm
proposed here. It is obvious that the new proposed algorithm is faster than the
our old generalized Sobol’s algorithm.

On the next two figures there are visualized some obtained results by the
new proposed algorithm.

Table 2. Comparison between the times (in seconds) for the generalized Sobol’s algo-
rithm and the new algorithm

Base b Expon. ν Number N Dimension s Generalized Sobol’s alg. New alg.

19 3 6,859 2 0.59 0.46
7 5 16,807 3 5.1 3.5
2 15 32,768 1 7.7 2.2
13 4 28,561 3 9.6 6.4
19 4 130,321 2 14.6 9.4
17 4 83,521 3 24.2 17.7
7 6 117,649 2 33.1 10.1
23 4 279,841 3 70.8 53.6

0.2 0.4 0.6 0.8 1

0.2

0.4

0.6

0.8

1

Fig. 1. Visualization: s = 2, N = 6859, b = 19
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Fig. 2. Visualization: s = 3, N = 16807, b = 7

6 Conclusion

Obtained experimental results and their visualizations have verified our expec-
tations that this new algorithm will produced well distrubuted (t, s)− sequences
over IFb for shorter time than our prevoius algorithm proposed in [3].

The next step will be to give mathematical proof for correctness of the pro-
posed algorithm. We will stress the fact that this algorithm (for constructing of
(t, s)− sequences over IFb), can be applied for construction of some classes of
pseudo- random number generators.
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Abstract. In this paper the major e-government maturity indexes are compared 

with their strengths and shortcomings. First these proposed indexes from differ-

ent authors and organizations are analyzed individually and then they are com-

pared to each other. The purpose of this paper is not to propose a new way of 

measuring e-government maturity. Rather, it is an attempt to compare the exist-

ing indexes and to point out the shortcomings of the already existing indexes in 

order to contribute toward an improvement of these quantitative measures.  

Keywords: e-Government, maturity model, digital government, ICT 

1 Introduction 

The purpose of developing a maturity model for e-government is to measure one's 

government maturity according to the model developed before and making it compa-

rable to itself through periods of time and making it comparable to the other govern-

ments. The purposes of benchmarking include: determining what and where to make 

improvements, analyzing how others achieve their performance, and using this infor-

mation to improve performance. Few authors have suggested models for measuring 

the stage of e-government development including United Nations [1], West [2], [3], 

and Rorissa et al. [4]. Indeed Rorissa [4] makes a review of the current benchmarking 

models including United Nations' model and West's models and proposes new 

frameworks for computing e-government maturity, which are based on the West's and 

United Nations' frameworks. As a result before discussing the models the advantages 

and disadvantages of these frameworks, it is important to state that all the frameworks 

are based on the West's framework. 

2 Models for measuring e-government maturity 

West's framework follows a two-step process. First, a value (between 0 and 100) is 

computed for each website sponsored by a country [4]: 
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 𝑒𝑖=4𝑓𝑖+𝑥𝑖 (1) 

where, fi is the number of features present on website i, and 0 ≤ fi ≤ 18; xi  is the 

number of online executable services on website i, and 0 ≤ xi ≤ 28.  

Then the average of the individual indexes compute a single index for the country 

[4]:  

 𝐸𝑗 =
∑ 𝑒𝑖
𝑛
𝑖=1

𝑛
 (2) 

where ei  is the e-government index for website i and 0 ≤ ei ≤ 100; n  is the total 

number of government websites for country j.   
Overall, West's model for measuring e-government development index is a model 

with several limitations. Indeed, although this model is based on objective measuring 

of e-government websites and features, it still has number of limitations. First, it does 

not account for websites with more 18 features or more than 28 online services. Sec-

ond, it gives four times more weight to features compared to services [4].  Third, it 

has a bias towards governments with more concentrated websites.  

Examination of the above equations results that governments should have all of 

their websites with 18 features and 28 online services in order to have maximum 

points. In theory, two governments with same features and services but different web-

sites would have different indexes according to this model. For example, if we have 

three governments with the features and services as follows: 

Table 1. Hypothetical example of e-government features and services 

 Government 1 Government 2 Government 3 

Individual 

Websites 

w1 w2 w3 Total w1 w2 Total w1 w2 w3 Total 

Features 10 15 18 43 18 18 36 11 12 13 36 

Services 20 15 10 45 20 20 40 15 10 15 40 

Then according to the model, if we calculate the e-government index according to the 

West's models it would result that: 

𝐸1 =
∑ 𝑒𝑖
3
𝑖=1

3
=
4 ∙ 10 + 20 + 4 ∙ 15 + 15 + 4 ∙ 18 + 10

3
≈ 72.3 

𝐸2 =
∑ 𝑒𝑖
2
𝑖=1

2
=
4 ∙ 20 + 20 + 4 ∙ 20 + 20

2
= 92 

𝐸3 =
∑ 𝑒𝑖
3
𝑖=1

3
=
4 ∙ 11 + 15 + 4 ∙ 12 + 10 + 4 ∙ 13 + 15

3
≈ 61.3 

From the calculations above, it is clear that E2 > E3 > E1. Government 2 (E2) has far 

greater e-government index than the other governments from the example in Table 3. 

However, looking at the above example from the total number of features and ser-

ICT Innovations 2015 Web Proceedings ISSN 1857-7288

135 
S. Loshkovska, S. Koceski (Editors): ICT Innovations 2015, Web Proceedings, ISSN 1857-7288 

© ICT ACT http://ictinnovations.org/2015, 2015



vices perspective, results that Government 1 has many more features and services 

than the rest of the governments, whereas Government 2 and 3 have the same amount 

of services. Also, if we have two governments with the same number of features and 

services per website but different number of websites they would result with the same 

e-government index although it is clear that one government has many more features 

and it provides many more services than the other.  

As can be seen from the scenarios above, it is clear that West's model is not an ob-

jective model that would measure the e-government index properly. Indeed it has 

many limitations.  

Next, five models that were proposed from Rorissa will be analyzed.  

The first model proposed from Rorissa is named framework 2 in her paper [4]. 

This proposed model measures the e-government index according to e-government 

maturity stage calculated with the following formula: 

 𝐸𝑗 =
∑ 𝑤𝑖𝑒𝑖
𝑛
𝑖=1

∑ 𝑤𝑖
𝑛
𝑖=1

 (3) 

where, ei is the e-government index for website i and using Equation (1)  0 ≤ ei ≤
100; n is the total number of government websites for country j; wi is the level of e-

government service developed for website 𝑖, 1 ≤ 𝑤𝑖 ≤ 4. Although, 1 ≤ 𝑤𝑖 ≤ 4, the 

model allows 𝑤𝑖  to be any positive number so it does not limit the number of stages 

or if desired to put more weight to some stages if we consider that some stages should 

have more weight. So as a result, this model is flexible in terms of number of stages 

or the distance between stages (weight).  However, the model has its limitations as 

well. First, it still uses the same equation for calculating the e-government index for a 

single government website, which actually is one of the main limitations of the 

West’s model, mentioned earlier. Second, this proposed model does not allow to 

weight individual services based on the maturity level, which in return makes it diffi-

cult to determine the level of maturity of a website, since one website can contain 

elements of different stages for different services or features. Third, determining the 

values of  wi is not straightforward because the values can be assigned in a subjective 

fashion. 

The second model proposed by Rorissa is referred to as Framework 3 [4]. This 

model uses Equation (3) for calculating one country’s e-government index, but re-

moves the overweight from Equation (1) by: 

 𝑒𝑖 = 𝑓𝑖 + 𝑥𝑖   (4) 

This model values the functionality the same with services provided which might be 

good, however again it has the same limitations as the previous model.  

The next model proposed by Rorissa referred to as Framework 4 [4]makes changes 

to Equation (2) by introducing the relative e-government index for site (𝑒𝑅𝑖): 

 𝑒𝑅𝑖 =
𝑒𝑖−min(𝑒𝑖)

max(𝑒𝑖)−min(𝑒𝑖)
 (5) 

Then, 𝑒𝑅𝑖 is used in Equation (3) instead of 𝑒𝑖, resulting with: 
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 𝐸𝑅𝑗 =
∑ 𝑤𝑖𝑒𝑅𝑖
𝑛
𝑖=1

∑ 𝑤𝑖
𝑛
𝑖=1

  (6) 

What this model does differently compared to Framework 3, as authors themselves 

state, is that “Because the individual website e-Government index value is calculated 

relative to the most robust website in the dataset, the value of 𝑒𝑅𝑖 ranges from 0 to 1. 

This framework avoids the need to choose an arbitrary weighting factor and apply it 

to the number of features in order to rescale the values to fall between 0 and 100. By 

default, the computed relative e-Government index value for each country (𝐸𝑅𝑗) also 

falls between 0 and 1, and could easily be rescaled to a value between 0 and 100, 

multiplying it by 100.” However, since calculation of 𝑒𝑖 and 𝐸𝑅𝑗  did not change, some 

limitations are still prevalent. The main limitation in this model is that still is biased 

toward governments with more dense websites. Also all the limitations related to wi 

stated for Framework 2 still prevail. 

The next model from Rorissa, referred to as Framework 5 [4], uses a different for-

mula for calculating 𝑒𝑖: 

 𝑒𝑖 = 𝑓𝑖𝑥𝑖  (7) 

Otherwise the model uses the Equations (5) and (6) for calculating one country’s e-

government index.  This model uses the product of features and executable services to 

calculate single website’s index. However, as with the other models, same limitations 

apply.  Additionally, this model, as the authors themselves identify would produce an 

ei = 0 if a website does not have executable services [4].  

The last model, which is favored by Rorissa, is referred to as Framework 6. This 

model uses different calculation method for ei. Apart from this, the model uses Equa-

tions (5) and (6).  𝑒𝑖 calculated with this method uses combination of Framework 4 

and 5 to avoid the limitation of Framework 5, where the value of 𝑒𝑖 becomes zero if a 

website does not have executable services. The formula for calculating 𝑒𝑖 in this mod-

el is as follows: 

 𝑒𝑖 = 𝑓𝑖𝑥𝑖 + 𝑓𝑖 + 𝑥𝑖  (8) 

Framework 6 is an improvement over Framework 4 and 5. However, it still does not 

overcome limitations of West’s model and other models mentioned here. The models 

discussed above do not account for the overall online features and services provided 

by the government. Rather they look at government websites individually and find an 

average or weighted average. In reality, this approach would clearly favor govern-

ments who concentrate their services in few websites.  All of the methods discussed 

above have its advantages and disadvantages. Among the advantages of these meth-

ods are ability to measure e-government development of a country and ability to 

benchmark e-government development of countries.  Although these models have a 

great contribution toward quantifying e-government initiatives, yet the unbiased ap-

proach of these models should be further assessed. As discussed earlier, one of the 

main disadvantages of all of the models above is being biased toward concentration of 

features and services in fewer websites. The reason behind this is that each website is 

assessed individually and then the average is found for a country. As a result, these 
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models do not assess the overall e-government services. It is much more important to 

assess the overall e-government services and features rather than the average of indi-

vidual websites. In order to illustrate this an hypothetical example will be given.  

Indeed, spreading services and features to more websites would dramatically decrease 

the e-government index. 

2.1 United Nations E-Government Maturity Index 

Another method  that is used to calculate e-government development stage is United 

Nations'  E–Government Development Index [5]. United Nations e-Government De-

velopment Index (EGDI) is a survey that is performed by United Nations Public Ad-

ministration Network every two years, starting from 2001. EGDI is a massive survey 

that includes all United Nations member countries performed in 2001, 2003, 2004, 

2006, 2008, 2010, 2012, and 2014. It is comprised of a weighted average of three 

normalized scores on three sub-indexes: (1) Online Service Index, (OSI), (2) Tele-

communication Infrastructure Index, (TII), and (3) Human Capital Index, (HCI) [6]. 

The formula used for calculating EGDI is: 

 EGDI =
OSInormalized+TIInormalized+HCInormalized

3
  (9) 

OSI measures the quality of online services and is the only sub-index that is measured 

collecting primary data from its survey. TII measures the telecommunication infra-

structure of a country and is comprised of the number of subscriptions to (a) mobile, 

(b) fixed-telephone, (c) wireless broadband, (d) fixed broadband and (e) individuals 

using the internet in percent of the population, where the data is taken from Interna-

tional Telecommunication Union (ITU) [6]. HCI measures (a) adult literacy, (b) gross 

enrolment ratio, (c) expected years of schooling, (d) mean years of schooling [6].  

However, the above stated components for calculating the sub-indexes have changed 

over time. Changes in these indexes are illustrated in Table 2 and Table 3. 

Table 2. Human Capital Index and changes of its components (2003–2014). Source: [6] 

Components of HCI prior to 2014 Components of HCI in 2014 

Adult Literacy Adult Literacy 

Gross enrolment ratio Gross enrolment ratio 

 Expected years of schooling 

 Mean years of schooling 
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Table 3. Telecommunication Infrastructure Index and changes of its components (2003–2014). 

Source: [6] 

Component 2002 2003 2004 2005 2008 2010 2012 2014 

Internet users         

Online population         

Fixed-broadband subscriptions         

Personal computer (PC) users         

Fixed Internet subscriptions         

Wireless broadband subscrip-

tions 

        

Fixed telephone subscriptions         

Mobile cellular subscriptions         

Television sets         

The third sub-index which is part of the EGDI is OSI (Online Service Index). OSI 

measures the performance of one country’s government by evaluating the national 

government portals as well as  ministries of education, labor, social services, health, 

finance and environment [6], [7].  The contents and features of the websites are eval-

uated to assess the state of e-government in all UN member states. The evaluation of 

e-government state of countries goes through multiple steps of evaluation. The first 

step is the initial assessment by more than 90 researchers and volunteers from univer-

sities, coordinated by Data Team Coordinator. To ensure consistency, researchers 

were provided with training by e-government and online service delivery experts, 

with years of experience in conducting the assessments. The second step is to com-

pare the evaluations by the two researchers on each country. Also, questions with 

discrepancies are reviewed again by the researchers [6].  On the third step, the final 

review by the Data Team Coordinators takes place, who analyze all the answers and 

reviews and verify processes before the scores are sent for approval by a senior re-

searcher. After these three steps are performed, the statistics team produces the first 

draft of the OSI ranking. Finally, the individual scores of countries are normalized to 

range between 0 and 1 using the country with maximum score and the country with 

minimum score:  

 𝑂𝑆𝐼𝑖𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑
=

𝑂𝑆𝐼𝑖−𝑂𝑆𝐼𝑚𝑖𝑛

𝑂𝑆𝐼𝑚𝑎𝑥−𝑂𝑆𝐼𝑚𝑖𝑛
  (10) 

where, 𝑂𝑆𝐼𝑖𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑
 is the normalized Online Service index for country 𝑖 and 0 ≤

𝑂𝑆𝐼𝑖𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑
≤ 1 , 𝑂𝑆𝐼𝑖  is the initial Online Service Index prior to normalization, 

OSImin  is the Online Service Index prior to normalization of the country with the 

minimum score, and OSImax is the Online services Index prior to normalization of the 

country with the highest score.  
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E-government Development Index (EGDI) is a major endeavor by United Nations 

to measure e-government development in all of United Nations member countries. 

While the model for calculating Online Service Index has deficiencies and has re-

ceived criticism [7]–[9], it is still the most used benchmarking tool that continues to 

gather data since 2001.  

Two studies in particular analyze the validity of EGDI. The first study comes from 

Whitmore [9]. Although Whitmore credits EGDI for the major work, he recommends 

using factor analysis for building the e-government index. Indeed, he tests the 11 

factors included in building EGDI and concludes that “Mobile subscribers per 100 

inhabitants”, which is part of TII, degrades reliability of EGDI and should probably 

be omitted. Additionally, Whitmore test the hypothesis that “The E-government De-

velopment Index can best be described by three components: the Human Capital In-

dex, the Telecommunication Infrastructure Index, and the Online Service Index.“ He 

concludes that “…the grouping of the 11 raw data measures into three aggregate indi-

ces may not be meaningful as the indicator variables loaded more efficiently on a 

single factor than they did onto three separate factors. This is important because the 

UN reports the three aggregate indices as well as the overall E-government Develop-

ment Index in its annual survey.” It is important to state that Whitmore proposes a 

statistical analysis rather than intuition in building the EGDI.  

On the other hand, a study from Stier [7] suggests to use only Online Service Index 

for measuring E-government development.  Thus study claims that EGDI, as is calcu-

lated, is biased toward countries that have more advanced technology infrastructure 

and more developed human capital. As the author states “If a government in a country 

with an underdeveloped information infrastructure or weak human capital performs 

well in e-government, these good policies will be concealed in the ranking by the 

structural deficits” [7]. This study, pinpoints one deficiency of the EGDI which is not 

attributing enough credits to developing countries for their e-government efforts. An-

other, deficiency of EGDI is that the data is not collected every year and in regular 

time periods. This deficiency complicates the statistical analysis since the nature of 

the data is unbalanced panel data [7].  

It is clear that although both of the authors, [9] and [7], give a credit to the extraor-

dinary effort by United Nations for the survey and calculating the EGDI. However, 

both studies also identify some deficiencies in EGDI. According to these studies the 

deficiencies can be summarized as: (1) Mobile subscribers per 100 inhabitants should 

be dropped from EGDI, (2) EGDI is biased toward developed countries that have 

better telecommunication infrastructure and more developed human capital, and (3) 

EGDI is unbalanced panel data which complicates statistical analysis.  

2.2 Other e-government indexes 

Apart from EGDI, there have been other efforts to measure the e-government devel-

opment such as: European Commission’s e-government Benchmark performed by 

Capgemini [10], The Economist Intelligence Unit Digital Government Rankings [11], 

Brown University – Brookings Institution e-government data [12],  and Waseda-IAC 
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International E-Government Ranking  [13].  However, none of these methodologies 

have the consistency and longevity of UN EGDI. 

European Commission’s e-government Benchmark is an index developed by 

CapGemini for the purposes of European Commission [10]. The study is performed in 

32 countries surveying 28,000 internet-using citizens. According to the report, it pro-

vides 95% relevancy in terms of robustness. The report provides insight in three broad 

areas: (1) A demand-side citizen view of public services, (2) three life-event assess-

ments that are core to a healthy economy (starting and early trading of a business, 

losing and finding a job, and studying) and, (3) Assessment of five key technology 

enablers (eIdentity, eDocuments, Authentic Sources, eSafe, and Single Sign On). The 

limitation of this benchmark is as follows: the number of years this benchmarking tool 

has been performed, the benchmark includes only 32 countries, and the survey looks 

at the e-government only from the citizens’ perspective.  

The Economist also has created an e-government ranking but barely for two years 

(2009 and 2010). This benchmark forms the e-government index based on six catego-

ries with different weights: (1) Connectivity and technology infrastructure - 20%, (2) 

Business environment - 15%, (3) Social and cultural environment - 15%, (4) Legal 

environment - 10%, (5) Government policy and vision - 15%, and Consumer and 

business adoption  - 25%. The limitations of this index are that it was measured only 

for two years and the methodology of creating the index is shallow.  

 Brown University – Brookings Institution e-government data is a large e-

government dataset available for:  (1) 70 largest American cities for 2001, 2002, 

2003, and 2004, (2) 50 American states for 2000, 2001, 2002, 2003, 2004, 2005, 

2006, 2007, and 2008, (3) 60 United States federal agencies for 2000, 2001, 2002, 

2003, 2004, 2005, 2006, 2007, and 2008, and (4) 198 nations around the world for 

2001, 2002, 2003, 2004, 2005, 2006, 2007, and 2008. It is of crucial interest of this 

thesis the data gathered for nations around the world gathered in the period 2001-

2008. The study is very comprehensive and detailed gathering data about 198 coun-

tries in areas such as: Online Services, Publications, Databases, Privacy Policy, Secu-

rity Policy, W3C Disability, and Accessibility [12]. However, although very good, the 

data gathering has stopped in 2008, and it seems the project has been discontinued. 

This research will not be taken into consideration for two reasons. First, the study is 

no longer being conducted. Second, the data is not freely available and it is costly. 

Due to lack of resources, the data from this study is not available to the author.  

Waseda-IAC International E-Government Ranking is the last e-government rank-

ing that will be analyzed in this research. This e-government ranking is performed 

from Waseda University in cooperation with International Academy of CIO (IAC). 

This  survey  is  based  on  9  major indicators and 33  sub-indicators  in  the public 

sector, as well as  the relationship between governments and their stakeholders.  They 

include: (1) Network Preparedness; (2) Management Optimization; (3) Online Ser-

vice; (4) National Portal/Homepage;  (5)  Government  Chief  Information  Officer;  

(6)  E-Government Promotion; (7) E-Participation/ Digital Inclusion; (8) Open Gov-

ernment/Data  and  (9) Cyber Security [13]. The 2014 survey includes 62 countries. 

This survey is another major effort to measure the e-government maturity or rank 
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countries based on the aforementioned criteria. The limitation of this survey is the 

number of countries ranked by this survey compared to UN EGDI.  

3 Comparative analysis of the most popular e-government 

ranking systems 

Previously, the most important indexes that measure e-government maturity were 

described. Now, the comparison of these indexes will be performed, by analyzing the 

main characteristics of these indexes such as number of countries analyzed, number of 

years for which the data is available, frequency of calculation, how many indicators 

are used in calculation, as well as is the calculation of the index ongoing or discontin-

ued. Comparing these five indexes it is clear that only two indexes are more suitable 

for statistical analysis: UN EGDI and Waseda-IAC, whereas the other indexes suffer 

from the biggest limitation which is they are discontinued and there is not fresh data 

available for them. For this reason, the latter indexes will not be analyzed further-

more. The summary of the comparative analysis is given in Table 4. 

Table 4. Comparison of e-government Indexes 

E-government Index Countries Years Frequency Indicators Ongoing 

UN EGDI 193 8 Bi-yearly 10 Yes 

European Commission 32 1 N/A 3 No 

The Economist 70 2 Annual 6 No 

Brown University – 

Brookings 

198 8 Annual 7 No 

Waseda-IAC 62 10 Annual 9 Yes 

4 Conclusions 

The contribution of this study lies in two areas. First, it analyzed how different mod-

els measure the maturity of e-government, i.e. how these models are built. Second, 

this study makes a synthesis of actual measurements by different organizations and 

how applicable they are in making quantitative analysis. Based on the analysis, the 

results show that United Nations E-government Development Index (EGDI) is the 

most appropriate for use in quantitative analysis for because it measures the index for 

193 countries, it uses 10 indicators, and it has a consistency of measuring the index 

every two years. However, even EGDI has its weaknesses. One of the weaknesses 

which applies to all of the indices analyzed in this study is that the calculation of the 

index has changed over time and the statistical analysis using time series is not very 

suitable. 
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Abstract. The rapidly changing capabilities of modern graphics processing 
units (GPUs) give developers the opportunity to implement parallel program-
ming techniques, or even combine the traditional (single process) programming 
with parallel programming. As the computing is shifting from central pro-
cessing (on the CPU) to co-processing (on the CPU and GPU), platforms have 
emerged and gave the developers opportunity to experiment. In this work, a 
parallel solution of the modified subset sum algorithm is implemented using 
OpenCL, and the obtained speedup is compared to the CPU version and other 
parallel implementations of the problem. 

Keywords: Parallel computing, Subset Sum, OpenCL, GPU 

1 Introduction 

A graphics processing unit (GPU) is a single chip processor used primarily for 3D 
applications. It creates lighting effects and transformations of objects when a 3D sce-
ne is redrawn. As these are intensive tasks to process they can overwhelm the CPU, so 
using the GPU to process them, the CPU could be used for other jobs [1]. 

The performances using parallel programming compared to the performances of 
the traditional way are the main reason why the parallel programming is in upswing. 
The ratio between many-core GPUs and multi-core CPUs for floating-point 
calculation throughput is about 10 to 1 and the speed that can be supported in these 
chips are 1000 gigaflops (GPU) versus 100 gigaflops (CPU) [2]. The large ratio be-
tween the GPUs and CPUs lies in the design of the two types of processors, as shown 
in Fig. 1 [3]. 
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Fig. 1. CPU vs GPU design 

Execution of algorithms with high complexity, algorithms with large linear itera-
tions, or a combination of both can be fairly long if it’s done sequentially. Applica-
tions that have independent elements and don’t require synchronization can have great 
benefits from GPU execution. For instance, in computer science the subset sum prob-
lem is an important problem in complexity theory and cryptography. The problem 
includes a set of integers, and determines whether there is a non-empty subset whose 
sum is zero. For instance, given the set {−4, −3, −2, 5, 20}, the answer is the subset 
{−3, −2, 5} which sums to zero. The problem we will work on is a similar problem, 
with an additional input: given a set of integers and an integer SUM, does any non-
empty subset sum to SUM. For more detailed explanation see [4].  

In this work, we describe an efficient parallel algorithmic implementation of a 
modified version of the subset sum problem. The problem we are solving is counting 
how many vectors with N elements smaller than K add up to a number S, where the 
variables (N, K, and S) are input variables. This problem can also be thought as a spe-
cial case of the knapsack problem [5], and is also NP-complete problem. It has practi-
cal usage in job scheduling, workload allocation, and also in cryptography [6]. 

Not only that the algorithm counts the vectors, but it also returns them, which is 
important, because mathematical approximations can be made to count the vectors 
that satisfy the condition [7], [8]. The main characteristic of the approach covered in 
this paper is that it requires significantly less space. All the memory is dynamically 
allocated, which will be explained in full detail in Section 3.  

One field where this is practical solution is for a peer-assisted Video-on-Demand 
streaming. The peers host certain videos which they stream to other peers through the 
network. These clients send their requests to the index server, and it checks the avail-
ability of streaming resources on the peers that contain a copy of that content. If the 
index server finds a peer that has copy of the content and enough uplink capacity, it 
assigns the peer to serve the request. If there is none, the server itself is serving the 
request [4]. The solution can be used in a situation where the system has N peers that 
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have uplink capacity to simultaneously stream K streams, and specific vectors should 
be returned. 

Section 2 gives more information on the OpenCL standard for parallel program-
ming. In Section 3, the parallel implementation of the algorithm is explained in detail, 
whereas Section 4 concludes this work. 

2 OpenCL 

OpenCL (Open Computing Language) is the first open standard for parallel pro-
gramming of modern processors found in personal computers. OpenCL greatly im-
proves speed and responsiveness for a wide spectrum of applications in various cate-
gories. These categories vary from gaming and entertainment to scientific and medi-
cal software [9]. It’s a new framework for writing programs that execute in parallel on 
different compute devices (CPU / GPU) from different manufacturers. The framework 
defines a language to write functions, called kernels, which run on different compute 
devices [10].  

According to websites that introduce users with OpenCL, despite its advantages, 
OpenCL is not easy to learn, since it’s not derived from any distributed computing 
framework. Its concepts are similar to NVIDIA's CUDA, but the syntax, the data 
structures and the functions are unique. In Table1 we show the terminologies used in 
CUDA (left), and those used in OpenCL (right). 

 
CUDA Terminology  
 

OpenCL Terminology 

GENERAL TERMINOLOGY  
Thread Work item 
Thread block Work group 
Global memory Global memory 
Constant memory Constant memory 
Shared memory Local memory 
Local memory Private memory 
QUALIFIERS FOR KERNEL FUNCTIONS  
__global__ (callable from host) __kernel (callable from device) 
__device (not callable from host)  
__constant (variable declaration) __constant (variable declaration) 
__device__ (variable declaration) __global (variable declaration) 
__shared__ (variable declaration) __local (variable declaration) 

Table1. CUDA vs OpenCL Terminology 

The first step in developing an OpenCL project is to write the host application. The 
host application runs on a computer and it forwards the kernels to the devices. The 
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main thing regarding the host application is setting up the kernels and devices, which 
is accomplished by using five data structures: cl_device_id, cl_kernel, cl_program, 
cl_command_queue, and cl_context. 

- Device: OpenCL devices receive kernels from the host. The devices are repre-
sented by cl_device_id. 

- Kernel: A host application distributes kernels to devices. The kernels are rep-
resented by cl_kernel. 

- Program: The host selects kernels from a program. A program is represented 
by a cl_program. 

- Command queue: Each device receives kernels through a command queue. In 
code, a command queue is represented by a cl_command_queue. 

- Context: An OpenCL context allows devices to receive kernels and transfer 
data. In code, a context is represented by a cl_context. 

The host application can be written in C or C++. 
 
According to [11], an OpenCL host application is like a game of cards: “In a card 

game, a dealer sits at a table with one or more players and distributes cards from a 
deck. Each player receives these cards as part of a hand and then analyzes how best to 
play. The players can't interact with one another or see another player's cards, but they 
can make requests to the dealer for additional cards or a change in stakes. The dealer 
handles these requests and takes control once the game is over.” Fig. 2 shows how the 
data structures work with the host application.  

 
Fig. 2.OpenCL application with its data structures 

While CUDA programs function only on NVIDIA and need to be rewritten for 
other platforms, OpenCL programs can run on hardware from different manufactur-
ers. These include Intel, AMD, NVIDIA, and IBM. OpenCL kernels can run on dif-
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ferent types of devices too, on GPUs and CPUs. This is one of the main reasons of 
choosing OpenCL. Not only that, but a single application can forward kernels to mul-
tiple devices. For instance, if a computer contains an AMD Fusion processor and an 
AMD graphics card, you can synchronize kernels running on both devices and share 
data between them. OpenCL kernels can even be used to accelerate OpenGL or Di-
rect3D processing [11]. 

3 Parallel implementation of the modified subset sum problem 
in OpenCL 

In this section, the parallel algorithm used to solve the modified subset sum prob-
lem will be explained in details. The solution is to find (count and return) all the vec-
tors with N elements, each element smaller than K, and their (the elements’) sum is 
equal to SUM. N, K and SUM are user inputs. 

The mathematical formulation of the modified subset sum problem that this work 
explores is as follows: 𝐴 =  𝑎1, 𝑎2, … , 𝑎𝑛 is an input vector with |A|= N, the algorithm 
triesto find all vector elements 𝑎𝑖, where i = 1…N, under the following cconstraints: 
𝑎𝑖  𝜖 [0, 𝐾] and ∑ 𝑎𝑖

𝑁
𝑖 = 𝑆, for every i. 

Because the number of permutations for larger N and K is fairly big, the computa-
tion time needed to find the vectors is going to infinite. That’s why we will parallelize 
this process using OpenCL. 

The main difference between this and other algorithms [5] is that finding the vec-
tors with the way we’ll explain requires significantly less space. Usually there is a 
predefined maximum regarding the length of the vectors, and the memory used for the 
parallel execution is statically allocated, i.e. the maximum multiplied by the number 
of work items per work group (and most often a greater part of the allocated memory 
remains unused). Also, the number of work items per work group and the number of 
work groups (number of threads per block and number of blocks in CUDA) is usually 
predefined, and the logic of finding the permutations and checking the conditions is 
adapted to these numbers. 

In our approach, all the parameters that we need are dynamically allocated (as will 
be explained in the next paragraphs in detail), which allows the program to run with-
out using more memory than it needs to. Also, the number of work groups (blocks) 
and work items (threads) are set to do optimal amount of work depending on the user 
input (the length of the vector and the maximal value of an element). 

Thus, before anything happens, the user is asked to enter values for N, K, and 
SUM. N is the size of the vector, K is the maximal value for the elements, and the 
SUM is the value to which all the elements in the vector should add up to for us to 
return the vector. As mentioned before, the number of processes and elements per 
process are set based on this input. So, we set the number of processes to K, and the 
number of elements per process to N. The number SUM doesn’t affect the behavior of 
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the program, since it’s used just to check if a condition is true or not. Next, we define 
LIST_SIZE, which is equal to ELEMENTS_PER_PROCESS (N) multiplied by 
PROCESSES (K), which is the memory we will use. So, we define:  
 

int *A = (int*)malloc(sizeof(int)*LIST_SIZE); 

 
Next, we get the platform and device information, we create an OpenCL context, 

command queue and memory buffer for the vector. After creating the OpenCL kernel, 
we set its arguments (A, ELEMENTS_PER_PROCESS, PROCESSES, SUM), and we 
execute the kernel on the list, after dynamically setting the global and local item size:  

... 

        // Create an OpenCL context 

        cl_context context = clCreateContext( NULL, 1, 

&device_id, NULL, NULL, &ret); 

 

        // Create a command queue 

        cl_command_queue command_queue = clCreateCommand-

Queue(context, device_id, 0, &ret); 

... 

        // Create a program from the kernel source 

        cl_program program = clCreateProgramWithSource(context, 

1, (const char **)&source_str, (const size_t *)&source_size, 

&ret); 

 

        // Build the program 

        ret = clBuildProgram(program, 1, &device_id, NULL, NULL, 

NULL); 

 

        // Create the OpenCL kernel 

        cl_kernel kernel = clCreateKernel(program, "doEvery-

thing", &ret); 

        size_t global_item_size = LIST_SIZE; // The entire list 

        size_t local_item_size = PROCESSES; // Divide work items 

into groups 

        ret = clEnqueueNDRangeKernel(command_queue, kernel, 1, 

NULL, &global_item_size, &local_item_size, 0, NULL, NULL); 

The code that is executed here is completely parallel, and after its execution the re-
sults are displayed, and we are releasing the kernel and memory objects and also free-
ing the allocated memory. The kernel code is displayed and explained next. 

__kernel void doEverything(__global int *a, __global int *rez, 

int elements, int k, int sum, __global int *retV); 
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The “__kernel” qualifier tells us that this function can be called from the device 
(from the “host” in CUDA), and “__global” is used for variable declaration. The vari-
ables other than N, K, and SUM are used for counting the vectors that satisfy the con-
dition in each process. The integer elements is the number of elements that will be 
processed by the thread (N). 

The reason why we want to parallelize the code for finding the vectors that satisfy 
the condition is because the number of permutations gets fairly big as N and K in-
crease (which is the main reason for the long execution). The idea behind our code is 
to minimize the number of permutations we need to check in each thread, so we’ll 
have faster execution of the code, and also without allocating redundant memory. The 
number of permutations we need to check is 𝐾𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 . So, as we multiply K by itself, 
every next product has greater and greater (negative) impact on the speed of execution 
of the code. In other words, if we can decrease the exponent even by 1, we would 
have much faster execution. This difference is noticeable even for the smallest N and 
K, and scales with their value, since we’re looking at an exponential growth. 

The way we accomplish the minimization of permutations is by using the vector A, 
for which we allocated memory equal to N*K (or elements*k). We get the global id 
for each process, which is a unique incremental integer that identifies each process. 
The reason to use N*K elements for our vector (A) is because we will give each pro-
cess N elements to work with, while using K processes, and the first element of the 
vector for each process will be set to its global id. The way we get to the first element 
for each process from the vector A is by multiplying the respective global id with 
elements (the number of elements per process). 

 

int i = get_global_id(0); // Get the index of the current ele-

ment to be processed  

        a[i*elements] = i; 

 
In this way, each process no longer needs to go through all the permutations to find 

the vectors that satisfy the condition, but through an exponentially smaller value, i.e. 
𝐾𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠−1. In this way, each process only iterates through a small part of A, i.e. 
from A[global_id*elements] to A[elements * (global_id + 1) - 1], sums up the ele-
ments, and checks if their sum is equal to SUM. The code that checks the condition 
and counts the vectors is displayed. 

   tempSum = 0; 

    for (j = 0; j < elements; j++) tempSum += a[i*elements+j]; 

 

  //check if the elements add up to SUM 

    if (tempSum == sum) 

    rez[i]++; 
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After each cycle, a value of A is incremented and the conditions are checked again 
and again in the for loop. The parallel increment of each part of A by its respective 
process is shown below. 

     j = 1; finish = 0; 

     while (!finish) 

     { 

         a[i*elements+j]++; 

         if (a[i*elements+j]>=k) 

         { 

                a[i*elements+j] = 0; 

                j++; 

                if (i*elements+j >= i*elements+elements)   

         kraj = 1; 

          } 

          else finish = 1; 

     } 

We are incrementing the values starting from the 2nd element, since the initial value 
for j is 1. The first element of the list remains unchanged for each process. By using 
dynamically allocated memory equal to N*K*sizeof(int) we get the results with the 
adequate speed up. The speed up that we get from the parallel execution of the code 
scales with N and K. Since the time for iterating through all the permutation is expo-
nential, the bigger the values for N and K, the greater the speed up will be, after we 
minimize the exponent. Practical case where this can be used is in peer-assisted Vid-
eo-On-Demand streaming, as explained in the introduction section. A few test cases 
are shown in Fig. 3 and Fig. 4 (the Y axis is in seconds). 

 

  
Fig. 3. The execution time for N & K up to 8 

and 9 
Fig. 4. The execution time for N & K up to 

9 and 10 
 

Both Fig. 3 and Fig. 4 are representing the execution time for the same algorithm 
(same scenario with an additional step in Fig. 4), but are split into 2 pictures because 
of the large difference in execution time in the next step (i.e. the execution time when 
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N & K are 9 & 8 in Fig. 4 looks similar, but in Fig. 3 we can clearly see the differ-
ence, which shows the exponential grow in the execution in every next step.)  

Regarding the speed up, we can see that for the minimal values for N and K (be-
tween 2 and 5) there is not much difference in the time of execution, since the serial 
and the parallel execution time is virtually equal, but for values around 5 or greater 
we can already notice the speed up. For example, if N and K are 7 and 6, the parallel 
execution time is about 3 times faster than the serial (0.06s / 0.18s). When N and K 
are 9 and 8, the parallel execution time becomes 4 times faster (~20s / ~80s), and with 
the next case (10 and 9) it’s already more than 10 times faster (~9min / >1.5h), which 
increases as N or K increase. 

4 Conclusion 

With great power comes great complexity. OpenCL, with its wealth of features, 
makes it possible to code routines capable of executing on devices ranging from 
graphics cards to supercomputers. The modern GPU is a massively parallel processor 
and with the help of OpenCL and CUDA programming model we are able to write 
scalable parallel programs to execute on GPU.  

In this work, we have parallelized a modified version of the popular subset sum 
problem using OpenCL. By dynamically allocating memory, we minimized the 
memory used to solve the problem, and make an optimal number of work items exe-
cute in optimal number of work groups, executing optimal amount of work. Also, we 
achieved a speed up that largely scales with the problem size, and significantly de-
creases the time needed for execution for larger N and K. 
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Abstract. A method for sampling rare events throughout hybrid statistical phys-

ics quantum mechanical studies of hydrophobic interactions in liquid phases was 

analyzed and implemented on GPU architecture. The rare events considered in 

the present case are related to formation of the so-called dangling X-H bonds of 

small polar solvent molecules around notably non-polar solute molecules. The 

approach is based on detecting various populations of polar solvent molecules 

which reside in the first solvation shell around the non-polar solute and noting 

the differences between such populations. In particular, the search for structurally 

different populations of solvent molecules around the solute is started by detect-

ing the differences in vibrational spectroscopic characteristics of the X-H stretch-

ing frequencies, which could be computed by various approaches, such as, e.g. 

within the Stark shift approximation. The results show x25 overall speedup of the 

GPU implementation compared to the sequential implementation.   

Keywords: Rare Events, Hydrophobic Interactions, Statistical Physics Simula-

tions, GPU, CUDA. 

1 Introduction 

Hydrophobic intermolecular interactions have become increasingly popular in the last 

decade. The relevance of these noncovalent forces arises from the fact that they occur 

in realistic systems, which are particularly relevant to biomedical sciences. For exam-
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ple, most of the biologically relevant molecular systems are characterized with a nota-

ble hydrophobic part, while practically all biochemical processes occur in aqueous me-

dium, which is a physiological medium in biological system. Thus, the interactions be-

tween water as a “solvent” and the “hydrophobic” part of “biomolecules” serve as pro-

totypical and at the same time realistic examples of hydrophobic intermolecular inter-

actions. While these non-covalent interactions are often considered as “non-bonding 

forces”, such statement is not fundamentally true. Hydrophobic interactions are simply 

a particular class of non-covalent interactions, which can result in small interaction or 

dissociation energies, but at the same time characteristic mutual arrangements of atoms.  

In the present study, we address a particularly interesting issue related to typical “rare 

events” which occur in aqueous condensed media in which biomolecular systems are 

realistically embedded. As a typical example, we consider the phenomenon of occur-

rence of “dangling” X-H bonds from the solvent, directed towards the hydrophobic part 

of a typical biomolecule. Such directional properties of the X-H bond in question are 

quite unexpected from the viewpoint of “chemical intuition”, but have been recently 

confirmed to exist in realistic systems by combination of certain experimental and com-

putational techniques [Silvi, B., Wieczorek, R., Latajka, Z., Alikhani, M. E., Dkhissi 

A., Bouteiller, Y.: Critical analysis of the calculated frequency shifts of hydrogen-

bonded complexes, J. Chem. Phys., 111, 6671-6678 (1999). Tomlinson-Phillips, J.; Da-

vis, J.; Ben-Amotz, D.; Spångberg, D.; Pejov, Lj.; Hermansson, K.: Structure and dy-

namics of Water Dangling OH Bonds in hydrophobic Hydration shells. Comparison of 

Simulation and Experiment, J. Phys. Chem. A, 115, 6177-6183 (2011)]. We actually 

present a general generic algorithm for detection of certain population of solvent mol-

ecules that have these certain characteristic, on the basis of molecular dynamics simu-

lation trajectories and predicted spectroscopic properties of the X-H oscillators in ques-

tion. The algorithm has also been implemented for GPU computational architecture. 

The algorithm has also been implemented for parallel computational architecture. More 

particularly the implementation harnesses the tremendous computational power of the 

GPU. Much success of significant speedup has been done in many research areas [2]. 

In this paper we are presenting additional prove of efficient utilization of GPU technol-

ogy in the area of chemistry. 

This paper is organized in 6 sections. In Section 2 we present an overview of the pro-

posed module, followed by its parallel implementation described in Section 3. The used 

methodologies for testing of the parallel implementation are presented in Section 4, 

while the obtained results were presented in Section 5. The conclusion is given in Sec-

tion 6. 

2 Computational Details and Algorithms 

The basic idea of the developed algorithm is based on the following sequence. First, a 

molecular dynamic (MD) simulation of the system of interest is carried out, usually 

imposing periodic boundary conditions. Of course, MD simulation could be a classical 

or ab intio one, as well as Car-Parinello MD or dynamical simulation based on the 

atom-centered density matrix propagation scheme (ADMP). Further on, the X-H 

stretching frequencies of the solvent molecules (O-H in cases when solvent is water) 
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are predicted. This can be done using various approaches. Perhaps the simplest one is 

to use the electric field Stark shift approximation. This approximation is actually based 

on the correlation between the strength of the local electric field at the X-H oscillator 

site and the experimental vibrational frequencies in a particular medium [1], [3], [5]. 

The O-H (or X-H in a general case) stretching frequency value is a first indicator of the 

involvement of that particular X-H bond in certain “unusual” (or “strange”) intermo-

lecular interactions within the condensed phase (liquid in the presently studied case). 

For example, due to the so-called “wall-effects”, which manifests as a steepening of the 

X-H stretching potential, involvement of an O-H oscillator of a particular water mole-

cule in a hydrophobic interaction often leads to upshift (i.e. blue shift) of the O-H 

stretching frequency of that particular oscillator. 

However, the opposite is not true by default. In other words, O-H stretching fre-

quency blue shift does not necessarily mean that the particular O-H oscillator is in-

volved in a hydrophobic interaction, i.e. e.g. is a “dangling” O-H bond (out of the hy-

drogen bonding network formed by the solvent molecules). Formation of dangling O-

H (or X-H in a general case) bond is certainly a “rare event” within the condensed 

phase, so one expects that a population of water (or solvent in a general case) molecules 

should be a minority one. Further, upon detection of potentially “interesting” X-H os-

cillators, the distances between X and H atoms from those particular oscillators and the 

particular centers of the molecule characterized by a significant hydrophobic segment 

(the “biomolecule”) are computed and the corresponding distribution histograms are 

generated. The same distance distribution histograms are also generated for water mol-

ecules characterized by quite “ordinary” O-H oscillators. Certain differences of the 

peaks and widths of such distributions may serve as a straightforward indicator of un-

usual hydrophobic interactions, or rare events such as formations of “dangling” O-H 

bonds towards the hydrophobic biomolecule. Of course, afterwards one may visually 

inspect the geometric features of the particular solvent molecules that exhibit “unusual” 

frequency and bonding feature and directly detect the rarely occurring in-liquid struc-

tural features. The algorithm workflow is schematically shown in Fig. 1. 

3 Parallel Implementation 

In this section we present the parallel implementation developed with the CUDA 

programming model [6]. The parallelization of the described algorithm in Section 2 

was performed for the three of the following segments: 

1. Parallelization of the Euclidian distance calculation between each atom of the 

neopentane and each atom of molecule of water. 

2. Parallelization of the minimum distance calculation between the nearest atoms 

of each molecule of water with the neopentane atoms 

3. Parallelization of the histogram of distances calculation 
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Fig. 1. A schematic presentation of the algorithm workflow. 

 

 

 

Carry out a statistical physics 

simulation of the system of inter-

est (e.g. MD simulation) 

Estimate the X-H stretching 

frequency (e.g. by the electric 

field Stark shift approximation) 

Discriminate solvent mole-

cules with “unusual” vibrational 

properties 
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The distance calculation between each atom of the water and neopentane molecule can 

be viewed as an atomic operation. The parallelization is strait forward, since each dis-

tance can be calculated by a separate thread without any data dependencies. Of all dis-

tances between each atom in a water molecule and each atom in the neopentane mole-

cule we are interested in the minimal distance. The minimal distance reduction is im-

plemented with the standard binary tree reduction [4]. 

The total number of needed Euclidian distance calculations is 500 molecules of wa-

ter times 3 atoms for each molecule times 17 atoms of the neopentane molecule which 

makes a total of 25500 comparisons or 51 comparisons for each molecule of water in 

the simulation. We calculate the eucledian distance between each atom in each mole-

cule, but for the interaction, we need the closest distance between the closest atom of 

water with the closest atom of neopentane. To do this we need to find the minimum of 

the 51 distances found between each of the atoms. To find the min distance we can use 

the binary tree minimal distance reduction. 

To achieve the greatest speedup for the minimal distance reduction, we use the 

shared memory of each block to save the distance and the minimum index of the nearest 

points (nearest atoms between two molecules). Each block consists of 64 threads so we 

use for each atom only 51 thread and the rest of the threads are neglected and an arbi-

trary very large distance is written as their calculated distance. This allows us to achieve 

fastest reduction. In this way we calculate the minimum distance between each water 

molecule and the neopentane molecule. The parallelization of the histogram calculation 

of the minimum distances is done with a modified standard approach given in [8]. We 

calculate the histogram of minimum distances between the molecules of water and the 

molecule of neopentane. The histogram of distances is given in the expected range of 

distances between 0 and the maximum detected distance in the dataset. The number of 

bins used for the histogram is 64 which gives best performance and good enough reso-

lution for the distribution of distances. 

4 Testing Methodology 

In this section we illustrate the testing methodology that was used. The sequential and 

the parallel implementations were executed on the same mashine. The GPU device in 

the system is consisted of one Nvidia GeForce GTX 680, while the installed CPU on 

the same system is Intel Core i7 3770 CPU 3.40GHz, and 32GB of RAM @ 16GHz. 

The Nvidia GeForce GTX 680 has 1536 cores, 192.2GB/s memory bandwidth, and 

2GB of GDDR5 standard memory capacity. The implementation was compiled with 

the NVIDIA compiler nvcc from the CUDA 5.0 toolkit, and run on Ubuntu 12.04 LTS 

operating system. The sequential implementation was written in C++, using gcc stand-

ard libraries. 

The testing methodology is based on an experiment for our algorithm. Since the GPU 

device is a Kepler architecture [7], we configure the L1 cache memory with 16, 32 and 

48KB, and the cache line size with 32 and 128B, in order to obtain the best results. 

ICT Innovations 2015 Web Proceedings ISSN 1857-7288

158 
S. Loshkovska, S. Koceski (Editors): ICT Innovations 2015, Web Proceedings, ISSN 1857-7288 

© ICT ACT http://ictinnovations.org/2015, 2015



5 Results and Discussion  

This section presents the results that were obtained for the experiment defined in Sec-

tion 4. 

We consider a typical example where our algorithm is applied, in a generic way. We 

consider a highly non-polar organic molecule (a saturated hydrocarbon molecule) dis-

solved in water. A rare event that we seek for is the formation of a dangling O-H bond 

pointing towards the hydrocarbon molecule. After the MD simulation carried out by 

the standard high-quality force field (OPLS for the hydrocarbon, SPC for water), ac-

counting for all specificities of this statistical physics simulation, we analyze the near-

est-neighbor water molecules to the organic solute, i.e. the water molecules residing in 

the first hydration shell, as determined from the analysis of the corresponding radial 

distribution function. After carrying out the analysis as depicted in Figure 1, the dis-

tance distribution histograms for the ordinary and unusual water molecules are ob-

tained. These are shown in Figure 2 and 3. As can be seen, the two distributions are 

notably different in both the shape, width and center, indicating an existence of two 

substantially different populations of water molecules around the solute. The smaller 

average distance exhibited in the second case is the origin of the wall-effect, leading to 

O-H stretching frequency blue shift. 

From the computational point of view, the total execution time of the parallel imple-

mentation described above is approximately 25 times faster than the serial implemen-

tation. The first and the second parallel segment were 40 times faster than the sequen-

tial, while the parallel histogram segment was 30 time faster than the sequential. 
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b) 

Fig.1. The distance distribution histograms for the “ordinary” and “unusual” water molecules 

with the outlined algorithm. 

6 Conclusion and Future work 

The intention of this paper was to show a parallel implementation of our algorithm for 

execution on GPU processors. The output analysis of our implementation is presented 

and conclusion of existence of two substantially different populations of water mole-

cules around the solute was provided. By using this parallel implementation, the nec-

essary time for performing the analysis was significantly decreased. The algorithm is 

performing the calculation in value number range that is with-in the scope of the stand-

ard float data type. Using floats for the GPU processing, contributes towards more op-

timal implementation compared to using of doubles. 

The results show an overall speedup of x25, which provides another justified exam-

ple for adopting of high-end GPU devices for intensive computing. 

As future work we plan to further our research in the area of data structures (in order 

to find more efficient data structure that can map the atoms of neopentane and water 

molecules). Additionally, we want to test out the execution of our implementation on a 

multi-GPU system, and in a distributed parallel system, utilizing both MPI and CUDA. 
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Abstract. The delivery of Video-On-Demand (VoD) contents is one
of the leading services that occupies most of the Internet traffic with
tendency to dominate in the years that come. Although it offers a great
convenience to the users, it is a serious burden for the privately managed
networks which have to process huge amounts of traffic meeting high
levels of quality of service. This high traffic-demanding service not only
requires higher number of network devices and streaming servers, but
also demands high energy consumption which is costly for the network
operator and harmful for the environment. Therefore, in this paper, we
analyse the energy consumption of a VoD delivery system where the
clients partially participate in the streaming and thus significantly reduce
the overall traffic in the core of the privately managed network. We show
that the the peer-assisted VoD streaming significantly makes the VoD
delivery greener service since it reduces the energy consumption both by
the network operator and the clients.

Keywords: Energy consumption, Video-on-Demand, P2P, Streaming

1 Introduction

The advances of network technologies and the variety of offered video services
have made the videos one of the most popular contents on the Internet. Al-
though they are very traffic demanding due to their large size, they have become
easily accessible and shared among a growing community of users. Therefore,
the video traffic has dominated the global traffic in the Internet nowadays and
has a growing tendency to take even more dominant position occupying 80-90%
of the globally exchanged traffic worldwide [4]. A significant part of this traffic
will belong to the Video on Demand service (VoD) which will triple the amount
of traffic that it generates nowadays. The reason for this rapid growth is the
increasing number of video breaking the boundaries of the choice of contents
and the time they are watching. This convenience is, however, a great concern
for the operators since every video requires a separate unicast stream causing
congestion in the core of the network with the growing number of users and the
demand for higher quality videos.
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In order to maintain the required quality of service, the operator has to in-
stall additional network equipment, streaming servers and higher capacity links.
Apart of the increased installation costs, the operator is faced with more concern-
ing issue, which is the increased energy consumption. The energy consumption
for delivering digital contents in general is a topic that concerns many scientist
in the field of information and communication technologies since this sector is
responsible for nearly 5% percent of the total energy consumption of the devel-
oped countries [10], out of which 1% belongs to the Internet traffic. Half of this
energy is consumed for switching and transmission of the data [6]. Therefore,
modelling and estimating the energy consumption of a video delivery systems
is an important task towards building more energy efficient solutions. In [1] the
authors measure the energy consumption of various network devices and gigabit
network cards [2]. An overall estimation of energy consumption per data bit in
the Internet, taking into account various access technologies is given in [10][5].
In [7], an analysis of energy consumption for switching, transporting, processing
and storing data in cloud computing is presented. In [11], the authors estimate
the energy consumption for VoD delivery in privately managed network. The au-
thors also propose energy efficient algorithm for content placement in a hierarchy
of servers in order to reduce the overall energy consumption.

In this paper, we analyse the energy consumption for peer-assisted Video-
on-Demand streaming in privately managed networks [9]. The main goal of the
system is to concentrate the streaming traffic close to the clients, to alleviate the
streaming servers and reduce the traffic in the core of the network. It achieves
these goals by implementing algorithm for optimal placement of the contents
in the network based on the clients’ activity and state of the network [8], and
by taking the advantage of unused uplink capacity of the peers to stream pre-
stored contents to other peers in the community. Since this approach reduces and
optimizes the traffic in the network, the focus of this paper is the energy con-
sumption for streaming and transmission of the video traffic to the clients from
the streaming servers to the clients’ TV sets. We show that the peer-assisted
streaming can significantly reduce the power consumption in the distribution
network of the service provider on account of the streaming resources offered
by the clients. In order to further decrease the overall energy consumption, we
also analyse the energy savings that can be achieved if the clients turn off their
Set-Top Box (STB) upon the end of each video session. Although this behaviour
reduces the available streaming resources for the operator, and hence increases
the energy consumption, the overall energy consumption per client will be con-
siderably reduced.

The rest of the paper is organized as follows: in Section 2 we describe the
system for peer-assisted VoD streaming and the network architecture used in the
analysis. After we present the method for calculation of the energy consumption
for video delivery in 3, we describe the simulation scenarios and analyse the
results obtained in Section 4. Eventually, we give the conclusions from our work
in Section 5.
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Fig. 1. Network architecture

2 System description

The system for opeer-assisted VoD streaming is designed for private networks
owned and managed by a company that offers VoD streaming and other TV and
data related services. The provider has the overall control of the network and can
dimension it according to the number of subscribed users. The system consists
of streaming and management servers placed in different locations of the core,
metro and access network. The access network technology used in this work is
Passive Optical Network (PON) which offers Fiber to the Home (FttH) service to
the clients, i.e., each clients is connected to the provider with high-speed optical
link. This technology requires that the provider installs Optical Line Terminal
(OLT) placed in the end-offices. Each port of the OLT is connected to a splitter,
a passive component that broadcast the same signal to up to 64 clients. On the
other side of the optical link, the signal is handled by the Optical Network Unit
(ONU) which is a device on the customers’ premises. Each client posses a Set-
Top Box (STB) with Digital Video Record (DVR) functionality, enabling storage
of certain amount of video contents. Since the provider has control over the
network, it assigns certain part of the uplink and storage capacity of the STBs to
place portion of the offered videos for the purpose of the peer-assisted streaming
process. The clients connected to the same OLT form a local community with
size n. One local community is serviced by a streaming server, called Edge Server
(ES). The ES has limited storage and streaming capacity, and therefore, hosts
only the most frequently requested video contents.

The OLT and the ES are directly connected to the edge switch, which is
then connected to the metro router of the metro network. The provider places
streaming servers, called Branch servers (BS), in the Video Hub Offices (VHO)
of the metro networks to handle the requests for the less popular videos. The
core network connects the routers of the metro networks by high capacity optical
links. At the top level of this network hierarchy, in the Super Head End (SHE),
resides the central repository server (CR) that hosts the entire video library.
This server handles all the request for videos that cannot be served by the
servers closer to the clients. Other important components of the system are the
management servers represented by the Automatic Content Movement (ACM)
server and the Service Selection (SS) server.

The ACM server communicates with the streaming servers, monitors their
state and takes redistribution decisions. Whenever it detects that there are over-
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loaded servers or that the users’ behaviour has changed, it runs an algorithm
for content redistribution. Using popularity data of the contents in the recent
past, previously obtained from the SS server, the algorithm decides whether a
replica of a content item should be moved to another server, removed or left
as it is. The execution of the algorithm results with a new distribution of the
video contents, which is deployed by execution of a set of removal and replication
commands issued by the ACM. The SS server is responsible for accepting the
clients requests and redirecting them to the most appropriate streaming server.
It implements a redirection strategy that uses the current state of the system
and the availability of the contents to take a decision on where to redirect the
clients.

The peer-assisted streaming is implemented by taking advantage of the un-
used streaming and storage capacity of the clients. Since the uplink capacity
of the clients is lower than the streaming rate r of the High Definition (HD)
videos offered by the operator, the contents are divided into m parallel strips.
Thus, the streaming rate of each strip, also called a channel, is m times smaller
than the real streaming rate of the video, permitting the peers to partially par-
ticipate in the streaming process. Depending on the streaming capacity of the
peers, expressed as number of channels k, the uninterrupted streaming is pro-
vided by parallel streaming of m strips from different peers and their assembly
at the receiving STB. Apart from storing the entire library of C video contents
in the streaming servers, the provider stores strips of the contents in the STBs
according to popularity distribution scheme. The storage capacity of the STBs
reserved by the operator for the peer-assisted streaming is s contents.

The process of requesting video contents is modelled as Poisson process with
average rate λ = 1/w, where w is the average time the client spends in idle state
waiting to make a request. The process of serving the videos, i.e., the average
duration of watching session is also considered as a Poisson process with average
rate µ = 1/d, where d is the average duration of the video session. Each request
is first addressed to the ES, which keeps track of the availability of the contents
on the peers in the same local community and their available streaming capacity.
The ES finds the available peers that contain strips of the requested content and
responds to the requesting client with the location of the assigned peers to serve
the available strip. Afterwords, the requesting peer establishes connections with
the assigned peers which deliver the strips they host. If not all the requested
strips can be found on the peers, the requesting peer forwards its request to the
SS which assigns the most appropriate streaming server to stream the missing
strips.

In order to reduce the power consumption of the STBs, the clients can turn
off their STB after they finish watching the requested video with probability poff
and stay in that state until the next request. Same as the process of requesting
and serving videos, the process of failures is also modelled as a Poisson process
with the same average rate as the requesting process λ = 1/w, i.e., the time the
client spends waiting to make request with the STB turned on is the same as
the time it waits to turn on the STB and make a new request for a video. With
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such a definition of the model, a client can be in one of the following states:
waiting state, receiving state and off-state. The clients that are in the waiting
or the receiving state are also called active clients since they can participate in
the peer-assisted streaming.

Despite the energy savings, this behaviour yields two disadvantages from op-
erators point of view: the clients that turn off their STBs cannot participate
in the peer-assisted streaming, and the interruption of the streams that were
currently streamed by these peers requires additional resources. The solution for
providing uninterrupted streaming experience is delivery of the remaining con-
tents by the streaming servers. The effect of these disadvantages is the increased
traffic in the core of the network originating from the streaming servers, and
consequently, increased energy consumption.

3 Energy consumption for video delivery

The most intuitive way to calculate the energy consumption in the peer-assisted
VoD streaming system is to sum the energy consumed per streamed bit and the
energy consumed for transmitting each bit through the network elements and
then multiply this value by the total amount of traffic. One of the main issues
for using this approach is the calculation of energy consumption per bit since
the network devices consume energy even when they are in idle mode. According
to the measurements of various network devices under different load in [1], the
energy consumption in the range between idle mode and the maximum load is
proportional to the load. However the coefficient of proportionality varies for
different devices and in many cases turns out that the difference between the
idle and maximum power state is minor and the amount of traffic handled by
the network device has insignificant influence on the energy consumption. The
same observation is taken when measuring the power consumption of Network
Interface Cards (NIC) in [2].

Although apparently not accurate, the most common approach for measuring
the energy consumption in large-scale networks is considering that the energy
consumption is proportional to the throughput. In a large-scale system with
traffic demanding services, the size of the network depends on the number of
customers subscribed for the service. The more customers incorporate in the
network, the more load has to be processed by the network devices. When these
devices approach the threshold of maximum utilization, the network operator
installs new network devices. Therefore, under assumption that almost the entire
capacity of the network devices is utilized for processing the requested video
traffic, the assumption that the energy consumption of the devices is proportional
to the throughput will lead to satisfactory results.

In our analysis, we will measure the energy consumption Pcl for receiving
and streaming videos by the clients and the energy consumption for delivering
the videos by the provider Ppr. The energy consumption on the clients’ premises
will be calculated as:

Pcl = PONU + pactPSTB (1)
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where PONU and PSTB are power consumed by the ONU and the STB, accord-
ingly, and pact is the probability that a STB will be active. In the equation, we
deliberately omit the energy consumption of the TV display since the clients can
use a variety of TV sets with different energy specifications. One can also note
that this equation does not depend on the amount of traffic since the ONU is
always on and the STB is considered to consume the same energy amount for
receiving and streaming videos. The probability pact can be calculated by divid-
ing the number of active clients by the total number of clients in the community.
In our previous work [9], we calculate the average number of active peers as:

nact =
1 − poff + λ/µ

(1 + poffToffµ)λ/µ+ 1 − poff
n (2)

where Toff is the average time the client keeps its STB turned off. Since in this
work we assume that the client spends the same time in the off-state as in the
idle state, by substituting Toff = w = 1/λ in (2) and dividing the equation by
n, we can calculate the probability that a client is active pact as:

pact = 1 − poff
λ/µ+ 1

(3)

The video delivery power consumption per customer is calculated by mea-
suring the throughput of the network elements and the streaming servers’ load
and using the assumption that the power consumption is proportional to the
applied load for large-scale system. The power consumption largely depends on
the network configuration. In our work, we are considering a network as shown
in Figure 1. Hence, the Pop will be expressed as

Ppr =
r

m

2

N
((UES + UBS + UCR)(POLT + Pedge + Psrv) +

+ (UBS + UCR)Pmetro + UCR(2Pcore + Pswitch) + Up2pPOLT ) (4)

where UES , UBS , UCS and Up2p are the number of strips streamed by ES, BS,
CR and the peers, accordingly. The first term in the equation refers to the
traffic that passes through the access network, i.e., through the OLT and the
edge switch. This traffic originates from the streaming servers and on its way
to the clients has to be handled by the edge switch and the OLT. The second
term refers to the streaming traffic from the BS and CR that passes through the
metro network routers. The third term is the traffic from the CR placed in the
SHE, processed by the core switch and core routers. Since the network has one
SHE, the distance from the the metro networks to the SHE may be different.
In our work, we are considering a network where the mean number of routers
that will process this traffic is 2, although for larger systems this number is well
above this value [11]. The last term of the equation is the P2P streaming traffic
that originates from the clients of the local community and terminates in the
same local community. We multiply the entire expression by factor of 2 since for
every spent Watt of a device, there is additional Watt consumed for cooling the
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device [11]. The equation is also multiplied by the streaming rate of each strip
r/m and divided by the total number of clients in the system in order to obtain
the energy consumption per client.

4 Simulations and results

In order to measure the energy consumption for peer-assisted video streaming,
we developed a simulation model in Matlab. In the simulations, the network
consists of N = 100000 clients groped in local communities of n = 1000. The
operator offers a library of 1500 HD movies with playback rate r = 10 Mbps. The
videos are divided into m = 10 strips and stored in both the streaming servers
and the STBs of the peers. The streaming rate of each channel is r/m = 1 Mbps.
The ES, BS and CR have storage capacity to host 20%, 40% and 100% of the
contents, accordingly and streaming capacity to handle 20%, 33% and 100% of
the total number of simultaneous streams. The peers have STB with storage
capacity of s = 10. The clients are generating requests for videos with average
waiting time w = 1/λ = 40 min and watch the requested video in average
d = 1/µ = 80 min.

The videos are previously distributed in the peers according to a distribution
scheme that dedicates 30% of the storage space of the STBs for uniform distri-
bution of the popular videos and the rest of the storage for uniform distribution
of the not popular contents. According to the 20-80 rule [13], the first 20% of the
most requested videos in the library are considered as popular, while the rest
are not popular.

The popularity of the video contents obeys the Zipf-Mandelbrot (ZM) distri-
bution [12] with skew factor α = 0.8 and shifting constant q = 10.

Based on the measurements of the energy consumption of various network
devices in [10] [11][3], we will be using the values presented in Table 1.

Pcore Pmetro Pedge POLT Pserv PONU PSTB

15 nJ/b 15 nJ/b 28 nJ/b 19 nJ/b 20 nJ/b 5 W 30 W

Table 1. Overview of the enery concumption of equipement used in the simulations.

In our first simulation scenario, we measure the average energy consumed by
the operator for peer-assisted streaming of VoD contents for various streaming
capacities of the peers. As it is expected, the higher streaming capacity of the
peers implies higher participation of the peers in the streaming process which
alleviates the streaming servers and reduces the traffic in the core of the net-
work. The result of such reduction of the traffic is also reduction of the energy
consumption for delivery of the videos by the provider. One must note that the
clients still consume the same energy levels since we assumed that the STB has
a constant energy consumption no matter whether the clients watch a video or
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not. The results of the measurements of the energy consumption per client as a
function of the streaming capacity of the peers are shown in Figure 2. The figure
shows that the increment of the number of channels linearly reduces the energy
consumption up to the capacity of 4 channels, i.e., 4 Mbps, where the energy
consumption per user is reduced 50% compared to the case with pure server
streaming. The importance of this reduction can be realized if we calculate the
energy consumption savings of large-scale system with more than 106, which
according to the results from the figure would be 600 kW. For higher streaming
capacities, the further increment of the streaming capacity of the peers has in-
significant effect on the energy consumption because not all the requested strips
are available on the peers and there is still energy consumption by the OLT
which has to handle all P2P traffic among the peers.
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Fig. 2. Dependency of the operators power consumption per client on the size of the
local community and the peers’ streamng capacity

In the next simulation scenario, we measure the energy consumption on the
clients’ and provider’s premises obtained by letting the clients turn off their STB
with probability poff . In Figure 3, we show the energy consumption by the clients
obtained from (1) and 3. The energy consumption decreases linearly with the
probability poff with steepness that depends on the ratio λ/µ. This ratio defines
the activity of the clients and their utilization of the streaming services. The
more active the clients are, the more they participate in the streaming and the
more energy is consumed. Therefore, even in the cases when the clients turn off
their STB with certainty, the power does not reach the minimum value of energy
consumption of the ONU. The maximum power savings that can be reached by
the clients are 10 W, which is a significant reduction in our case of large-scale
system.

The energy saving on the cleints’ premises, however, comes with a drawback
related to the energy consumption of the provider. The increased number of
clients which turn off their STB reduces the available resources for peer-assisted
streaming and increases the number of interrupted streams that have to be
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Fig. 3. Dependency of the operators power consumption per client on the size of the
local community and the peers’ streamng capacity

recovered by the streaming servers. Therefore, it is expected that the amounts
of traffic originating from the streaming servers increases. The results of this
behaviour for various streaming capacities of the clients are shown in Figure 4.
From the figure, we can see that the increment of energy consumption increases
linearly with the probability poff . The maximum energy savings that can be
achieved depend on the streaming capacity of the clients, however, if we compare
any of the curves of the energy consumption per client by the operator in Figure
4 with the energy consumption by the clients in Figure 3, we can figure out
that there is an order of magnitude more energy saving by the clients, than
increased energy consumption by the operator. Therefore, we can conclude that
by stimulating the clients to turn off their STB, the peer-assisted streaming
becomes more energy efficient solution for delivery of VoD contents.
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10 Sasho Gramatikov

5 Conclusion

In this paper we present an energy consumption analysis of a large-scale sys-
tem of peer-assisted VoD streaming in managed networks. The system takes
advantage of the unused streaming and storage capacity of the peers to allevi-
ate the streaming servers and to reduce the traffic in the core of the network.
In our work, we measure the amounts of traffic originating from the streaming
servers and processed by the network devices, and by using typical values of
energy consumption of all the devices included in the peer-assisted streaming,
we show that there are significant energy savings for video streaming by the
VoD service provider. We also show that the global energy consumption can be
further reduced if the clients turn off their STBs after they finish watching a
video. Although this behaviour slightly increases the power demands by the net-
work equipment of the operator, it proves to be ore energy efficient and greener
solution for delivery of VoD contents.
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Abstract. One of the problems that are encountered in recommender
systems applications is the high sparsity of the available data. In this
paper we investigate the effect of the sparsity of datasets to the perfor-
mance of a parallel implementation of the Collaborative Filtering Slope
One algorithm. To represent the sparse data the Compressed Sparse Row
(CSR) format is used and the implementation’s performance is evaluated
on a Graphics Processing Unit using the MovieLens and artificially cre-
ated datasets.

Keywords: Collaborative Filtering, Slope One, CSR Format, Massively
Parallel Computing, GPU, CUDA

1 Introduction

Collaborative Filtering is a very popular algorithmic family used for recommen-
dations. It uses the known information that is provided to the system by its users
in order to predict the unknown information of other users. The number of users
who utilize recommender systems is continuously growing, as is their demand to
receive accurate results fast. Thus, finding a solution to process faster as much
data as possible has become an urgent need. The usage of parallel computing
technologies is crucial in order to accelerate the performance of collaborative
filtering algorithms.

Collaborative filtering recommender systems’ accuracy is affected by the
amount of users whose information participates to the recommendation. The
greater the number of users, the better will be the recommendations. For this
reason, is important to use a compressed format to represent the data, since it
will allow the processing of significantly larger amount of data. The data used
in collaborative filtering are highly sparse. Thus, using a compressed format will
not only allow the usage of more data, but will also improve the performance of
the implementation, since the GPU will access coalesced memory.

ICT Innovations 2015 Web Proceedings ISSN 1857-7288

173 
S. Loshkovska, S. Koceski (Editors): ICT Innovations 2015, Web Proceedings, ISSN 1857-7288 

© ICT ACT http://ictinnovations.org/2015, 2015



This paper investigates the effect of the density of the datasets to an imple-
mentation of the Slope One collaborative filtering algorithm on a single GPU.
The performance of the algorithm is evaluated on a GeForce GTX 760 GPU and
on a GeForce GTX 970 GPU.

The paper is organized as follows: In Section 2 the related work is presented,
describing other collaborative filtering algorithms that have been implemented
on GPUs. Section 3 gives the necessary background on the CSR storage format
and the Slope One algorithm. In Section 4 the parallel implementation is de-
scribed and the experimental methodology and results are given in Section 5.
Finally, the conclusions are presented in Section 6.

2 Related Work

Many implementations of collaborative filtering algorithms, that take advantage
of parallel computing techniques, have been introduced recently. Among them
are several approaches that have been implemented using GPUs. These imple-
mentations are briefly discussed in this section.

In [10] and [9], SVD is computed using householder transformations and
diagonalizing the result matrix by implicit-shifted QR algorithm.

In [7] SVD is computed using the Webb’s algorithm. Data synchronization
takes part in the CPU after each thread block has updated a row of U or V .
The same parallelization strategy is applied in [6] with the difference that the
matrix R is transposed and the thread blocks assume columns instead of rows
of the U and V matrices.

In [4] mini-batch SGD is implemented using a GPU. The gradients are com-
puted in parallel and the solution is further improved on CPU. In [1] is im-
plemented an out-of-core GPU-based approximate SVD algorithm. The ratings
matrix is divided in sub-matrices and QUIC-SVD runs on every sub-matrix.

In [11] the user-based collaborative filtering algorithm is developed and eval-
uated on a Tesla C2070 GPU and in [12] the user-based algorithm is evaluated
on a multi-GPU system.

Table 1 shows how the workload is shared among CPUs and GPUs in the
implementations mentioned above. In most cases CPUs are used to handle the
input data and define how they will be loaded on the GPUs, while GPUs take
care of the demanding computations.

The data used for recommendations are characterized by low density percent-
ages. Nevertheless, in collaborative filtering implementations scarcely is given
information on how the sparse matrices are handled. In [2] the item-based algo-
rithm is implemented using GPUs with different data compression techniques.
A compression technique similar to CSR is used, but only the item ids of the
items that the users have purchased are stored, ignoring the rating values.
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Reference Algorithm Workload on CPUs and GPUs

[10] SVD GPU: -Bidiagonalise R by Householder transformations

-Send results to CPU

CPU: -Diagonalize the bidiagonalized R by implicit-shifted QR

[9] SVD GPU: -Bidiagonalise R by Householder transformations

-Send only the two diagonals to CPU

CPU: -Diagonalize the bidiagonalized R by implicit-shifted QR

[7] SVD CPU: -Find rij 6= 0 for any i, j

GPU: While not converged: Each thread block:

-Update a row of U -Synchronize data in CPU

-Update a row of V -Synchronize

[6] SVD CPU: -Load data to GPU

GPU: While not converged:

Each thread block: -Update a column of U and V

[4] SGD CPU: -Copy training data to GPU

GPU: -Compute gradients

[1] SVD CPU: -Divide R in sub-matrices

GPU: For each sub-matrix:

-Run QUIC-SVD

-Create a new cosine tree

[11] User-based CPU: -Load input data to GPU

GPU: -Compute users’ average rating

-Compute Pearson Correlation

Table 1. Collaborative Filtering Algorithms on GPUs
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3 Background

3.1 Compressed Sparse Row Format

The CSR format is a technique which is often considered in order to reorganize
sparse matrices and reduce the storage requirements. The CSR format stores
the non-zero elements of a matrix in contiguous memory. In figure 1 an example
of the representation of a matrix in CSR format is shown. To represent the
matrix three structures are needed. The row indexes, the column indexes and
a structure where the non-zero values of the initial matrix are stored. The row

Fig. 1. Representation of a matrix in CSR format.

indexes is used to denote the position in the column indexes structure, where
the information is referred to a different line of the initial matrix. The space
needed for this structure is equal to the number of lines of the initial matrix.
The column indexes denote the number of the column of the initial matrix where
the value was stored. The values structure contains the corresponding non-zero
values that were stored to the initial matrix. The amount of memory that is
needed for both the column indexes and the values structures is equal to the
number of non-zero elements of the initial sparse matrix.

One of the advantages of the CSR format for representing sparse matrices
is that it is adequate for representing symmetric matrices using significantly
less space. In the Slope One algorithm, which is described in Section 3.2, the
Frequencies and Deviation matrices are symmetric. Furthermore, accessing the
CSR formatted memory can be done without the need of complicated handlings,
since all the required accesses can be performed separately for each user, as
the data is stored row-wise. For these reasons the CSR format constitutes an
adequate compressed storage format for the Slope One algorithm.

3.2 Slope One algorithm

The Slope One algorithm [3] is a collaborative filtering algorithm which, in order
to provide a recommendation, takes advantage of how much is one item preferred
compared to another, among the users who have expressed their opinion for a
given pair of items. The difference between the ratings of the items serves as
a measure of this preference. The prediction calculation is based only on the
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ratings of users who have evaluated some common items with the active user
and the active user’s ratings.

Given a set χ, consisting of all the evaluations in the training set, and two
items i and j with ratings ri and rj respectively, in a user’s u evaluation e
(e ∈ Sj,i(χ)), the average deviation of rui regarding ruj is given by the equation
(1). The set Sj,i(χ) contains all the evaluations that contain ratings for both
items i and j. Thus, Sj,i(χ) ⊆ χ and

devj,i =
∑

i∈Sj,i(χ)

ruj − rui

|(Sj,i(χ)|
. (1)

The average deviation of the items is used for the prediction of the rating that
the user u would give to item j,

pruj =
1

|Rj |
∑
i∈Rj

(devj,i + rui), (2)

where Rj = {i|j ∈ S(e), i 6= j, |Sj,i(χ)| > 0} is the set of all relevant items and
|Sj,i(χ)| is the number of all the evaluations in the set S that contain ratings
for both items i and j. An additional version of the Slope One algorithm is
the Weighted Slope One, in which the number of observed ratings for each item,
cj,i = |Sj,i(χ)|, is taken into account and the predictions are calculated according
to the equation (3). If a pair of items has been rated more times than another
pair of items, then it has greater impact to the prediction value:

wpruj
=

∑
i∈S(e)−{j}(devj,i + rui)cj,i∑

i∈S(e)−{j} cj,i
. (3)

Another version is the Bi-Polar Slope One, which predicts only if an item will be
liked by a user or not. Thus, instead of using a multivalued scale to predict the
exact rating that a user would give to an item, a two value scale is used, where
the two values represent whether the user will be interested in an item or not.

4 Parallelization design of the Slope One Algorithm on
GPU

In this section we briefly present the parallelization design of the Slope One
algorithm on a single GPU. The details of the implementation as long as an
analysis of its performance are described in [5]. In this work the purpose is not
to evaluate the performance of the parallel implementation, but to investigate
how it is affected by the sparsity of the data.

First the ratings matrix is created in CSR format and the number of ratings
that each user has provided to the system is stored and used to dynamically
calculate the space that will be needed to store the values of the differences
among the ratings of the items for each user. Then the space that is needed to
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store the Predictions in CSR format is calculated and the values that indicate
the user row pointers are completed. These computations are realized on the
CPU. In Table 2 the space needed for the storage of the matrices that are used
in the impementation can be seen.

Matrix Storage Space

Ratings users + 2 × NumberofRatings

Differences users + 3 × SpaceForDifferences

Frequencies items×(items+1)
2

− items

Deviation items×(items+1)
2

− items

Number of ratings per user users

Space per user users

Sum of differences items×(items+1)
2

− items
Table 2. Storage space needed for the implementation’s data structures in terms of
the number of users and items of the dataset.

After computing the ratings matrix in CSR format and the auxiliary matrices
that denote how much memory will be needed to store the predictions, the
required memory is allocated to the GPU, to represent the users’ ratings, the
number of ratings per user, the frequencies, the sum of differences, the deviation
values and the predictions. Then, the ratings matrix, the number of ratings per
user and the Predictions row pointer matrices values are copied to the GPU.

The total amount of memory that is needed depends on the total number of
users, items and ratings contained into the dataset. Since it cannot be known
beforehand which item-pairs will appear rated in the users’ evaluations, the
Frequencies, Sum of Differences and Deviation matrices are not stored in CSR
format. This fact consists a drawback of the implementation since it increases
the memory requirements. Furthermore, even if measures such as distributing
the data among more nodes are taken, the storage of these matrices still consists
a problem that limits the implementation’s capacity to use more data.

The predictions are calculated using three GPU kernels. The first kernel
assumes all the precalculations that are needed in order to compute the values
of the matrices that contain the differences among the users’ ratings for the
pairs of rated items, the frequency of appearance of rated item-pairs and the
sum of the difference values for the item-pairs. The second kernel computes the
deviation matrix and the third kernel calculates the predictions and the weighted
predictions. When the computation of the predictions finishes they are copied
back to the CPU.

Inside the first kernel, each thread calculates the values that correspond to a
user. Each thread performs read actions accessing coalesced memory. Each user
has rated different items. Thus, there is no order in the appearance of the item-
pairs when the threads compute the differences of the ratings and the frequences.
Therefore, there is no way to achieve writing the frequency values and the sum

ICT Innovations 2015 Web Proceedings ISSN 1857-7288

178 
S. Loshkovska, S. Koceski (Editors): ICT Innovations 2015, Web Proceedings, ISSN 1857-7288 

© ICT ACT http://ictinnovations.org/2015, 2015



of the differences for each item-pair following a coalesced memory access fashion.
Since each item-pair has been rated by more than one user, multiple threads need
to access and write to the same memory location that corresponds to each item-
pair. In order to avoid having threads trying to access and modify simultaneously
the same memory location the atomicAdd operation has been used. Despite the
fact that atomic operations can diminish computational throughput, the usage
of atomicAdd operations is not considered harmful for the implementation’s
performance, because the simultaneous accesses to the same memory location
are scarce due to the data sparsity.

The matrices that are calculated by the first kernel are used by the next
kernel to compute the values for the deviation matrix. Each thread computes the
value of the deviation value of an item-pair. The third kernel uses the deviation
values in order to compute the predictions. Each thread corresponds to a user
and calculates the predictions and weigthed predictions for all the missing rating
values for this user.

5 Analysis of the Results

5.1 Experimental Methodology

The MovieLens dataset is a dataset with information about movies and the
ratings that users have given for them. The MovieLens 100k and 1M datasets,
which are available from GroupLens Research [8], were used for the performance
evaluation of the implementation discused above. Furthermore, thirty artificially
created datasets were used. In order to create the datasets the number of items in
all datasets remained invariable and was set to 2000. The datasets are separated
in three size categories and in each category the number of users is different.
The number of users in the three categories was set to 1000, 3000 and 6000.
To each of the three categories different number of ratings is inserted to the
datasets, in order to have density that ranges from 1% to 10%. The datasets
with the different sparsity percentages were used in order to investigate the effect
of the usage of compressed sparse format to the algorithm’s performance. The
implementation was developed using C programming language and the Cuda
C language extension. Time was measured using cuda Events. The time results
presented below were averages of 5 runs.

The performance of the parallel implementation of the Slope One algo-
rithm was evaluated using two different graphics processing units. The NVIDIA
GeForce GTX 760 and the NVIDIA GeForce GTX 970. The performance of
the implementation using MovieLens dataset is evaluated on both GPUs, while
the GeForce GTX 970 was used to evaluate the performance on the artificially
created datasets.

The NVIDIA GeForce GTX 760 graphics processing unit is a compute ca-
pability 3.0 GPU with 2 GB of GDDR5 memory interface. Dynamic clocking
is enabled, running at base clock of 980 MHz and boost clock of 1033 MHz.
The NVIDIA GeForce GTX 760 is a Kepler architecture GPU, that consists of
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6 streaming multiprocessors of 16 texture units each. Each SM consists of 192
cores, for a total of 1152 cuda cores. The SMs have 48 KB of on-chip shared
memory and each thread block can have a maximum of 1024 threads. Each SM
supports up to 2048 threads and up to 16 blocks. The operating system on this
machine is Ubuntu Linux 10.04.

The NVIDIA GeForce GTX 970 graphics processing unit, which is a compute
capability 5.2 GPU with 4 GB of GDDR5 memory interface, was used to evaluate
the performance of the algorithm on the artificially created datasets and on the
MovieLens datasets. Dynamic clocking is enabled, running at base clock of 1050
MHz and boost clock of 1178 MHz. The NVIDIA GeForce GTX 970 is a Maxwell
architecture GPU, with a total of 1664 cuda cores. Each thread block can have
a maximum of 1024 threads. Each SM supports up to 2048 threads and up to
32 blocks. The operating system on this machine is also Ubuntu Linux 10.04.

5.2 Experimental Results

In this section we present and discuss the results of the experiments applied to
the implementation described in Section 4.

The density of the MovieLens 100k dataset is 6.30% and of the MovieLens
1M is 4.19%. Table 3 presents the execution time in milliseconds on the two
graphics processing units when these datasets are used. The fact that the absolut
execution time decreases when a faster GPU is used proves the scalability of the
implementation. Unfortunately, no experiments are made in order to compare
the performance of a non-CSR sequential version to a sequential version that uses
the CSR format and the artificial datasets, due to the high memory requirements
in storing the data for the non-CSR version.

Although the datasets consist of different density percentages, we could not
come to a sufficient conclusion considering how the density affects the imple-
mentation’s performance and for this reason we created the datasets of different
density percentages that are described in section 5.1. Since the density percent-
ages on MovieLens datasets are less than 10%, we did not exceed the density
percentages of our artificially created datasets to more than 10%.

GPU MovieLens 100k MovieLens 1M

GeForce GTX 760 3867.821 46749.412

GeForce GTX 970 3239.254 41060.736
Table 3. Execution time in ms for the MovieLens 100k and 1M datasets.

Figure 2 presents the total execution time of the implementation for each
of the artificially created datasets. As it can be seen for all the three dataset
categories, the execution time inreases as the density percentage increases. This
fact is not surprising, since the more dense a dataset is the more ratings are
included in it. For the different densities, the ratio of the execution time of the
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datasets that contain 6000 users to that of the datasets with 3000 users is close
to 2, while the ratio of the execution time of the datasets with 3000 users to
that of the datasets with 1000 users is close to 3. The same value has the ratio
of the sizes of the corresponding datasets. Thus, the ratio of the sizes of the
datasets indicates also how much more time will be needed for the execution of
the implementation if bigger datasets are used. In Figure 3 is depicted for each
of the three dataset categories the total execution time for the different density
percentages of the datasets. It is observed that the time increases linearly with
the dataset size and is not affected by the datasets’ density.
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Using compressed storage formats allows accessing larger amounts of data,
since less memory is required for their storage. Some of our artificially created
datasets purposly contained similar number of ratings, while the density per-
centage was different. These datasets require similar memory quantity since their
main difference is the number of users. We observed that the execution time was
significanlty higher to the datasets which included information for more users,
even though they contained similar number of ratings. This is due to the imple-
mentation’s design, since the usage of non-CSR format cannot be avoided for
the representation of the Frequencies, the Sum of differences and the Deviation
matrices. Thus, the execution time of the implementation is affected more by
the number of users and items in the dataset than by the number of ratings.

6 Conclusions

In this paper we presented the performance results of a parallel implementation
of the Slope One algorithm using CSR format to store the sparse matrices ac-
cording to the density percentages of the used datasets. The purpose of this work
was to investigate how the density of the datasets affects the implementation’s
performance. Among the authors’ future plans lies the usage of different com-
pressed storage formats on a variety of collaborating filtering algorithms and the
analysis of their performance.
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csetverikov@sztaki.hu,

Abstract. The Singular Value Decomposition (SVD) can be efficiently
used to detect motion in videos captured by a static camera. However,
the SVD is computationally demanding when a large matrix - a spatio-
temporal data window typically composed of ten to thirty frames - is
repeatedly processed. Recently, a running (incremental) version [1] of the
SVD has been proposed and applied to motion detection. Although much
faster than the direct implementation, the CPU-based running SVD is
still too slow for real-time processing of VGA or larger size videos. In
this paper, we present a GPU implementation of the running SVD that
is suitable for robust, close to real-time motion detection in challenging
full-size, standard frame rate videos. The computational performances
of different hardware configurations are compared showing a significant
gain in processing speed due to the proposed solution.

Keywords: Video processing, motion detection, SVD, GPU.

1 Introduction

In this research, we address the problem of real-time motion, or target, detec-
tion in full-size, standard frame rate videos acquired by static cameras in indoor
or outdoor environments. Numerous approaches to motion detection have been
proposed based on different principles. The reader is referred to study [2] for a
survey and comparison of methods for background modelling and target detec-
tion. Note that the problem addressed in this paper differs from that of change
detection [3] when multiple images of a static scene are acquired at different times
and compared to find changes. The well-known approach to activity recognition
[4] is based on adaptive background subtraction and motion segmentation by
modelling the intensity in each pixel as a mixture of Gaussian distributions.
However, such pixel-wise methods cannot capture the natural dependencies be-
tween neighbouring pixels within regions. In particular, they are sensitive to
background variations typical for both indoor and outdoor data (illumination,
visibility, dynamic background). The methods that operate with regions rather
than individual pixels are usually more robust as they are able to incorporate
and exploit local structural information. In particular, the Principal Component
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Analysis (PCA) and the Singular Value Decomposition have been applied in the
context of moving target detection. Due to its generality and robustness, the
SVD proved to be more successful than the PCA as far as motion detection is
concerned. It has been demonstrated that the SVD based algorithms [1, 5, 6] can
cope with background variations even in the cases of complex backgrounds such
as water or vegetation. A critical problem with the SVD is that the amount of
computation increases drastically with the video resolution and the number of
frames in the spatio-temporal window used to estimate the background. Some
studies [5, 6] tried to decrease the computational load of the SVD by reducing
resolution, splitting frame images into rectangular subimages, or using approx-
imate decompositions. However, splitting the frame images leads to artifacts at
the subimage borders while the approximate decompositions result in error ac-
cumulation and the need to reinitiate the detection process from time to time.
Recently, a computationally efficient running version of the SVD [1] has been
proposed and successfully used for motion detection. As the video proceeds, the
incremental approximation-free algorithm [1] does not calculate the SVD from
scratch when the data window steps in time. Instead, the current decomposition
is updated with the entering frame, then downdated with the leaving one. This
solution is much faster than the direct implementation of the SVD. On a CPU, it
allows to process a few frames per second at a reduced video size and for up to 15
frames in the sliding spatio-temporal window. However, the CPU based running
SVD is still too slow for real-time processing of VGA or larger size videos. In
this study, we propose a GPU implementation and test the parallelised running
SVD whose speed approaches the level required for real-time applications with
full-size video streams. The structure of the paper is as follows. First, we briefly
discuss the mathematical background of the SVD and its incremental variant
[1] in the context of motion detection. Then the GPU implementation of the
running algorithm is described and comparative test results are shown and dis-
cussed. Finally, the paper concludes with a summary of the current state of the
research and an outlook.

2 Running SVD for motion detection

The Singular Value Decomposition is defined as follows. Let A ∈ Rm×n be
a real-valued matrix. Then there always exists a decomposition A = USVT,
where the orthogonal matrix U ∈ Rm×m consists of m orthonormal eigenvectors
of AAT; the orthogonal matrix V ∈ Rn×n consists of n orthonormal eigen-
vectors of ATA; S ∈ Rm×n is composed of a diagonal matrix D and a null
matrix. The matrix D = diag(δ1, . . . , δm) contains the singular values of A
which are the square roots of the eigenvalues of AAT. It is usually assumed that
δ1 ≥ δ2 ≥ . . . ≥ δm ≥ 0. A number of methods exist that calculate the SVD.
Following the study [1], we use the well-known Golub–Reinsch SVD algorithm
[7]. The algorithm decomposes an m× n size matrix, where m is the number of
frames used to estimate the background (temporal depth of the data window), n
the total number of pixels in a frame image. Typically, 5 ≤ m ≤ 30, while in our
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tests the video size was 768×576 (PAL), that is, m×n and n > 400000. For such
a large matrix, applying the SVD to each data window in a long video would
be prohibitive even if implemented on a GPU. Fortunately, after the single ini-
tialisation for the first m frames, the running procedure [1] can be used at each
temporal step, which applies a fast update algorithm, then a fast downdate algo-
rithm. The former updates the three matrices of the SVD by adding the entering
frame to the current m frames, the latter removes the exiting frame from the up-
dated SVD. Both algorithms modify the sizes of the SVD matrices. The Update
increases the dimension of each matrix by one, the Downdate restores the origi-
nal size. Between the two algorithms, the procedure executes a shift in one of the
matrices. The time complexity of the running SVD is O((m+n)m2) ≈ O(nm2).
The linear dependence on the frame size is important as it allows to work with
full-size video. Note that the time complexity of the Golub–Reinsch SVD [7] is
also O(nm2). However, the same asymptotic behaviour does not mean that in
practice the execution times of the two algorithms are the same. As demonstrated
in [1], the incremental solution is much faster for typical values of the two pa-
rameters. Our tests discussed later in this paper also confirm that the difference
is essential. Contrary to the approaches [5, 6] that apply the conventional SVD,
the incremental solution does not need splitting frames into blocks to achieve ac-
ceptable processing time. Both steps of the running SVD are approximation-free,
so no error accumulation occurs and no reinitialisation is needed. Before apply-
ing the SVD, the image data must be normalised by subtracting the mean and
mapping the values onto a standard range. For each spatio-temporal window,
the background is estimated using the largest singular value and the associated
vectors. (If necessary, more singular values can be used [6].) Then the residual is
calculated as the absolute difference between the input data and the background.
Large residual indicates the areas in motion. After thresholding, the binarised
residual image is cleaned using morphological operations. When fast noisy mo-
tion like snow or rain is present, it may also be useful to apply a spatio-temporal
median filter to several consecutive thresholded frames. In order to visualise the
result of motion detection, the borders of the blobs in the thresholded and filtered
residual are overlaid on the central frame of the data window. Sample results of
the running SVD are shown in Figure 1. The algorithm features robustness to
noise, visibility conditions and varying background. More results are available
at the web site3 of motion detection by the running SVD.

3 Hardware implementation of SVD based motion
detection

We have implemented, tested and compared three procedures for SVD based
motion detection:

1. the direct Golub–Reinsch algorithm that processes each data window sepa-
rately;

3 athos.vision.sztaki.hu/~mitya/research/runsvd/results.html
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Fig. 1. Examples of motion detection and segmentation by the running SVD.

Table 1. Three hardware configurations used in the tests.

Hardware
Configurations

Conf. 1 Conf. 2 Conf. 3

CPU
Intel Pentium Dual Core Intel Core i3 Intel Core i5

2.16 GHz 2310M 2.1 GHz 4200U 1.6 GHz

GPU
NVIDIA GeForce NVIDIA GeForce NVIDIA GeForce
9500M 510 MB GT 520M 1 GB GT 730M 2GB

Memory DDR II - 4 GB DDR III - 4 GB DDR III - 8 GB

Comp. Cap. 1.0 2.0 3.0

Produced 2009 2012 2014

2. the sequential running SVD;
3. the parallel running SVD.

Each of the three procedures was executed on three different hardware con-
figurations whose main features are summarised in Table 1. The abbreviation
Comp. Cap. stands for Compute Capability. Its values indicate that more recent
configurations are more powerful.

The image processing functions of the procedures were implemented using the
Open Source Computer Vision (OpenCV) software package [8] that offers GPU
support. The package contains motion detection functions, as well. However,
they are not suitable for real-time video processing. The package also includes
certain matrix operations, but they are not really applicable to very large ma-
trices, and their scope is limited. The parallel data processing algorithms were
implemented with the Computer Unified Device Architecture (CUDA) devel-
oped by the NVIDIA Corp. The data are stored in the memory of the graphics
card, so image data transfer from the CPU memory to the GPU memory should
be optimised for faster operation. The transfer is complicated by the different
formats of matrix storage in OpenCV and CUDA, which necessitates additional
data movement. In this project, two external program libraries were used with

ICT Innovations 2015 Web Proceedings ISSN 1857-7288

186 
S. Loshkovska, S. Koceski (Editors): ICT Innovations 2015, Web Proceedings, ISSN 1857-7288 

© ICT ACT http://ictinnovations.org/2015, 2015



CUDA: The CUDA Basic Linear Algebra Subroutines (cuBLAS) [9] and the
CUDA Linear Algebra (CULA) [10]. The former provides CUDA implemen-
tation of basic matrix operations, while the latter includes more sophisticated
algorithms such as the SVD we need for our purposes.

4 Test results

For testing, we used the 768×576 resolution video data from the Image Sequence
Server [11]. First, the direct implementation of the Golub–Reinsch SVD (pro-
cedure 1) was tested on the three hardware configurations defined in Table 1.
This solution is definitely not suitable for real-time processing since even on the
most powerful configuration (No. 3) the total execution time for a short 50-frame
sequence was over 200 seconds. For more realistic, longer sequences the execu-
tion time was too long even for testing. For this reason, only the two versions of
the running SVD, the CPU and the GPU, were tested and compared in detail.
Figure 2 demonstrates the results of the sequential CPU implementation. The
plot shows the execution times, in seconds, for the growing number of processed
frames on the three hardware configurations. In this case, the number of pro-
cessed frames ranged from 5 to 50. The best result of about 1.3 fps was achieved
on the strongest configuration for the longest sequence. For longer sequences,
the processing speed is the same.

5 10 25 50

Conf. 1 20,87 27,62 68,29 137,36

Conf. 2 8,24 11,97 23,45 42,73

Conf. 3 7,46 10,73 20,59 37,09
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Fig. 2. Plot of execution times on CPU for the three hardware configurations.

Figure 3 shows the results of the parallel GPU implementation. As this so-
lution is faster, in this case, the number of processed frames ranged from 100 to
600. The best result of about 8.0 fps was achieved on the strongest configura-
tion for the sequence of 250 frames. The processing speed seems to be slightly
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content-dependent, but the dependence on content and video length is not sig-
nificant. Due to the GPU implementation, the processing speed was increased
by a factor of six.

100 250 400 600

Conf. 1 51,176 129,206 237,575 358,495

Conf. 2 24,541 59,174 94,072 140,202

Conf. 3 13,84 31,27 53,74 84,12

0
50

100
150
200
250
300
350
400

Ti
m

e 
(s

ec
)

Number of processed frames

Running SVD - GPU

Conf. 1 Conf. 2 Conf. 3

Fig. 3. Plot of execution times on GPU for the three hardware configurations.

5 Conclusion

The 8 fps processing rate provided by our GPU solution for full-size videos can
already be sufficient for the applications where the motion is relatively slow
and the standard full frame rate of 25 − 30 fps is not required. Our further
research and development nevertheless aims at achieving the full frame rate in
near future. Naturally, in this development we hope to make use of the persistent
improvement of the processing power of modern GPUs. As one can see in Fig-
ure 3, configuration 3 is more than four times faster than configuration 1, which
well illustrates the progress made within the four years. Still, there is room for
improving our software solution, as well. The success of a GPU implementation
is mainly influenced by two critical issues. The first one is the selection of the
appropriate program package. Since our task requires a large amount of com-
putation, we have selected the CUDA programming environment supported by
NVIDIA video cards. An essential advantage of this environment is that it sup-
ports numerous other packages including matrix operations and linear algebra.
When CUDA is used for parallel implementation on a GPU, the data copied
to the GPU memory cannot be accessed directly by the CPU. Data transfer is
needed which increases the execution time. The CUDA Thrust library [12] can
be used to access the GPU memory in a more convenient way. Using this library
would need a major programming effort as the Thrust has its own data struc-
ture for supporting parallel implementations. The second critical issue is that

ICT Innovations 2015 Web Proceedings ISSN 1857-7288

188 
S. Loshkovska, S. Koceski (Editors): ICT Innovations 2015, Web Proceedings, ISSN 1857-7288 

© ICT ACT http://ictinnovations.org/2015, 2015



of the code simplicity. In our development, we have always tried to implement
each program in the simplest possible way. When possible, we have used already
created variables and data structures in order to avoid unnecessary allocations
and data movement.
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Abstract. In this paper I investigate the usability of the multi-touch marking 

menus in multi-touch devices through three prototype applications that support 

multi-touch marking menus and I suggest a general area where they seem fit to 

be used. For the usability testing four testing methods were used. These meth-

ods are described further in this paper along with the resources used and the 

produced results. At the end of the paper the conclusions are given with the rec-

ommended area of usage of the multi-touch marking menus.   

Keywords: usability, usability testing, multi-touch, marking menu. 

1 Introduction 

A very valuable and reliable input in designing marking menus [1] (two-handed 

marking menus for multi-touch devices [4]) is through a well-defined and executed 

usability testing [5]. The usability testing should point out the possible problems and 

positive aspects of usage, as well as suggesting means to overcome the weaknesses. 

Conducting a usability testing includes a choice of testing methods, resources, data 

gathering and data analysis. The usability testing is conducted to investigate the usa-

bility of the multi-touch marking menus in different kind of mobile applications and 

to define a general area where they seem fit to be used. The usability testing gives 

answers to the questions: 

1. How easy and successfully the users are adopting the multi-touch marking menus; 

2. How easy is to complete a task by using the multi-touch marking menus; 

3. Can the novices use the marking menus without any user guide or help; 

4. The most common issues encountered while using the multi-touch marking menus. 

2 Multi-touch Marking Menus 

The marking menus are gesture-based menus that extend the radial menus where the 

users can select an item form the radial menu by drawing a directional stroke [2]. 

Multi-touch devices can detect multiple points of contact. When these devices are put 

in the context of the multi-stroke [3] marking menus, means that these menus can be 

extended to use both hands for drawing the strokes in parallel or to overlap the hand 
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movements. By introducing the multi-touch devices, the next type (evolution) of 

marking menus are the multi-touch marking menus [4].  An example of the multi-

touch marking menu can be seen on Error! Reference source not found.. 

 

  

Fig. 1. Multi-touch marking menu 

The marking menus have two distinctive operating modes. The first mode is when the 

user presses the screen with a lag and the radial menu pops up. This mode is called 

“menu” mode. This mode can be seen on the left in Error! Reference source not 

found.. The second mode is called “stroke” or “mark” mode. This mode is when the 

user does not wait for the menu to popup and the item from the menu is selected with 

simple drawing of strokes  (Error! Reference source not found. right).   

3 Testing Methods and Resources 

There is a variety of testing methods that can be used and they answer a different 

range of questions [6]. The methods used for the usability testing of the marking 

menus are: 

 Usability questionnaire – this method contains a pre-test questionnaire, preferences 

measurement questionnaire, Mobile Phone Usability Questionnaire (MPUQ) [7].  

 Heuristic evaluation [8] – your system (it can be a software application, web page, 

tool,…) is being evaluated by a set of professionals.  

 Laboratory testing. 

 SUS (System Usability Scale) questionnaire [9] – this method is similar to the 

“usability questionnaire” method. This questionnaire is given to the users that have 

already completed the laboratory testing.   

Conducting a usability testing requires having resources in people and devices, and 

for example for the lab testing, an infrastructure that can be used as laboratory. The 

devices used are Samsung Galaxy S3 and an iPod. Three applications that have multi-

touch marking menus and that were used for the testing purposes. ControlUI [13], a 

prototype application for multi-touch screens for a smart home or a vehicle. Block 

Blender, a game for training users to get used to the marking menus. This game has 

been removed from iTunes. Text editor, a prototype mobile application where the 

marking menus are used to edit a text.  
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3.1 Testing Setup 

Each of the testing methods has its own configuration and methodology. 

The first method, the questionnaires have been filled in by twelve users with different 

professions, age, technical knowledge and experience. Four of the users were female 

and eight were male. Two of the users were Medical Doctors, one QA engineer, six 

IT engineers and one pharmacist and two students. The age span was from 21 to 54 

years old. These users were filling out google forms, from their homes, for the three 

groups of questionnaires.  

For the heuristic evaluation, five experts in mobile technologies and the user expe-

rience design were engaged. Two of the experts are user experience designers, two are 

front-end programmers and one is a solution architect. The results from the heuristic 

evaluation from the experts are analyzed separately and after that they are analyzed all 

together. At the end a list with identified problems is formed. They give their com-

ments for the following heuristics [10]: 

 HM1: Visibility – the options and the actions should be clearly marked, intuitive 

and not ambiguous; 

 HM2: Consistency and standards in navigation – the actions have to be consistent 

and logical; 

 HM3: The operations should not be destructive – after an error, the return to the 

previous state should be easy and transparent; 

 HM4: Scalability – The menu usage should be easy for different screen sizes; 

 HM5: Reliability – The operations should finished without any undesired events; 

 HM6: Help during usage – the marking menus can be used without documentation, 

there should be a manual or user guide on how to use the marking menus; 

 HM7: Response – The marking menus should respond nearly instantaneously after 

the user action; 

For the laboratory testing of the multi-touch marking menus, an unmoderated labora-

tory testing has been performed, i.e. guerrilla testing [11] with twelve testers. All of 

the testers are male and IT engineers with different experience. The tests were in du-

ration of 20 minutes. After the testers have passed some arbitrary time with multi-

touch marking menus, they started executing the predefined scenarios. The measured 

parameters during the laboratory testing are: 

 The elapsed time for executing the scenario; 

 The number of actions for completing the scenario; 

 Identifying the problems the testers face during the execution of the scenarios; 

 The positive and the negative remarks of the testers. 

 

The scenarios used for the laboratory testing: 

 Scenario 1 (marking menus in the ControlUI app): you are entering in your smart 

home. You can control your home from your phone by using the ControlUI app. 

By using the app, turn on the music and the air conditioning. 
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 Scenario 2 (Text editor): You have an unedited document to send to the manage-

ment. Luckily it is not a big deal and you can do it while taking the train with the 

Text edit app. Make two paragraphs bold, and cut and paste two paragraphs. 

 Scenario 3 (Block blender):  There is a game that your friend have mastered and 

are using it in master mode. You want to catch their level so you need to practice. 

Play the game with shown moves and after that without.   

 

The SUS questionnaire was filled out by the same users that did the laboratory testing. 

It is populated just after the laboratory testing, but before the discussion with the user. 

The users are asked to give an answer to the questionnaire without second thinking 

[12]. The questionnaire contains ten questions, on a scale from one to ten. If the user 

cannot decide for an answer, then the middle answer is taken as the chosen answer. 

4 Results from the Usability Testing 

In this section the results of each of the testing methods are shown. 

4.1 Usability Questionnaire 

The possible answers in the “preference measurement” questionnaire are: Strongly 

don’t agree, Don’t agree, Neutral, I agree and “Strongly agree”. 

1. The multi-touch marking menus are useful – (16.7% don’t agree, 16.7% neutral, 

33.3% agree and 33.3% strongly agree). 

2. The multi-touch marking menus meet your expectations – (16.7% don’t agree, 

16.7% neutral, 50% agree and 16.6% strongly agree). 

3. The features of these menus are corresponding to your need – (8.3% don’t agree, 

58.3% neutral, 50% agree and 16.7% strongly agree). 

4. The multi-touch marking menus are easy to use – (33.3% neutral, 41.7% agree and 

25% strongly agree). 

5. The multi-touch marking menus are easy to learn – (25% neutral, 16.7% agree and 

58.3% strongly agree). 

6. The multi-touch marking menus are easily accessible. (8.3% strongly don’t agree, 

8.3% don’t agree, 16.7 neutral, 50% agree and 16.6% strongly agree). 

7. I need help to use the multi-touch marking menus – (8.3% strongly don’t agree, 

25% don’t agree, 41.7% neutral, 33.3% agree) 

8. The multi-touch marking menus are better than the linear menus - (8.3% strongly 

don’t agree, 8.3% don’t agree, 41.7% neutral, 41.7% agree) 

9. I would use the multi-touch marking menus all the time. (8.3% don’t agree, 25% 

neutral, 41.7% agree and 25% strongly agree). 

10. The multi-touch marking menus should be more present in the mobile devices. 

(16.7% don’t agree, 25% neutral, 25% agree and 33.3% strongly agree) 

The answers of the questions for each of the areas are summarized and divided with 

the number of the questions for the same area. If the user did not answer certain ques-
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tion, it gets the value of a neutral answer. According to this questionnaire the certain 

area is a “pass” if the total points are above four for that area. The questionnaire is a 

“pass” if the average value of the points is above four. 

The results show that the multi-touch marking menus in the ControlUI application 

are: usable in the ELU, EAMC and EC areas and unusable for the AOPS and the 

CMML areas. The total average value is 4.33, which means that the marking menus 

have a “pass” value in terms of usability.   

The results show that the multi-touch marking menus in the TextEdit application are: 

usable in the ELU, EAMC and EC areas and unusable for the AOPS and the CMML 

areas. The total average value is 3.89, which means that the marking menus have a 

“no pass” value in terms of usability. 

The results show that the multi-touch marking menus in the Block Blender game ap-

plication are: usable in the ELU, EAMC, CMML and EC areas and unusable for the 

AOPS area. The total average value is 4.21, which means that the marking menus 

have a “pass” value in terms of usability.  

 

Results from the pre-test questionnaire: 

─ How old are you? - Most of the users are between twenty and thirty five years; 

─ Sex - Eight of the users are male and four are female; 

─ For how long do you use a mobile device? - The chosen users have experience 

with mobile devices; 

─ Do you own a smart phone with a touch screen? - Most of the users have smart 

phones (83.3%); 

─ How much time do you spend on your phone per day? - Half of the users use their 

mobile device between one and three hours; 

─ On which utility do you spend most of the time on your phone? - The mobile de-

vices are mostly used for the applications and the multimedia functions; 

─ What kind of apps do you usually use on your phone? - The business apps are used 

from 41.6% of the users and 25% of the users use social apps; 

─ Do you know what are marking menus? - Most of the users didn’t know. 

4.2 Results from the Heuristic Evaluation 

The results from the heuristic evaluation are shown in Table 1, Table 2 and Table 3. 

In each of the tables the rows are the evaluators and the columns are the heuristics as 

shown in 3.1. Each of the fields is the grade given by the evaluator for the specific 

heuristic. Grading levels: 

1. There is a serious problem which makes the multi-touch marking menus unusable; 

2. There is a serious issue that has to be removed; 

3. There is an issue which doesn’t interfere with the user’s workflow, but removing 

this issue will improve the usability; 

4. No issue found. 
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The results from the heuristic evaluation of the multi-touch marking menus in the 

application ControlUI are shown in Table 1. The lowest grade is given to the heuristic 

HM6. Some of the evaluators consider that the marking menus are unusable for the 

heuristic HM1. Poor grades were given also for the heuristic HM2. For heuristic HM3 

in certain situations the number of fingers is not well detected.  

Table 1. Heuristic evaluation of the multi-touch marking menu in the application ControlUI 

 HM1 HM2 HM3 HM4 HM5 HM6 HM7 

1 1 2 4 4 2 1 4 

2 2 2 3 2 3 1 4 

3 2 1 3 4 2 1 4 

4 2 2 4 3 2 1 4 

5 1 1 3 4 3 1 4 

 

The results from the Heuristic evaluation of the multi-touch marking menu in the 

application TextEdit are shown in Table 2. The lowest grade was given for the heuris-

tic HM6; also low grades were given for the heuristic HM1. While the menus are in 

landscape mode of the screen, the menu items are not well visible. Regarding HM2, 

the menu items are difficult to select and also hard to remember. For HM3 the remark 

is that some menu items like “undo” and “redo” should be easily accessible. No re-

marks for the heuristics HM4 and HM7. For the heuristic HM5, the menus should be 

more accurate in detection and more fault tolerant. 

Table 2. Heuristic evaluation of the multi-touch marking menu in the application TextEdit 

 HM1 HM2 HM3 HM4 HM5 HM6 HM7 

1 1 3 4 4 3 1 4 

2 1 3 3 4 4 1 4 

3 3 3 3 4 3 1 4 

4 2 2 3 4 3 1 4 

5 3 3 4 4 4 1 4 

 

The results from the Heuristic evaluation of the multi-touch marking menu in the 

application Block Blender are shown in Table 3. There were no remarks from the 

evaluators regarding the heuristics HM3 and HM7. The evaluators gave lowest grades 

for the heuristic HM6.  

Table 3. Heuristic evaluation of the multi-touch marking menu in Block Blender 

 HM1 HM2 HM3 HM4 HM5 HM6 HM7 

1 3 3 4 4 4 1 4 

2 3 3 4 3 3 1 4 

3 2 4 4 3 3 1 4 

4 4 3 4 3 2 1 4 

5 3 2 4 4 4 1 4 
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4.3 Results from the Laboratory Testing 

The problems found during the execution of the laboratory testing of the Scenario 1: 

─ The user expects the menus to have indication that they can be called. 

─ The user expects the items of the menu to be unambiguous.  

─ The user expects to be able to display all the menu items. 

─ The user expects accurate finger detection. 

─ The user expects the menu action then one finger is used. 

The problems found during the execution of the laboratory testing of the Scenario 2: 

─ The user expects the menus to be equally accessible when the screen is vertical 

(portrait mode) and when the screen is horizontal (landscape mode); 

─ The user expects to have enough space to view the text in landscape mode; 

─ The user expects the frequent menu items to be easily accessible. 

─ The user expects to have more visibility when the menus are in the “menu” mode.  

The problems found during the execution of the laboratory testing of the Scenario 3:  

─ The users expect user guide for the marks in the game 

─ The users expect accurate finger detection. 

The measured parameters during the laboratory testing are shown at section 3.1. Each 

of the scenarios is executed three times. The measurements regarding multi-touch 

marking menus in the application ControlUI while executing Scenario 1 (section 3.1) 

are shown in Table 4. From the table we can observe that the time required to finish 

the scenario is shrinking. 

Table 4. Results from the measurements when executing Scenario 1 

 Try 1 Try 2 Try 3 

 Competition 

time (seconds) 

Stroke 

number 

Competition 

time (seconds) 

Stroke 

number 

Competition 

time (seconds) 

Stroke 

number 

U1 22 7 10 4 4 3 

U2 20 6 8 3 5 3 

U3 18 4 7 3 4 2 

U4 17 5 8 3 3 2 

U5 24 7 7 3 2 2 

U6 25 8 7 3 2 2 

U7 19 6 8 3 3 2 

U8 10 3 6 3 3 2 

U9 14 4 5 2 2 2 

U10 16 5 4 2 2 2 

U11 13 4 5 2 2 2 

U12 7 2 2 2 2 2 

Average 15,6 5,1 6,4 2,8 2,8 2,2 
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In Table 5Error! Reference source not found. Error! Reference source not found.are 

shown the results from the measurement during the execution of Scenario 2 (section 

3.1). The scenario has been executed in two modes, the “menu” mode and the “mark” 

mode. The scenario is expected to finish in sixty seconds. It can be seen that during 

the first try the users spend a lot of time to complete. As the tries are repeating, the 

elapsed time is shrinking. After some tries the users are becoming experts, but some 

still need more tries to be able to use the menus in “mark” mode. 

Table 5. Results from the measurements when executing Scenario 2 

“menu”  Try 1 Try 2 Try 3 

 Competition 

time (seconds) 

Stroke 

number 

Competition 

time (seconds) 

Stroke 

number 

Competition 

time (seconds) 

Stroke 

number 

U1 30 15 20 10 12 8 

U2 35 18 17 9 9 6 

U3 29 15 11 6 6 6 

U4 37 20 21 10 10 6 

U5 25 14 15 9 8 6 

U6 28 14 15 8 7 7 

U7 31 13 14 8 8 7 

U8 30 13 13 7 8 6 

U9 35 17 20 11 12 9 

U10 29 11 15 9 11 9 

U11 24 12 11 6 9 6 

U12 26 12 16 9 8 6 

Average 29,9   14,5 15,7 8,5 9 6,8 

“mark”  Try 1 Try 2 Try 3 

U1 Not finished 35 30 15 10 8 

U2 Not finished 55 36 18 15 10 

U3 Not finished 51 29 15 13 8 

U4 Not finished 62 37 20 10 9 

U5 45 22 15 14 12 8 

U6 48 28 15 14 11 10 

U7 Not finished 40 19 13 10 10 

U8 Not finished 39 30 14 14 11 

U9 40 20 35 18 10 9 

U10 Not finished 65 29 11 12 11 

U11 35 20 24 12 10 9 

U12 38 25 26 13 10 7 

Average    38,5 27,1   14,5 11,4 9,2 
 

In Table 6 are shown the results from the measurement during the execution of Sce-

nario 3 (section 3.1). The measurements are made when the user is a novice and when 

the user becomes an expert. The expected time of completion of the scenario is two 

min. In the game the blocks are falling faster in each try. In expert mode all users 
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failed to complete the scenario because they could not follow easily the needed 

strokes (game over).  

Table 6. Results from the measurements when executing Scenario 3 

Novice Try 1 Try 2 Try 3 

 Competition 

time (seconds) 

Stroke 

number 

Competition 

time (seconds) 

Stroke 

number 

Competition 

time (seconds) 

Stroke 

number 

U1 120 244 120 245 89 185 

U2 120 245 120 244 65 135 

U3 120 248 120 240 120 240 

U4 120 240 120 240 78 160 

U5 120 249 120 249 79 161 

U6 120 250 120 197 55 115 

U7 120 244 120 254 110 223 

U8 120 255 89 250 99 200 

U9 120 258 120 242 89 184 

U10 120 245 120 248 120 240 

U11 120 260 120 247 120 240 

U12 120 258 105 215 95 194 

Average 120   249,7 114   239,3 93,3   189,8 

Expert Try 1 Try 2 Try 3 

U1 20 30 18 23 18 20 

U2 15 22 15 21 22 25 

U3 22 30 20 26 14 15 

U4 25 36 22 29 12 13 

U5 35 50 15 22 11 13 

U6 40 57 30 39 28 29 

U7 29 42 18 22 14 16 

U8 27 39 20 23 10 11 

U9 24 35 26 31 18 20 

U10 20 28 29 34 14 17 

U11 30 44 33 38 25 28 

U12 33 50 31 37 20 23 

Average 26,7   38,6 23,1   28,8 17,2   19,2 

 

For the results of the SUS questionnaire: The total result of 68,125 makes the multi-

touch marking menus in the ControlUI application usable. The total result of 66.3 

makes the multi-touch marking menus in the TextEdit application unusable. The re-

sult of 70.8 makes the multi-touch marking menus in the Block Blender game usable.   
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5 Conclusion 

In the beginning of the paper there were four questions on which the usability testing 

will give answer. 

1. If the radial menu is present, then the multi-touch marking menus are easy to be 

learnt. The transition from novice to expert is faster and more efficient. If the menu 

has a lot of submenus then the transition is slower, but for a frequently used ele-

ments from the menu, the transition takes around ten tries.  

2. The completion of the task depends of the user level and if there is a “menu” mode 

present. For a beginner, the task completion can be confusing.   

3. The marking menus are not the usual type of menus and the users need help when 

they are using them for the first time. In a mobile app there should be a way to 

guide the users while using the app. The best way to achieve fast and ad-hoc help 

is through the so called “overlay help” screens. 

4. The first impression is positive, but the enthusiasm drops when faced with unfamil-

iar interface. The daily interaction with the linear menus has a huge impact over 

the perception on how menus are expected to work. The games are an exception 

where the users expect a period of learning. A drawback is the small screen size.  

The recommended areas of usage are games and in applications that do not require 

high precision and user concentration (similar to the ControlUI app). The design 

should be fault tolerant, but on the other hand to be precise and unambiguous.  
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Abstract. The fractal dimension is used in variety of engineering and especially 

medical fields due to its capability of quantitative characterization of images. 

There are different types of fractal dimensions, among which the most used is the 

box counting dimension, whose estimation is based on different methods and can 

be done through a variety of software packages available on internet. In this pa-

per, ten open source software packages for estimation of the box-counting (and 

other dimensions) are analyzed, tested, compared and their advantages and dis-

advantages are highlighted. Few of them proved to be professional enough, reli-

able and consistent software tools to be used for research purposes, in medical 

image analysis or other scientific fields. 

Keywords: Fractal dimension, box-counting fractal dimension, software tools, 

analysis, comparison. 

1 Introduction 

The fractal dimension offers information relevant to the complex geometrical structure 

of an object, i.e. image. It represents a number that gauges the irregularity of an object, 

and thus can be used as a criterion for classification (as well as recognition) of objects. 

For instance, medical images have typical non-Euclidean, fractal structure. This fact 

stimulated the scientific community to apply the fractal analysis for classification and 

recognition of medical images, and to provide a mathematical tool for computerized 

medical diagnosing.  

We bring up to the attention that, throughout the papers we have analyzed, and the 

software tools we have examined, there is a significant inconsistency among the au-

thors, concerning the dimension’s terminology. Sometimes the box-counting dimen-

sion is called the Hausdorff dimension or the similarity dimension is called the box 

counting dimension. Here we will give only the definitions of fractal and box-counting 

fractal dimensions.  
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Definition by Barnsley [1]. Given 𝜀 > 0. Let 𝑁(𝜀) be the smallest number of closed 

balls of radius 𝜀>0 needed to cover the set F.  The fractal dimension of the set F is the 

number 

 𝐷(𝐹) = 𝑙𝑖𝑚𝜀→0
ln(𝑁(𝜀))

ln 𝜀
 (1) 

A theorem stated in [1] states that if instead of closed balls, boxes of side length 1/2n 

are used, the fractal dimension of the set F, D(F), is equal to the number  

 𝐷𝐵(𝐹) = 𝑙𝑖𝑚𝑛→∞
ln(𝑁(𝑛))

ln 2𝑛
 (2) 

where N(n) is the number of boxes that have nonempty intersection with the set F. 

DB(F) is usually referred to as the box-counting fractal dimension of the set F. 

The software tools that we have analyzed, mainly compute the box-counting dimen-

sion by the basic box-counting method, described by the equation (2). (Practically, the 

image is covered with the boxes of side length 1/2i, where i is a positive integer that 

has appropriately chosen maximum value n. Then, the approximation of the limit from 

the definition is the slope of the line that fits the finite set of data {(log2i, logN(i)) | i = 

1, 2,…, n, n is a finite number}). Falconer in [6] gives excellent clarification of the 

different types of the dimensions. 

The fractal approach in medical diagnostics is noted as reasonable and many times 

reported in papers [9], [16], [14], [12], [13], [10]. The authors encounter many problems 

related to the image analysis, like: having images with different resolution (which af-

fects the fractal dimension), the brightness-contrast enhancement of the imaging device, 

the expertise of the person that collects the images, the presence of noise, masking 

structures, the variability of shapes and tissues, ([4]; [15]).  Additionally, they encoun-

ter problems related to the fractal analysis: which software tool will be the most com-

patible for their research, which type of the dimension will quantify the best their sub-

jects of research, which method for estimation of particular fractal dimension to choose 

(if the software tool offers such options, at all), how to set the parameters included, 

does the tool accepts the images in particular format, and so on.  Some of the ambigui-

ties are detected by Lopes, Betrouni, Braverman and reported in [11], [2]. In this paper 

we will state the uncertainties related to the reliability of the existing software tools for 

estimation of the box counting fractal dimension, performed using the basic method.  

We will apply several software tools (will be listed later) to estimate the box-count-

ing fractal dimension of three strict self-similar IFS fractals: the Sierpinski triangle, the 

Koch snowflake and the Minkovski sausage, and their parts, specially chosen: smaller 

copies of the fractal itself and one biomedical image of tinea corporis disease (see Fig. 

1). 
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Fig. 1. Samples of fractals 

It is known (see for instance [6]) that the similarity, box counting and Hausdorff di-

mensions of the Sierpinski triangle and Koch curve are equal, 

 DH (Sierp) = DB (Sierp) = DS (Sierp) =
ln 3

ln 2
 =1.58496 and 

 DH (Koch curve) = DB (Koch curve)= DS (Koch curve) = 
ln 4

ln 3
 =1.26186. 

A theorem formulated in [1] can be used to show that 

 DB (Koch snowflake) = DB (Koch curve)= 1.26186. 

Similarly, it can be shown that 

 DH (Mink. saus.)= DB (Mink. saus.)= DS (Mink. saus.) = 
ln 8

ln 4
 = 1.5000. 

Later (in section 3) we will compare the values of these box counting dimensions with 

our estimated results, so to characterize the reliability of the examined software tools.   

Additionally, we have decided to estimate the fractal dimensions of parts (actually 

smaller copies) of Sierpinski triangle and Koch curve, to check the consistency of the 

algorithms, since the dimensions of a self-similar fractal and its smaller copy, in ideal 

case, when infinite number of iterations are performed, are equal. We have used both 

types of black and white images: white image on black background (Minkowski sau-

sage) and black image on white background (Sierpinski and Koch fractals), because 

some of the software tools have an option for choosing which pixels are “active”, black 

or white. We have also estimated the fractal dimension of a medical image, such as the 

image of the skin disease Tinea corporis (Fig. 1), so to test the software tools on real 

cases. 

In the remaining sections we will analyze the chosen open source available software 

tools used for computing the box-counting fractal dimension, test the software tools 

over the aforementioned strict self-similar fractals and a medical image, resume the 

results of testing and give the description and comparison of the tools. 
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2 Description and Analysis of the Available Software Tools 

The software tools illustrated in this section are based mostly on the basic method for 

computing the box-counting fractal dimension explained in the section 1. There are 

only two tools which are based on other methods and such aspect is emphasized in the 

description of the software tools.  

2.1 FracLAC 

[Author: Audrey Karperien,  

http://rsb.info.nih.gov/ij/plugins/fraclac/FLHelp/Introduction.htm] 

FracLAC is an open source available plugin for ImageJ aimed for the detailed fractal 

analysis of images. FracLAC is also available as a standalone Java application, but the 

plugin is more up-to-date and has more features than standalone version. FracLAC for 

ImageJ is a user friendly and comprehensive toolset, widely used in many different 

disciplines, especially in medical image processing, in almost all medical fields: oph-

thalmology and visual science, oncology, neurology, cardiology, in cancer research etc. 

A lot of papers from these and other scientific fields that use FracLAC are cited on its 

official web site. 

FracLAC is not only raw software for mathematical analysis, but it also contains a 

rich documentation explaining the concept of fractal analysis. It can be used for fractal 

and multifractal analysis over: entire open images, ROIs and multiple files. Images, of 

type jpg, tiff, png or gif, have to be opened with ImageJ. They have to be in grayscale 

or binary format (otherwise, conversion is necessary). Preprocessing (like thresholding, 

background subtraction, dilatation, edge detection) should be done in ImageJ or other 

image processing software. Preparation of the images depends on the aim and type of 

analysis and also on the type of image (grayscale or binary, contour or texture etc.). 

The user friendly interface offers a few options: Box-counting and Lacunarity Anal-

ysis (which is analyzed within this paper), Sliding Box Lacunarity Analysis, Mass vs. 

Distance Analysis, Local Connected Fractal Dimension Analysis, Sub Sample and Par-

ticle Analyser Analysis and Multifractal Analysis, with the possibility of setting a con-

siderable number of parameters in all the aforementioned options. After reading the 

comprehensive explanation that is available in the interface itself, we have set the pa-

rameters as if they were standards so that  comparable results with other software pack-

ages could be obtained (such settings are  actually much below the wide web of possi-

bilities offered through FracLAC). The results obtained with FracLAC can be organized 

in tables, graphically or as raw data. 

2.2  HarFA (Harmonic and Fractal Image Analyser) 

[Authors: O. Zmeskal, T. Bzatek, M. Nezadal, M. Buchnicek,   

http://www.fch.vutbr.cz/lectures/imagesci/] 

HarFA (Harmonic and Fractal Image Analyser) is a software that was compiled to per-

form harmonic and wavelet analysis of digitized images as well as fractal analysis rep-

resented by estimation of five fractal characteristics of an object [17]. We recognized 
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the fractal characteristic denoted by DBW as the box-counting dimension estimated by 

the basic method and comparable with other software tools taken into consideration. 

The unique characteristic of HarFA is that it gives the number of points that hit the line 

fitting the data from the log-log plot.  

In order to process biomedical images, HarFA provides functionality to transform 

the images into gray scale, simply by using the Masking procedure [17]. If we cannot 

decide which color of image is important for our analysis we can use the HarFA tool 

Fractal Analysis – Range, where Fractal dimension is automatically determined for all 

levels of chosen channel of color information (Red, Green, Blue, Hue, Saturation, 

Brightness, Intensity) [17].  

2.3 Java Applet for DB with the Monte Carlo Algorithm 

[Author: Steve Crampton, http://www.stevec.org/fracdim/] 

The on-line Java applet is a very simple tool for calculating the "box-counting dimen-

sion" using a Monte Carlo algorithm [7]. It is equipped with simple interface that allows 

user to upload an object that will be analyzed. For example, if an image file is provided, 

the program automatically attempts to find the points in the image that represent the 

fractal [3]. Crampton mentions that this approach for image processing is necessarily 

difficult and it is supplying an image that has been previously thresholded so to show 

where the fractal pattern is [3].  

2.4 HausDim 

[Author: Aceu Ferraz Costa,  

http://www.mathworks.com/matlabcentral/fileexchange/30329-hausdorff-box-count-

ing-fractal-dimension/content/hausDim.m] 

The name of this program is abbreviation of Hausdorf Dimension (also called the 

Hausdorf-Besicovitch dimension), but it actually uses the basic method for the compu-

tation of the DB. We refer the reader to [6], for the difference between the Hausdorf-

Besicovitch dimension and the box-counting dimension. 

HausDim is a very simple program that returns the DB of an object represented by a 

binary image I, where non-zero pixels belong to the object and zero pixels constitute 

the background. It is just a raw code written in MATLAB, without user interface. Be-

fore running the program, the binary image I that should be analyzed must be read 

(using MATLAB command imread) and then converted to a binary matrix using the 

im2bw function (I = ~im2bw(I);) - these commands are not embedded in the program 

itself. As the result, only the number for the fractal dimension DB of the image is ob-

tained. 

2.5  Hausdorff Fractal Dimension 

[Authors: Florian Agen & Julien Michot,  

http://www.webfractales.org/en/rapport.php?see=21] 
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The name of this software package again doesn’t correspond to the fractal dimension 

that is actually estimated, since it computes the box-counting fractal dimension, using 

the basic method. It is written in MATLAB, consisting of several functions that can be 

called separately, but they are also accessible through the user interface.  

The function Hausdorff.m, which is used for testing purposes in this paper, computes 

the fractal dimension of a 2D image. The algorithm for calculation of the fractal dimen-

sion requires as input a binary image. Since this algorithm needs just the contours that 

are present in the image, the software transforms the grayscale or color images in black 

and white first with applying gradient filter, Laplacian or Gaussian, and then thresholds 

the image, using the edge method. 

The interface, which is in French language, is accessible by typing UISegmentFrac-

tal in Matlab. The interface allows to select one or a sequence of multiple images. For 

each image are extracted the regions of interest where the fractal dimension exceeds a 

predefined value, which is a unique feature of this method, and that might be useful for 

medical image analysis purposes.  

2.6 Fractal Count 

[Authors: Per Christian Henden & Jens Bache-Wiig, 

http://www.pvv.org/~perchrh/imagej/fractal.html] 

Fractal Count is a freely available plugin for ImageJ for estimating the DB of a 2D and 

3D binary images using the basic method. The source code, which is written in Java, is 

also freely available. The procedure for using this plugin is simple: the image should 

be opened using ImageJ, converted in binary format (if it is available in other format), 

and after that the plugin is executed (Plugins -> FractalCount).  

The estimation of DB is done using the default values for the parameters provided 

by the software tool itself (since there was no explanation for their setting). The result 

is estimated DB and, if the plot results checkbox is checked, the log-log graph is plotted. 

2.7 Fractalyse 

[Author: Gilles Vuidel, http://www.fractalyse.org/] 

Fractalyse is a freeware, initially developed to compute the fractal dimension DB of 

built up areas of cities. It is used to compute fractal dimension of black and white im-

ages, curves and networks. It works only with tiff or bmp image file format. Only the 

executable file of the software is available for download.  

The software has simple interface, which enables opening the image of interest and 

then choosing the fractal dimension (radius mass, box counting, correlation, dilation or 

Gaussian convolution of curves). For the purposes of this paper, we chose the box 

counting dimension. 

The process of determining DB comprises of two modules: 

The counting module. It offers an opportunity to choose box size (exponential or 

linear), and the type of the algorithm (grid or free box). If the free box algorithm is 

chosen, we should provide additional information about the number of iteration (auto, 

fixed or manual). 
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The estimation module. It generates empirical curve (in blue) that interpolates the 

points (log2i, logN(i)), obtained as a results from the counting module. Then the points 

are fitted by a line (in red), which provides the DB (denoted here by dim).      

2.8 Fractal Dimension Estimator 

[Authors of the Virtual Fractal-Lab,  

http://fractal-lab.org/Downloads/FDEstimator.html] 

Fractal Dimension Estimator is a free software tool for estimating the box-counting 

fractal dimension of a 2D image using the basic method. It works with RGB images. 

The intervals for R, G and B that extract the region of interest from the whole image as 

well as the dimensions of the image should be set by the user. If the image is B/W and 

black pixels are the “active” pixels, to select correctly the image, any range except (0-

255) (0-255) (0-255) can be chosen. In the case of a gray scale image, it should be 

checked which gray level will be included in the analysis. In general, for any RGB color 

image what is the range of the color that includes all the active pixels should be checked 

and the RGB range should be selected according to the requirements. 

The values for the fractal window E-Min and E-max are selected according to the 

image size. The result of the application of this software tool is the estimated value for 

the DB (denoted here by FD) and the log-log plot. 

2.9 Gwyddion 

[Authors: Department of Nanometrology, Czech Metrology Institute,  

http://gwyddion.net/] 

Gwyddion is modular program for data analysis (including Fractal analysis) and is 

shared under GNU General Public License. It is a tool for various analyses done over 

two-dimensional data objects, such as graphical file types (png, jpeg, tiff, targa) and 

raw binary and text data.  

We have chosen both of the basic box counting (called here cube counting) and the 

triangulation methods for computing DB. Triangulation method uses triangles, instead 

of boxes, for computing the dimension [5].     

2.10 Fractal Analysis System for Windows 

[Author: Hiroyuki Sasaki, http://cse.naro.affrc.go.jp/sasaki/fractal/fractal-e.html] 

Fractal analysis system for Windows works only with bitmap (bmp) images, and the 

software itself offers an opportunity to convert any image in bitmap file format. The 

user interface offers possibility for image processing, like defining the threshold, ex-

tract green color, red color or blue color from the image, convert image to grayscale, 

reverse the image (i.e. if active pixels are black, in reverse image active pixels are 

white) and thinning the image if we like to estimate the fractal dimension of line or 

curve. There is also a possibility to apply a filter to the image; there are two available 

filters: median filter which can be applied only to black and white images and erase 

isolated black filter which can be used for erasing unnecessary pixels that are noise in 
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the image. DB can be estimated on the entire image or on a part of interest from the 

image. The user can define which pixels are active, black or white. Also, the log-log 

plot can be displayed. The output contains not only the value for estimated fractal di-

mension, but also the size of the image, number of data to calculate and correlation 

coefficient. 

3 Results 

As said, we tested each of the described software tools on the well know fractals: Koch 

snowflake, Koch curve (as a part of Koch snowflake), Sierpinski triangle and Minkow-

ski Sausage, (whose fractal dimensions are given in Sec. 2), parts of Koch snowflake 

and Sierpinski triangle (whose fractal dimensions are theoretically equal to the corre-

sponding fractals) and biomedical image with known disease (tinea corporis), see Fig. 

1. After computing the box-counting fractal dimensions, we resumed in Table 1 the 

relative percent errors of the results, where also a column with average of the last errors, 

per software tool is added. 

Table 1. Estimated percent relative errors of the results 

 

4 Comparison  

Table 2 provides a summary of the advantages and disadvantages of the different soft-

ware tools. We took into consideration several features:  

 User interface - whether the tools have or not user interface;  

 User friendly interface - if they have user interface, whether it is user friendly or not;  

 Consistency – whether the results for the fractals with the same fractal dimension 

are equal, (i.e. close enough); 

 Source code - whether the source code is available or not;  

 Background theory/documentation - is there or not a background theory (documen-

tation) available;  

 Options for image preprocessing - does the package involves image preprocessing 

functionalities or not; 

 Precision - how precise the result is (the number of decimals); 
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 Easy-to use - is it easy to use (are the setting parameters well explained);  

  Options - are there many options (usually intended for professional use of the pack-

age, based on the deeper theory);  

 Output format - is the result only numerical, or graphical/table, or combined; 

 Best result for: - since there was not a single software tool to give the best results for 

all of the tested fractals, we decided to extract the fractal, for which the particular 

tool gave the best result for DB; and 

 Useful for our purposes – whether we consider the tool as convenient and satisfac-

tory for our future research purposes; 

Table 2. Comparison of the software tools 

 

5 Conclusion 

Definitely, the complex natural patterns can be only represented by the means of fractal 

geometry and analyzed by the tools of fractal analysis. The main tool used for their 

analytic description is the fractal dimension - the number that represents the level of 

complexity or irregularity of particular object. From all types of fractal dimensions, the 

mostly applied in many engineering and medical fields is the box-counting fractal di-

mension, because it is simple to be understood and it can be easily computed. Using 

different software tools, which typically compute the box-counting fractal dimension 
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by the basic method, researchers often obtain inconsistent and incomparable results. 

This fact was our main motivation to analyze (only freely available) software tools and 

to excerpt the reliable ones. We have chosen ten open source software tools, described 

them, tested them, stated their general performances and compared the results.  They 

were tested on laboratory fractals like Sierpinski triangle, Koch curve, Koch Snowflake, 

Minkowski Sausage, but also on a natural fractal – lesion of tinea corporis. The first are 

chosen to check the precision, reliability, consistency and efficiency of the software 

tools. The last is chosen for checking the applicability and comprehensiveness of the 

software packages when an engineer deals with (medical) images. 

The results obtained for the fractal dimensions, for the estimated absolute and rela-

tive percent errors are resumed in tables 1, 2 and 3. The comparative analysis is clearly 

exposed in the table 4. The general conclusion is that FracLAC, Fractalyse, Fractal 

Count and Fractal analysis system are professional enough, reliable and consistent soft-

ware tools to be used for research purposes. The researchers should choose which of 

these is the most appropriate for their personal research interest. Additionally, since the 

estimated DB of Tinea lesion was in the wide range of [1.39000, 1.72650], we would 

suggest to the researchers to carefully choose (medical) images, to do cautious prepro-

cessing and to well define relevant parameters included in preferable software tool be-

fore they start with fractal analysis.  

Our future work will include fractal analysis over dermatological medical images, 

using the software tools that gave the best results in this research. We also aim to de-

velop new, improved algorithm for estimation of the box-counting fractal dimension, 

hoping to contribute in dermatological diagnosing. 

References 

1. M. F. Barnsley.: Fractals Everywhere, Academic Press, San Diego (1993).  

2. B. Braverman, M. Tambasco.: Scale-Specific Multifractal Medical Image Analysis, 

Hindawi Publishing Corporation, Computational and Mathematical Methods in Medicine, 

Volume 2013, Article ID 262931, 11 pages. http://dx.doi.org/10.1155/2013/262931 

3. S.Crampton.: A Java Applet to Compute Fractal Dimensions. 

<http://www.stevec.org/fracdim/> accessed: 17.07.2014 

4. R. Dobrescu, М. Dobrescu, S. Mocanu, D. Popescu.: Medical images classification for skin 

cancer diagnosis based on combined texture and fractal analysis, WSEAS 

TRANSACTIONS on BIOLOGY and BIOMEDICINE, Issue 3, Volume 7, (2010) 223-232 

5. C. Douketis, Z. Wang, T.L. Haslett, M. Moskovits.: Fractal character of cold-deposited sil-

ver films determined by low-temperature scanning tunneling microscopy. Physical Review 

B, Volume 51, Number 16, (1995) 51. 

6. K. J. Falconer.: Fractal Geometry, Mathematical Foundations and Applications, Wiley J. 

(Ed.), (2002).  

7. D.P. Feldman.: Chaos and Fractals: An Elementary Introduction, Oxford University Press, 

(2012) 147.   

8. A. Karperien.: FracLac for ImageJ.  http://rsb.info.nih.gov/ij/plugins/fraclac/FLHelp/Intro-

duction.htm. (1993–2013) 

9. K. Klein, T. Maier, V.C. Hirschfeld-Warneken, J.P. Spatz.: Marker-Free Phenotyping of 

Tumor Cells by Fractal Analysis of Reflection Interference Contrast Microscopy Images, 

ICT Innovations 2015 Web Proceedings ISSN 1857-7288

210 
S. Loshkovska, S. Koceski (Editors): ICT Innovations 2015, Web Proceedings, ISSN 1857-7288 

© ICT ACT http://ictinnovations.org/2015, 2015

http://www.stevec.org/fracdim


Nano Letters, ACS Publications, American Chemical Society, 

dx.doi.org/10.1021/nl4030402 | Nano Lett. 2013, 13, (2013) 5474−5479 

10. W. Klonowski.: Signal and Image Analysis Using Chaos Theory and Fractal Geometry, 

MachGraphVis, 9(1/2), (2000) 403-431.  

11. R. Lopes, N. Betrouni, Fractal and multifractal analysis.: A review, Medical Image Analysis, 

13, (2009) 634–649 

12. M. Mastrolonardo, E. Conte, J.P. Zbilut.: A fractal analysis of skin pigmented lesions using 

the novel tool of the variogram technique, Chaos, Solitons and Fractals, Vol. 28, (2006) 

1119-1135. 

13. A. Piantanelli, P. Maponi, L. Scalise, S. Serresi, A. Cialabrini, A. Basso.: Fractal character-

isation of boundary irregularity in skin pigmented lesions, Med Biol Eng Comput. Jul; 43(4), 

(2005) 436-42. 

14. I.S. Reljin, B.D. Reljin.: Fractal geometry and multifractals in analyzing and processing 

medical data and images, Archive of Oncology (2002), 10(4), 283-93.  

15. I. Stanganelli, A. Brucale, L. Calori, R. Gori, A. Lovato, S. Magi, B. E. Zagrouba, W. Bar-

houmi.: A preliminary approach for the automated recognition of malignant melanoma, Im-

age Anal Stereol, 23, (2004) 121-135  

16. O. Zmeškal, M. Veselý, M. Nežádal, M.Buchníček.: Fractal Analysis of Image Structures, 

HarFA - Harmonic and Fractal Image Analysis, (2001) 3–5. 

<http://www.fch.vutbr.cz/lectures/imagesci/download_ejournal/01_O.Zmeskal.pdf> 

ICT Innovations 2015 Web Proceedings ISSN 1857-7288

211 
S. Loshkovska, S. Koceski (Editors): ICT Innovations 2015, Web Proceedings, ISSN 1857-7288 

© ICT ACT http://ictinnovations.org/2015, 2015

http://www.fch.vutbr.cz/lectures/imagesci/download_ejournal/01_O.Zmeskal.pdf


1 

An Attribute Selection Using Similarity Limited Tolerance 

Relation for Incomplete Information Systems  
 

 

Mustafa Mat Deris
1
, Zailani Abdullah

2
, Rabiei Mamat

2
, and Youwei Yuan

3 

 
1
Universiti Tun Hussein Onn Malaysia 

BatuPahat, 86400, Johor, Malaysia 
2
School of Informatics and Applied Mathematics 

Universiti Malaysia Terengganu 

Gong Badak, K. Terengganu, Malaysia 
3
School of Computer Science and Technology 

Hangzhou Dianzi University 

Xiasha, Hangzhou, Zhejiang, P.R China 310018 

 

mmustafa@uthm.edu.my, zailania@umt.edu.my, rab@umt.edu.my, y.yw@163.com 

 

 

Abstract 

 

Pawlak’s classical Rough set theory has been used in analyzing complete information systems, 

where all available objects in the information systems have non-missing attribute values. 

However, classical rough set theory cannot cope with the incomplete information systems 

where some attribute values are missing. Subsequently, the attribute selection is one of the 

main problems in incomplete information systems. Only few studies were proposed to the 

attribute selection problem in incomplete information systems due to its complexities, 

specifically on attribute selection. The most popular approaches are based on the extensions of 

classical rough set theory where it is relaxed by non-symmetric similarity relation and limited 

tolerance relation. From these two approaches, limited tolerance relation is more favorable. 

However, the approach has it weaknesses from the issues of imprecise and accuracy to evaluate 

the significant of subsets of attributes in incomplete information systems. To overcome these 

issues, we propose a new limited tolerance relation in rough set using conditional entropy to 

handle flexibility and precisely data classification. The novelty of the approach is that, unlike 

previous approach that use limited tolerance relation, it takes into consideration the similarity 

precision between objects in incomplete information systems and therefore this is the first work 

that used similarity precision. We also compared the proposed approach with limited tolerance 

relation approach, and the results show that the proposed approach achieves higher accuracy in 

the process of attribute selection  in  incomplete information systems. 

 

Keywords: Rough set; Limited tolerance relation; Similarity precision; Incomplete information 

system. 

1. Introduction 

Rough set theory [1] proposed by Pawlak was successful in the study of the intelligent 

systems characterized by uncertain or inconsistent data, especially in rule extraction 

[2], uncertainty reasoning [3], granular computing [4,5], data clustering [6,7,8], and 

data classification [9]. It has been proven to be an efficient mathematical tool as 

compared with PCA (what is PCA), neural networks and support vector machine 

[10,11] methods. Unlike those methods, rough set theory allows knowledge discovering 

process to be conducted automatically by the data themselves without any dependence 
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2 

on the prior knowledge [12]. The rough set theory however, can only be used to tackle 

the problems of complete information systems where all available objects in an 

information system have attribute values. It is basically based on the indiscernibility 

relation that conforms with the reflexive, symmetric and transitive properties. A 

problem arises when some of the attribute values in information systems are unknown 

or missing that cause imprecise answer to some queries, which sometimes happens in 

the real world. This information system is called incomplete information system. 

Because some attribute values are missing in incomplete information systems, such 

relational properties is difficult to generate, and it is hard to process the incomplete 

information systems with the indiscernibility relation. There have been many efforts in 

studying incomplete information systems, including the works of [13-19]. 

To some fields, such as data mining, bio-informatics, and machine learning, data sets 

have huge number of attributes that often be encountered. Some attributes are irrelevant 

or redundant that can complicate the problem and subsequently, degrade the 

performance and solution accuracy. Thus, some redundant or irrelevant attributes need 

to be removed which is the main objective of attribute selection.  

Some approaches on attribute selection for incomplete information systems have been 

proposed: tolerance relation approach [14], and tolerance relation using conditional 

entropy approach [12].  

However, tolerance relation approach leads to poor results in terms of approximation. 

Consequently, Stefanowski and Tsoukias [16,17] introduced similarity relation to refine 

the results obtained using tolerance relation approach. However, Wang [18] and Yang 

et al., [19] prove that similarity relation will lost some information and proposed 

limited tolerance relation. Nevertheless, some information may also loss because the 

limited tolerance relation does not consider the similarity precision between two 

objects. Nguyen et al., [20] improve the tolerance relation by considering the 

probability matching between two objects. However, it needs to know the probability 

distribution of data in advance.  

In this paper, the new limited tolerance relation based on similarity precision between 

the two objects is proposed. The main aim of this paper is to construct an effective 

uncertainty measure evaluating the precise and accuracy of knowledge to find attribute 

selection in incomplete information systems. Comparative analysis and experiment 

results between the proposed approach with the tolerance relation approach in terms of 

accuracy are presented. We found that, the proposed approach is more precise and 

better in terms of attribute selection. 

The rest of the paper is organized as follows. Section 2 discusses the theoretical 

background of information system, rough set theory and roughs set in incomplete 

information systems i.e., tolerance relation and limited tolerance relation. Section 3 

describes the proposed new approach of limited tolerance relation based on similarity 

precision. Section 4 presents the conditional entropy for incomplete information 

systems. Conclusions of this work are presented in Section 5. 

2. Theoretical Background 

The basic concepts of information systems and rough set theory will be explained prior 

to the extensions of rough set in incomplete information systems i.e., tolerance relation, 

non-symmetric similarity relation, and limited tolerance relation. 
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2.1. Information System 

The notion of information system provides a convenient tool for the representation of 

objects in terms of their attribute values. An information system is a 4-tuple (quadruple) 

 fVAUS ,,, , where  
U

uuuU ,,, 21   is a non-empty finite set of objects, 

 
A

aaaA ,,, 21   is a non-empty finite set of attributes,  Aa aVV


 , aV  is the 

domain (value set) of attribute a, VAUf :  is an information function such that 

 
a

Vauf , , for every   AUau ,  , called information (knowledge) function [7]. If U 

in  fVAUS ,,, contains at least one object with an unknown or missing value, the S 

is called incomplete information system. The unknown or missing value is denoted as 

“*” in incomplete information system. In this paper, we use the quadruple 

 fVAUS ,,,* * to denote an incomplete information system. 

From the notion of an information system above, in the following sub-section we recall 

the notion of a tolerance relation as an approach for incomplete information system. 

 

2.2. Tolerance Relation 

Given a complete decision system  fVAUS ,,, , where  dCA  , C is a set of 

condition attributes and d the decision attribute, such that VAUf : ,for any   Aa

, where Va  is called domain of an attribute a. In incomplete information systems 

 fVAUS ,,,* * , for any subset CB  , the tolerance relation  T is defined by the 

following definition. 

 

Definition1.Let  fVAUS ,,,* * be an incomplete information system. A tolerance 

relation T is defined as 

        **)(,,   ycxcycxcyxT jjjjBCUyx j
. 

Thus, 

            **,  ycxcycxcBccUyUxyxT jjjjjj  
 

Obviously, T is reflexive and symmetric, but not transitive. From Definition 1, we 

describe the notion of tolerance class as follow. 

 

Definition 2.Let  fVAUS ,,,* * be an incomplete information system. The tolerance 

class  xI T

B of an object x with reference to an attribute set B is defined as

    yxTUyyxI B

T

B ,|  . 
 

From Definition 2, we describe the notion of lower and upper approximations of 

tolerance class as follow. 
 

Definition 3.Let  fVAUS ,,,* * be an incomplete information system. The lower 

approximation T

Bx  and upper approximation B

Tx  of an object set X with reference to 

attribute set B respectively can be defined as follow: 
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4 

  XxIUxxx T

B

T

B  | and    XxIUxxx T

B

B

T |  
 

We can illustrate the above concepts with an incomplete information system from 

Wang [9].  

 

Example 1.Table 1 below is an incomplete information system, where 

821 ,,, carcarcar   are objects. The Price, Mileage, Size, and Max-Speed are four 

condition attributes, where their domain values are as shown in Table 1. The d is a 

decision attribute, where its domain values is  PoorGood, ,  83 ,carcarPoor 
 
and

 765421 ,,,,, carcarcarcarcarcarGood  . 

 

TABLE 1 

 AN INCOMPLETE INFORMATION TABLE 

Car Price      

   

Mileage        Size 

Max-

Speed    Decision 

1 
High High Full Low Good 

2 
Low * Full Low Good 

3
 

* * Compact High Poor 

4 
High * Full High Good 

5
 

* * Full High Good 

6
 

Low High Full * Good 

7
 

Low High Full Low Good 

8
 

* High * * Poor 

       

Let ii cara   for i=1,2,…8, and condition attributes, C = {Price, Mileage, Size, Max-

Speed}. Thus,  765421 ,,,,, aaaaaaGood   and  83 ,aaPoor  . From Table 1, we 

can easily obtain the results by analyzing it with the tolerance relation in Definition 1, 

as follows: 

   811 ,aaaI T

C  ,    87622 ,,, aaaaaI T

C  ,    833 ,aaaI T

C  ,    8544 ,, aaaaI T

C 

 
,    86545 ,,, aaaaaI T

C  ,    876526 ,,,, aaaaaaI T

C  ,    87627 ,,, aaaaaI T

C 

 
   876543218 ,,,,,,, aaaaaaaaaI T

C  , 

 and  

        }},{,,,,,,{
)(

83765421 aaaaaaaa
dIND

U
  

Thus, 

T

CGood  ,  83 ,aaPoor T

C  ,  8765421 ,,,,,, aaaaaaaGoodC

T   , UPoor C

T  . 
 

From the analysis above, some objects that can be discerned intuitively cannot be 

classified, such as 1a  and 7a  have complete information, but 1a  and 7a  are not in the 

lower approximation of Good. The reason is that, the missing attribute values of 8a  is 

considered similar to 1a .In the following sub-section we discuss the limited tolerance 

relation. 
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5 

2.3. Limited Tolerance Relation 

 

Wang [18] developed a limited tolerance relation based on the following definition. 

 

Definition 8 (See [14]).Let  fVAUS ,,,* * be an incomplete information system, a 

subset AB  , and     *|  xbBbbxPB . A binary relation  L (limited tolerance 

relation) defined on U is given as 

              yPxPybxbyxL BBBbBUxUyx *(,,  

           ybxbybxbBb   **
 
                                                   (2.1) 

 

Obviously, the limited tolerance relation is symmetric and reflexive but not transitive. 

In Eqn. 2.1, the condition that           ybxbybxb  **  is equivalent to 

          ybxbybxb  ** . Thus, two objects that satisfy the tolerance 

relation but not limited tolerance relation are only those hold     yPxP BB  . 

In other words, two objects are in limited tolerance relation if there are in one of the 

two cases. Firstly, is that all attribute values of the two object are missing. Secondly, is 

where at least an attribute having an ordinary value for both objects and the two objects 

have the same value for those attributes. The notion of limited tolerance class is given 

as follows: 

 

Definition  9.Let  fVAUS ,,,* * be an incomplete information system anda subset

AB  . The limited tolerance class is defined as      yxLUyyxI
B

L

B ,|  . 

 

To clearly depict the limited tolerance class as defined above, we illustrate through an 

example from Table 1. 

 

Example 2.Analyzing Table 1, with limited tolerance relation, we can get the following 

results of limited tolerance classes. 

   811 ,aaaI L

C  ,    7622 ,, aaaaI L

C  ,    33 aaI L

C  ,    544 ,aaaI L

C  , 

   6545 ,, aaaaI L

C  ,    876526 ,,,, aaaaaaI L

C  ,    87627 ,,, aaaaaI L

C  , 

   87618 ,,, aaaaaI L

C  , 

and  

       }},{,,,,,,{
)(

83765421 aaaaaaaa
dIND

U
  

Thus, 

},,{ 542 aaaGoodT

C   ,  3aPoor T

C  ,  8765421 ,,,,,, aaaaaaaGoodC

T   , 

},,,,{ 87631 aaaaaPoor C

T  . 
 

From the above results, there is no known equal attribute value for objects 3a and 8a . 

There are indiscernible in the tolerance relation but discernible in the limited tolerance 

relation. Also, objects 4a and 8a  are indiscernible in the tolerance relation but 
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discernible in the limited tolerance relation. However, 1a  has complete information, 

but 1a  is not in the lower approximation of  Good. 

 

From Definition9, the notions of lower approximation and the upper approximation of 

an object x based on the limited tolerance class is given in the following definition. 

 

Definition10.The lower approximation and the upper approximation of an object x 

based on the limited tolerance class  xI L

B  are respectively defined as  

  DxIUxxD L

B

L

B  | and.    DxIUxxD L

B

B

L |  
 

In the following section, we present the proposed new limited tolerance relation 

approach. 

3. Proposed New Limited Tolerance Relation Approach 

We introduce the concept of similarity precision between objects x and y in order to 

determine both objects are tolerant.  

3.1. Similarity Precision 

Given an incomplete information system  fVAUS ,,,* * , where  dCA  , C is a 

set of condition attributes and d the decision attribute, such that *: VAUf  . For 

any Aa , where aV  is called domain of an attribute a and a subset CB  , the 

similarity precision is defined as follows. 

 

Definition 11.Let      *|  xbBbbxPB , the similarity precision , is defined 

as 

 
   

C

yPxP
yx

BB 
, ,                   (3.1) 

where  represents the cardinality of the set. 

 

From Eqn. 3.1, it is clear that   .1,0  yx  From Definition 11, the limited tolerance 

relation with similarity precision is given as follow: 
 

Definition 12. Let given an incomplete information system  fVAUS ,,,* * . The 

limited tolerance relation with similarity precision L  is defined as follows 
             yxybxbyxL BbBUUyx ,*,(,  

            ybxbybxbBb   **  

where  1,0  is a threshold value . 

 

Since  1,0 , then   1,0  yx which implies that     yPxP BB  holds, but not 

vice versa if certain threshold value of the similarity is given.  

 

To clearly depict the limited tolerance class as defined above, we illustrate through an 

example as follows. 
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7 

 

Example 3.Two objects  0,0,*,*,2,*,*,1x and  ,*,*0,0,0,*,*,1y  are tolerant if it is 

based on limited tolerance relation., i.e.,     1yPxP  or    125.0, yx . From the 

value of  yx, , we believed that both objects are tolerant is too loose. Moreover, if we 

set 4.0 , then   Lyx , .That is the two objects are not tolerant if the similarity 

precision does not hold the threshold value. 

 

Now, we define the new limited tolerance relation by using similarity precision with a 

threshold. 

 

Definition 13.Let given an incomplete information system  fVAUS ,,,* * , a subset 

CB   and a threshold  . The limited tolerance relation with similarity precision is 

defined as;       yxyxL BB ,, . 

 

It is easy to observe that the above relation is reflexive and symmetric but not 

necessarily transitive. To clearly depict the limited tolerance with similarity precision 

as defined above, we illustrate through an example from Table 1. 

 

Example 4.From Table 1,two objects 1a  and 8a  are not tolerant if 4.0 . However, 

two objects 4a  and 5a are tolerant due to   4.0, 54 aa . 

 

In the following sub-section, we present two properties of our proposed new limited 

tolerance relation and their correctness proofs. 

3.2. Properties and Correctness Proofs 

Proposition 1.Let given an incomplete information system  fVAUS ,,,* * , a subset 

CB  and Ux . If 0 , then 

a. For any x and y,    yxLyxL BB ,,   

b.    yxLyxL BB ,,  except the case when     yPxP BB  . 

 

Proof 

a. When 0 , then     0,,  yxyxL BB   

     yPxP BB   

       yfxfyPxPa
aaBB  ,  

 yxLB ,  

b.   It is clear that    yxLyxL BB ,,  except the case when     yPxP BB  .   

 

 

Definition 14.Let given an incomplete information system  fVAUS ,,,* * and 

CB  . The new limited tolerance class is defined as      yxLUyyxI
B

L

B ,|   . 

 

To clearly depict the new limited tolerance class as defined above, we illustrate through 

an example from Table 1. 
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8 

 

Example 5. From Table 1, and let 5.0 , we have the new limited tolerance classes 

as follows 

 

   11 aaI L

C  ,    22 aaI L

C  ,    33 aaI L

C  ,    544 ,aaaI L

C  ,
 

   545 ,aaaI L

C  ,    7626 ,, aaaaI L

C  ,    7627 ,, aaaaI L

C  ,    88 aaI L

C  ,
 

and 

 765421 ,,,,, aaaaaaGood L

C  ,  765421 ,,,,, aaaaaaGoodC

L  ,
 

 83 ,aaPoor L

C  ,  83 ,aaPoor C

L  . 

 

From the above analysis, the results of the proposed approach are more flexible and 

precise as compared to the previous approaches [16,17,18], where in this case 1a and 

8a  are divided into different class.  

 

Definition 15.Let given an incomplete information system  fVAUS ,,,* * . The lower 

approximation and the upper approximation of an object x based on the limited 

tolerance class  xI L

B

 denoted as  xDB

L  and  xDL

B

 respectively are defined as 

  DxIUxxD L

B

L

B   | and   
  DxIUxxD L

B

B

L | . 

 

From Definition 12, we can generalize Proposition 1 as describe in the following 

proposition. 

 

Proposition 2.Let given an incomplete information system  fVAUS ,,,* * , a subset  

AB   and Ux . If   10 21    , then 

12  L

B

L

B II   

 

Proof 

For every  xIa
L

B
2 , we have   2,  yxB . Since 12   , then   1,  yxB , that is 

 xIa
L

B
1  which implies    xIxI

L

B

L

B
12 

 .  However, if   1,  yxB then it does 

not necessarily   2,  yxB .Hence 12  L

B

L

B II  . 

 

To clearly depict the property of generalized limited tolerance class in Proposition 2, 

we illustrate through an example from Table 1. 

 

Example 6. From Table 1, we have      76262 ,,21 aaaaIaI
L

C

L

C 
 for 5.01  . 

However, for 75.02  , we have    766 ,2 aaaI
L

C 
 and thus    66

12 aIaI
L

C

L

C


 . 

 

3.3. Relative Reduct  

Definition 16. Let IIS= (U, C U{d}) and  * VC  be an incomplete information system, 

then the generalized decision dB VU   is defined as follows: 
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                  )}()(|{)( yduxLyux BB    

And, if | 1|)( xB for any xU, then the incomplete information system is consistent. 

 

Definition 17. Let IIS= (U, C U{d}) be an incomplete information system and CB    

The attribute set B is a relative reduct of IIS, if and only if 

 

(a) )()( xx AB   for all xU, 

(b) bB, CbB   }{  

are satisfied. 

 

4. Conditional Entropy for Incomplete Information Systems. 
 

In this sub-section we will introduce a conditional entropy on the new Limited 

Tolerance Relation approach to measure the uncertainty of knowledge in incomplete 

information systems. 

 

Definition 18. Given an incomplete information system, IIS= (U, C U{d}) and CB  . 

Let  )}(),...,(),({/ ||21 UBBBB xIxIxIIU  , },...,,{/ 21 mddddU  . The conditional 

entropy of B to d is defined as follows: 

          ))(|(log))(|())(()|(
|/|

1

||

1

iBj

dU

j

iBj

U

i

iB xIdpxIdpxxIpBdEN 


                  ( 4.1) 

where, 

            
||

|)(|
))((

U

xI
xIp iB

iB  , i=1,2,…|U|,  and 

           
|)(|

|))((|
)(|(

iB

jiB

iBj
xI

dxIp
xIdp


 , i=1,2,…|U|,  j = 1,2,…,m 

 

From equation 4.1, it is obvious that EN(d | B) = 0 when 0)(  jiB dxI . 

Proposition 3.  Let IIS = (U, C U {d}) be a consistent incomplete information system. 

Then we have  EN(d | C) = 0. 

 

Proof.  Since IIS is consistent, then 1|)(| xB , for xi  U. This means that 

  dUddxL jjiC /,  . Hence, we have   ,/, dUdddxL jkkiC    

Consequently,  

En(d|C) =  
 


||

1

|/|

1

))(|(log))(|())((
U

i

dU

j

iCjiCjiC xLdpxLdpxLp   

  

              =  
 




||

1

|/|

1 |)(|

|)(|
log

|)(|

|)(|

||

|)(|U

i

dU

j iC

iCj

iC

iCjiC

xL

xLd

xL

xLd

U

xL








 

 

              = 



||

1

0)0....01log1...00(
||

|)(|U

i

iC

U

xL
. 
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The Algorithm 

 

The algorithm that we impose in this paper is based on breath-first search algorithm in 

order to find the minimal attribute selection for incomplete information system. The 

algorithm is given as follows: 

 

                  Input: An incomplete information system (U, C U{d}). 

                  Output: A minimal attribute selection result,M 

a. For every size = 0 to |C| 

b.   For all subset selectAttribute with selectAttribute = size 

c.   If EN(d|selectAttribute) EN(d|C), go to step b, otherwise return  

      M=selectAttribute 

d.   End 

e. End 

  

                   Alg. 1: Breath-first search for attribute reduction 

 

 

Example 7: Given the incomplete information system shown in Table 1. We have, 

 

            C = {P,M,S,X} ,   }},{,,,,,,{ 83765421 aaaaaaaa
d

U
  

 

            Let 5.0 , then we have, 

 

   11 aaI L

C  ,    22 aaI L

C  ,    33 aaI L

C  ,    544 ,aaaI L

C  ,
 

   545 ,aaaI L

C  ,    7626 ,, aaaaI L

C  ,    7627 ,, aaaaI L

C  ,    88 aaI L

C  ,
 

 

According to the Definition 18, for rough set conditional entropy, we obtain 

 

  EN(d|C) = )]
1

1
log

1

1

1

0
log

1

0
(

8

1
[)]

1

0
log

1

0

1

1
log

1

1
(

8

1
[)]

1

0
log

1

0

1

1
log

1

1
(

8

1
[   

 

                    )]
1

1
log

1

1

1

0
log

1

0
(

8

1
[)]

3

0
log

3

0

3

3
log

3

3
(

8

3
[2)]

2

0
log

2

0

2

2
log

2

2
(

8

2
[2   

                 = 0. 

Consequently, we can deduce other  conditional entropy for different conditional 

attributes such as EN(d|{P}), EN(d|{P}), …, EN(d|{P,S,X}), EN(d|{M,S,X}),  in the 

same way. To make it short, we would like to show the EN(d|{P,S,X}) =0, where the 

desired attribute set is {P,S,X}, which is a relative reduct of the whole attribute set in 

C. It can be calculated as; 

 

   11,, aaI L

XSP  ,    722,, ,aaaI L

XSP  ,    33,, aaI L

XSP  , 

     545,,4,, ,aaaIaI L

XSP

L

XSP   ,
 

     7627,,6,, ,, aaaaIaI L

XSP

L

XSP   ,    88,, aaI L

XSP  ,
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EN(d|{P,S,X})= )]
1

1
log

1

1

1

0
log

1

0
(

8

1
[)]

2

0
log

2

0

2

2
log

2

2
(

8

2
[3)]

1

0
log

1

0

1

1
log

1

1
(

8

1
[   

 

                           )]
1

1
log

1

1

1

0
log

1

0
(

8

1
[)]

3

0
log

3

0

3

3
log

3

3
(

8

3
[2   

 

                         = -(0+3(0)+0+2(0)+0) = 0. 

 

Hence, the final result of attribute selection is {P,S,X}. 

 

5. Conclusion 

Several rough set-based approaches such as tolerance relation, non-symmetric 

similarity relation and limited tolerance relation are used to handle incomplete 

information systems. From the three approaches, the limited tolerance relation is more 

favorable. However, some of the information may loss if the similarity precision 

between objects is not considered. This paper establishes a new approach based on 

limited tolerance relation by taking into consideration the similarity precision between 

two objects. The similarity precision is defined when a threshold value is given. By 

adjusting the threshold, we are able to obtain the better results as compared with limited 

tolerance relation. At the same time, a rough conditional entropy for attribute selection 

approach is proposed in order to obtain a minimal reduct in incomplete information 

systems. We will run on practical applications including feature selection on large 

databases in the near future.  
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Abstract. The paper presents an approach from a developer perspective how to 

redesign computer games to ensure the children with limited physical skills the 

possibility to play - on the one hand for the sake of the play itself, and on the 

other – for using the play as a functional tool for cognitive and physical skills 

improvement. We present several successful steps for accessibility features 

support, speed and difficulty adaptation, ethics, as well as the qualitative evalu-

ation of a prototype rehabgame by an expert control panel. 

Keywords: Play for children with disabilities, Motion-sensing games, Serious 

games, Rehabgaming, Kinect-enabled applications, Flow model, Success fac-

tors in design. 

 1. Introduction 

The play has a leading role in the child’s early education integrating the physical 

and social development of the child in an implicit way. The overall aim of the ongo-

ing research is how to ensure the children with developmental problems or disabilities 

the possibility to play - on the one hand for the sake of the play itself (unstructured 

play) and on the other – for the sake of the play as a functional tool for improvement 

of their motor skills (structured play). Certain computer games can be adapted to the 

requirements of children with limited physical skills via introducing of computerized 

technologies for the recognition of movements of different body parts, for instance by 

using a gesture interface instead of mouse or joystick controllers. The attractiveness 

of such games, where motion-sensing devices allow players to interact with the sys-

tem through body movements, as well as their affordability at home, will motivate 
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and engage the physical activity of the children with limited physical skills and can 

serve as a structured rehabilitative therapy. 

The paper presents an innovative methodology from a developer perspective how 

to redesign computer games into motion-sensing serious games for children with lim-

ited physical skills. A serious game is a game designed for a specific educational pur-

pose, rather than for pure entertainment. When it serves as a rehabilitative therapy, we 

call it a serious rehabgame. Rehabgaming (a blend of "rehabilitation" and "gaming") 

is a term defined by us for any digital structured play that combines entertainment and 

rehabilitative activities [2]. 

Motion-sensing serious rehabgames rely on computerized technology that tracks 

body movements or gestures and uses them to interact with the objects on the screen. 

In this study we use Microsoft Kinect sensor [3] - a visual-based computer technology 

for recognition of gestures and body movements. Kinect gives life to the computer 

games because it is immersive, entertaining and easy to use. Some of the studies on 

using Kinect test children playing existing commercial Kinect-enabled games and 

others test their own designed structured games [4]. The game becomes accessible by 

inserting body part motions tracked by a Kinect sensor. We propose an innovative 

methodology from a developer perspective how to redesign existing computer games 

that are relevant for motor, speech or social rehabilitation. 

The attractiveness and effectiveness are the main dimensions in the flow theory and 

the key component of the flow is the rehabilitative challenge according to the disabili-

ties of the children [8]. Based on the comparison of motion-sensing game technolo-

gies for use in physical rehabilitation [7], the considerations for the design of motion 

exergames (computer games that combine entertainment and exercise activity) [9] and 

on our own experience, we tried to identify the main success factors and adapt the 

flow model for the serious motion-sensing rehabgame design. By kinectifying such 

games we enhance the children motivation to repeat controlled movements. For in-

stance, in solving a puzzle with gestures on the screen a child repeats and repeats the 

same movements until reaching the goal. The main novelty in our approach is the 

implicit adaptation of the speed and boundaries of the play levels of difficulty during 

the process of rehabgaming according to the child’s present skill. 

The proposed methodology is illustrated with our rehabgame prototype called Mo-

tionSensingPinball (Fig.3.a). We have chosen a computer game Pinball from Cartoon 

Smart [10] because it can focus on hands balance and coordination by controlling the 

flippers by structured movements. This is done for neurocognitive rehabilitation of 

children with Cerebral Palsy (CP) or hemispatial neglect (people with deficits in the 

right hemisphere of the brain are not good at handling things in the left side). By 

analogy with the robotic training support system for neurocognitive rehabilitation 

proposed in [11] we prepared an experimental setup as a Kinect-enabled playful envi-

ronment to assist rehabgaming and monitor the rehabilitation progress. After interfac-

ing the pinball game by a Kinect sensor we take into account the controlled hand 

movements either in a seated mode or in a self-standing ability/position in a dry 

swimming pool (Fig. 1).  
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 a)     b)  

Fig. 1.a) A prototype of a Kinect-enabled playful environment for motion-sense rehabgaming; 

b) The cognitive and operational space in the successive stages of rehabilitation. 

The movements of the child define the operational space for each hand, which can 

be the focus of rehabilitation [11]. A child controls the pinball on the screen by wav-

ing hands to move the flippers up and down. Thus the child feeds motion data into the 

game, being captured by the Kinect software for tracking the relations between the 

skeleton joints. For the purpose of not allowing the child to move the left flipper with 

the right hand in the left operational space, our Kinect application tracks the input 

hand motion and evaluates the hitting point of the left hand coordinates in a 3-D space 

with those of the left flipper (and vice versa). Fig.1.b. presents the cognitive and op-

erational space at the successive stages of rehabilitation. If the game is played by a 

typically developing child (left), the reachable operational space for both hands has 

identical cover area. For a child with disability (center) the right hand helps the exten-

sion of the left operational space and the expected effect (right) is extension of the left 

reachable operational space to regenerate a balance between the right and left motions 

after appropriate rehabilitations. 

To study how well the kinesiology of the rehabilitation is transferred to the context 

of Kinect motion-sensing and the quality of this technology for developing of serious 

rehabgames we use qualitative methods for evaluation such as observations, question-

naires and opinions similar to those in [9]. We first collected opinions as well as data 

from the control expert panel and typically developing children. Our next step will be 

to select children to participate form the Day care center in the city of Bansko accord-

ing to their level of hand physical skills or hemispherical neglect. We are in a process 

of obtaining permissions from their parents and organization of the experimental ses-

sion and training of the staff to get used to the experimental setup to perform the ex-

periments. Our results can be followed on our website [2]. 

2 Related Work 

A robotic training support system designed to address the difficulty in children 

with CP to perform motor skills in a coordinated and purposeful way is proposed for 

rehabilitation in [11]. The children with CP sit at the table because they often have a 

deficit in the self-standing ability. The target is to regenerate a balance between the 

right and left hand motions in rhythmic tasks. A robotic prototype with palm-sized 

buttons is implemented in the table device designed to exam and trace the hand 
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movements. In our rehabilitation program we use the authors’ findings that the hand 

movements stimulate the neuronal activity in the brain which extends the cognitive 

abilities in the visual area of the child [11]. Brief guidelines how to design such seri-

ous games are given in [4]. We adapted the flow model for motion exergames in [9] 

for the proposed in the paper rehabgaming methodology. 

Although Kinect was not specifically designed for children with special needs, its 

numerous applications have proven being used effectively and can attract even the 

most isolated child to interact with teachers and peers. The creator of the motion-

based video games for children with autism is Matteo Valorani from the Polytechnic 

of Milan University in 2011 [1]. Commercial Kinect games are used for rehabbing 

motor skills for children experiencing dynamic balance problems and physical fitness 

problems and since they do not need to carry a controller, they move like they are 

really playing the game. Kinect promotes the physical and emotional health of chil-

dren by means of games and the possibility to learn new movements in a natural way 

at a subconscious level. One of the most mature approaches in the special education 

field is the one proposed by the Kinems team (http://www.kinems.com). Kinems de-

velops innovative and highly configurable Kinect learning games based on traditional 

therapeutic protocols [4]. An extensive recent review of the technical and clinical 

impacts of the Microsoft Kinect in physical therapy and rehabilitation is given in [12]. 

A comparison of motion-sensing game technologies for use in physical rehabilita-

tion - Nintendo Wii, Sony Move and Microsoft Kinect, is made in [7] involving a 

panel of experts. The expert panel consists of three physiotherapists who explore the 

strengths, weaknesses and challenges in using these three motion-sensing devices 

guided by two perspectives - the technical feasibility and the feasibility as an alterna-

tive to physical rehabilitation. They found the motion-sensing technology very prom-

ising but could not determine on a general basis which device is the most suitable 

since each patient has very different individual requirements to his therapy depending 

on the level of injury. The expert panel has found that most of the typical commercial 

games are too focused on the fun aspect, lacking in the concise direction of exercises, 

and having unacceptable adjustability to the level of difficulty for the individual user.  

The Kinect-enabled applications for rehabilitation purposes, in our view, are rele-

vant and appropriate for children, easy to be developed, with high sensing detection of 

compensation (when the patient achieves the result with wrong execution of the 

movement) because of the ability to see the detailed skeleton map. 

3 Redesign of Computer Games towards Rehabgames - the 

Dual Flow Model Adapted for Rehabgaming 

The Kinect sensor is a controller-free system with a depth camera. The depth cam-

era creates a skeleton map of the player in 3-D. The simplicity of the Kinect interface 

to the game does not require fine motor skills and, therefore, no arm or leg calibra-

tion. In addition, the new Microsoft Kinect 2 sensor has increased tracking speed, 

improved arm and leg tracking ability and a simplified calibration process.  
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We exploit Kinect as an assistive technology and software that makes easier the in-

teraction of children with limited physical skills with a computer or a projector 

screen. The proposed accessibility features allow hand or wrist motions as input, ana-

logous to a mouse, but requiring no hand contact or touching. Body parts can be 

tracked/traced and the interface to the game is visible on the screen instead of by us-

ing controller devices. 

In positive psychology “Flow” (also known as “Zone”) is the total engagement in 

an activity that a person performs and presumes full involvement and joy in the proc-

ess [8]. A component of the flow theory can be used to explain why one game was not 

successful and what might have prevented players from entering the flow state. Two 

are the main success factors for implementing motion sensing games in rehabilitation 

– the attractiveness and the effectiveness of the game. The attractiveness of the re-

habgame relates to the attractiveness of computer games. In the dual flow model con-

cerning the exergaming system from [9], the attractiveness is the combination of two 

independent (orthogonal) factors – skill and challenge (Fig. 2, left). The effectiveness 

is the combination of two independent (orthogonal) factors – fitness and intensity [9].  

We propose a dual flow model for rehabgame design (Fig. 2). We have adapted the 

effectiveness as the most important component of the model as the combination of two 

independent (orthogonal) factors – rehabilitation effect and rehabilitation compliance. 

We use the good accuracy of the Kinect sensor for measuring the speed, intensity, 

repetitions and compensations of movements together with physiotherapists’ ques-

tionnaire responses to control the compliance challenge. Using the children feedback 

for the immersion, goals, skills, etc., we control the game play challenge. 

 

Fig. 2. A dual flow model for rehabgame design 

According to the GameFlow model in the video game domain the following 8 

components have to be present: concentration, challenge, player skills, control, clear 

goals, feedback, immersion and social interaction [13]. The balance between chal-

lenges and skills is represented in the four quadrant balance model in left half of the 

model in Fig. 2. The key component of the flow is the balance between the perceived 

skills and perceived challenge (the activity is neither too easy nor too difficult), which 

we achieve by the proposed in the next section implicit adaptation.  

Boredom is reached when skills surpass the challenge. Anxiety is reached when the 

challenge surpasses the skill level and state of apathy is reached when there is a lack 

of both skill and challenge. A child has to be able to focus on a narrow field of atten-
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tion, which can be either different motor skills being exercised or the game played. 

Since the purpose of rehabgaming is body skills improvement, the attention should be 

focused on the input body part rather than the game. Adaptation can be made regard-

ing the actual symptoms that need correction. For instance, in our rehabgame for chil-

dren with CP a set of instructions is how to enter the ball in a funnel to reach the goal 

with the left hand and to get a higher score. In other cases, by using Kinect technol-

ogy for the purpose of children with ASD (autistic spectrum disorder) we have to 

focus their attention on learning new movements in the game in a natural way at a 

subconscious (unattended) level. 

The second half of the model – the effectiveness - expresses the physical balance 

between the rehabilitative effect and the compliance to the game (as a type of treat-

ment). In medicine, compliance is the degree to which a patient follows correctly the 

medical advice. We refer the term mainly to the self-directed exercises and therapy 

sessions. A positive physician-patient relationship is the most important factor in 

improving compliance (teacher-child in the present model, respectively). The balance 

between compliance and effect (represented by similar four quadrants) shows that 

rehab flow is reached when the expected effect of the child is improved with continu-

ing the controlled movements. When the compliance to the movement program far 

surpasses the effect on the child, a state of failure occurs - the child is unable to con-

tinue the movements or enters a state of compensation. A state of no benefit is 

reached when the child has a low difficulty level for movement and low intensity. If 

the effect exceeds the level of difficulty, there is a potential for entering a state of 

deterioration or compensation of the current state of the psycho-motor system. 

4 Operational Safety of the Play and Ethics 

We have prepared an experimental setup, which consists of a PC or laptop, Kinect 

sensor, playing area, projector and projector screen. Since there are spatial move-

ments, we take into account spatial safety measures – the playing area is especially 

designed in the Day care centers with one option to be a dry swimming pool and an-

other - a desk. If a child becomes angry, s/he will not break the computer or the Ki-

nect sensor because these are far away from him. The setup will be used only in pre-

scheduled sessions as a therapeutic means and after that will be taken away. The de-

vice can be taken at home only after clinical training and instruction. Therefore de-

velopers have to be guided by simple access to the devices and easy preparation for 

the game. The space requirements should be considered in day care centers, as well as 

at home. The therapists will often need to do a home visit to ensure proper setup and 

adequate space and to monitor the flow states. The need for feedback on correct exer-

cises and progress tracking is important so wireless connection is desirable at home.  

Measures how to balance the compliance and the expected effect are proposed, like 

assessing whether the rehabgame is attractive, not mentally overloading and guaran-

tees that it does not make the child angry. The possibility to play with others is impor-

tant from a social perspective and this has to guide the developers for multiple-player 

options.  
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The parents will sign a consent form for their child’s participation in the study. The 

Parent Informed Consent form will be accompanied by an information sheet contain-

ing the project’s details, and the name and the address of the responsible scientist who 

will sign declarations, based on ethical principles and requirements for working with 

children with disabilities. Medical data for the progress tracking are stored for a cer-

tain period complying with strict regulations. 

5 Personalization of the Rehabgame 

The proposed in the present paper approach to design of rehabgames involves ex-

plicit and implicit personalization. To engage the child’s attention in the game differ-

ent backgrounds, music and format of the reward are used if correct movements 

(points, apples, speech, etc) are performed according to the child’s choice. Implicit 

personalization is implemented to help the child enter the flow state by balancing the 

compliance and the expected effect (still under development as internal algorithm of 

the game). 

Fig. 3. The MotionSensingPinnBall rehabgame a) explicit background personalization (left);   

b) implicit personalization - invisible ‘dummy’ squares (right) 

By monitoring the individual physical skills of the children and the progress of the 

hand interaction with the flippers the rehabilitation effect guides the developers in the 

process of deciding what to adapt implicitly in the game, like intensity, velocity of the 

pinball, the level of difficulty, etc. The main novelty in our approach for personaliza-

tion, relevant for the physical rehabilitation, is the implicit adaptation of the bounda-

ries of the levels of difficulty to the expected skills of the child, aiming to extend or 

improve the hand operational space. We put a specifically designed invisible ‘dum-

my’ squares defining to what extend to facilitate the achieving of the game goals. 

For instance, when the kid hits the horse and the pinball enters the funnel (Fig.3. 

b), the child gets many score points. There is a specific ramp animation that is started 

when the ball hits the invisible square. Exiting the ramp in another square directed to 

some extend the pinball to lighten the yellow bumpers. Calculating how often the 
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pinball is on the ramp leads the developer what to adapt during the run. If the pinball 

goes often into the funnel we give a positive feedback in an explicitly chosen way and 

at the same time decrease the size of the invisible square defining to which extend to 

facilitate entering the funnel. If the new level is unreachable for the kid, the invisible 

area is extended implicitly a little back in order the kid to enter the flow state. 

5.1 Getting started with interfacing the existing commercial Flash games 

with the Kinect sensor 

A commercial Actionscript 3 (AS3) source code of a computer game “Actionscript 

3 Pinball” from Cartoon Smart [10] is redesigned in our Lab [2]. The game was se-

lected according to the 8 components of the GameFlow model presented above. We 

connected the Kinect sensor to the pinball using Kinect Native Extension for Adobe 

AS3 software – AIRKinect allowing light level functions that provide an abstraction 

layer with a generic interface to IR and RGB sensors. More information can be found 

on our web page [2] on how to get started with installation of Kinect drivers and ap-

plication libraries for the MS SDK version of the Kinect sensor for interfacing Kinect 

with Flash&AS3, as well as the algorithm of changing the interface from mouse and 

keyboard controllers to hand gestures (kinectifying) by replacing the mouse or key-

board events with Kinect events for processing raw depth data and skeleton joints. 

Development and distribution of applications with Kinect Windows SDK is free.  

Our Kinect-enabled program uses child hands/wrists motion to interact with the 

pinball objects on the screen. The ball comes on the ramp after child waving the right 

or left hand above the head. These motions are made to initialize the skeleton map for 

the player(s). One of the programmed rules for the controlled movements is that the 

right hand is not allowed to move the left flipper. We have designed a different con-

figuration of flippers and bumpers (fig.3.a) by tuning their number and places in order 

to personalize the complexity of the current scenario. The speed is adapted by chang-

ing the x and y velocity values in a BoundaryObject class.  

The implicit adaptation of the boundaries of levels of difficulty is programmed as 

follows: when the child hits the funnel, s/he receives 500 points, while for hitting the 

bumper – 10 points. When s/he accumulates 5000 points, s/he gets a reward and goes 

to the next level with decreasing the size of the ‘dummy’ square (fig.3.b). If s/he can’t 

get 2500 points in the next 100 frames, the level goes back to a level in between the 

current and the previous implicitly and the size of the ‘dummy’ squares is increased a 

little. The process is repeated till reaching the flow state for level 2. In this way the 

child receives positive feedback mainly, and the difficulty adjusts without displaying 

any regress in the game. The tuning of the difficulty can be made in various ways, 

including by training neural networks on game prehistory for the current child. 

5.2 Preliminary Results and Discussion 

Two typically developing children of age 7 (boy) and 10 (girl) played individually 

for 40 minutes with the MotionSensingPinnBall rehabgame. The children response to 

the game was quite positive and they were successfully engaged in the play. They said 
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that controlling objects on the screen by gestures is a kind of magic for them. At the 

beginning the boy waved with both hands chaotically, however after only 10 minutes 

started controlling and coordinating his movements to force the pinball into the fun-

nel. Both children preferred the score type of reward instead of being rewarded by 

music, cheering etc. The rehabgame was tested by a child-psychiatrist, a speech the-

rapist and a physical therapist forming our control panel of experts (CP). Thus we 

obtained a feedback in a form of interviews on the strengths, weaknesses, and chal-

lenges of the game from a technical point of view and how well the kinesiology of 

rehabilitation is transferred to the context of Kinect motion-sensing. CP found that the 

sensing quality for movement compensation of Kinect is very accurate. They liked the 

implicit adaptation of the speed and levels of difficulty as a success factor helping the 

child exit the state of boredom. CP found that the graphic design is a minor factor in 

rehabgaming - a fun scenario of playing by body parts is more important. CP consid-

ers a child with disabilities would prefer a kind of ovations (hand clapping) or objects 

running on the screen as rewards. An avatar or an animal is an option but only when it 

represents the child skeleton performing some exercise, for instance the child to walk 

with knees raised high like a stork. CP would like speech directions like “up, bottom, 

back, forward, in front of…” to assist them in the rehabgame. They proposed sorting 

games for developing strength, agility and speed after grasping (or kicking) different 

objects with similar colors, shapes, types or sizes and sorting objects on the left and 

right of the screen. CP assumes that the rehabgame can support social interaction by 

different competitions. They fully support the idea for home playing to strengthen the 

skills in compliance with a preliminary prepared safety procedure and strict therapist 

monitoring. CP gave several recommendations about the questionnaire prepared by 

us. They also propose that the application libraries for MS Kinect (SDK) to allow 

quantitative methods for evaluation of the adapted Dual flow model. In the future the 

Kinect application will measure data from the movements, such as number of repeti-

tions, time to reach, accuracy and precision of the movements. 

6 Conclusions and Future Work 

Motion-sensing serious games and their implementation in physical rehabilitation 

have not become part of the comprehensive research yet because they require multid-

isciplinary collaboration of researchers and practitioners in psycho-pedagogical sci-

ences, health and rehabilitation, humanities, enabling technologies and robotics. The 

paper proposes an attractive and interesting way for rehabilitating children in a form 

of motion-sensing serious game in which the motions of the body parts are the inter-

face to the objects on the screen and children with motor disabilities can learn new 

movements at a subconscious (unattended) level. A novel implicit personalization of 

game parameters according to the child's physical and perception abilities was pro-

posed. After measuring the balance of compliance and rehabilitation effect the suc-

cess factors will be further reported to guide developers in designing effective serious 

games for physical and cognitive rehabilitation. 
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Extended abstract

1 Introduction

Cloud computing is more than a short-term trend. There are legitimate benefits
to companies adopting cloud services into their business such as operational effi-
ciency, efficient scaling and most importantly reduced expenses in a challenging
business environment. The main enabling technology for cloud computing is vir-
tualization. Technical characteristics of cloud and virtualization environments
needs to be monitored, because software and hardware market are growing very
fast, even daily changes could be very important and could have effect on pre-
served processes and business continuity.

In this paper we are presenting the questions which impose themselves and
emphasizing shortcomings and problems which are becoming actual nowadays
and are related to the future of our data in the cloud environment. By following
and answering these questions we are proposing an approach which includes cre-
ation of Archival Information Package (AIP) [1] for ”virtualized” environment
to meet Digital Preservation (DP) aspects in first step and then verification
and validation of redeployed processes in cloud environment. Means for verifica-
tion will be important for companies which are willing to move their businesses
into cloud. To ensure business continuity DP methodology for verification of
redeployed processes will be unavoidable. Finally, being able to monitor cloud
environment settings and its consistency, will help in convincing business users
in cloud stability.

2 Problem Description

In Figure 1 the main problem is depicted. Main advantage and attractiveness of
the cloud environment and its’ accessibility over the Internet is presented. If the
original process which is running on the original legacy system is preserved and
redeployed in the cloud (e.g. by hiring virtual appliance), we need to be sure
whether this redeployed process gives the same result like the original one.
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2 Enabling Process Preservation via Cloud Computing Methodology
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Fig. 1. Problem description

The following points list the precise research question starting with the tech-
nical differences, advantages and disadvantages of using such technologies in
context of DP, considering benefits, complexities and means for verification and
validation.

1. How to package necessary settings for preservation into AIP, so we can shift
it into the cloud environment and deploy it there?

2. How to verify and validate the execution of redeployed processes in cloud
environment?

3. How to ensure consistency of cloud environment for preserved content?

Presented research should contribute to the research area by presenting vir-
tualization as important concept in DP field. It will become even more important
since nowadays tendencies for cloud computing and centralized environment will
enhance usage of virtualization as a technology, as well as problems that follows
within.
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Abstract. The purpose of this extended abstract is to present a concept idea which 

can be used by researchers or companies which are working with a large amount 

of textual data containing feedback related to individual’s performance or behav-

ior. The concept of extracting unstructured data and applying advanced linguistic 

is implemented in many other areas, but the lack of a context-aware system for 

individuals performance evaluations, was a motivation to elaborate potential con-

cept and mechanism of applying well known pre- and post-processing tech-

niques.  

Keywords: natural language processing, context aware system, performance 

evaluation, linguistic analysis 

Extended Abstract 

Performance appraisals, or more accurately performance evaluations are important part 

of the human management process. Companies and organizations have accepted differ-

ent models for providing feedback downstream and upstream for the quality of work 

performed by employees or members of a group or a team. Achieving a level of evalu-

ation to view the employee from multiple aspects, and in the same time use the system 

to motivate and focus the improvements of technical or soft skills in a direction bene-

ficial for the organization and the individuals themselves, is difficult process which 

requires time and a lot of efforts for implementation. On the other hand, tracking and 

improving the evaluations process itself, without a context-aware system, is not possi-

ble for large quantity of evaluations. 

This paper tries to elaborate a concept for establishing a system for easier tracking 

and analysis of the contextual performance appraisals which will: 

─ Set the focus of employee’s improvement points and with this increase employee’s 

satisfaction 

─ Increase efficiency od performance appraisals review and approval process 

─ Re-use historical data for simplification and continuous improvement of the perfor-

mance appraisals process 

─ Early detection of appraisals with negative connotation (negative sentiment)  
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Conceptually, the suggested model which will be evaluated is organized in multiple 

stages. Data retrieval, Ingestion, Indexing and Visualization. The data retrieval can be 

done with a proper connector depending on the data source. The ingestion phase need 

to have a pre-process and post-process sub-phases. During the pre-process phase, ad-

vanced language processing techniques will need to be applied. Some of them are de-

scribed in this extended abstract. During the post-ingestion process, the concept focuses 

on key-phrase extraction as important information retrieved from the data. Indexing 

and data visualization are not discussed in this paper, but need to be taken into consid-

eration in order to have a complete useful system. 

The knowledge of Linguistics, as a science study of human languages, has been used 

in modern computer systems to produce scientific analysis of written text in order to 

produce more accurate and useful information for that text (natural language pro-

cessing). Analysis of text as input results with discovery of terms, key phrases, entities.  

Many words can be used in different form or different context. In order to improve 

the accuracy of the information retrieval and final results, it is suggested to perform 

Stemming of the data in order to stripe the words such as “working”, “re-work” by 

algorithmically removing prefixes, suffixes until the token gets its root form. On the 

other hand, such pre-processing cannot detect irregular or morphological forms of 

words in cases where two isolated evaluators use different words to describe same con-

text. During the tokenization phase, it’s recommended to apply lemmatization in order 

to detect such cases as much as possible. As part of the linguistic analysis, key-phrase 

extraction should be performed with focus on extraction of phrases which are used “un-

usually frequently” compared to the overall frequency of the respective language, by 

using existing language model of the probability specific word can be met in a language 

and using the stop-words to eliminate unneeded phrase extraction. 

In order to be able to detect the polarity of the document, the document must be 

classified1 and a sentiment model has to be applied using a statistical classification en-

gine. Statistical classification technology is an application of machine learning. Statis-

tical models are trained using training data which needs to be manually labeled. Once 

the model is applied on a document, the document is scored for each possible output 

label with positive, negative or neutral mark. The words extracted from the document 

needs to be compared against the word statistics which are created during the training 

process for each label in the sentiment model. 

Building of such system from scratch requires time and resources, but currently there 

are a lot of open source and commercial solutions which can drastically reduce the time-

to-market period. The concept partially can be built by using open source technologies 

like Lucene/Solr, and open source vendors, specifically ElasticSearch and LucidWorks. 

However, commercial solutions like Attivio’s Active Intelligence Engine, HP’s Auton-

omy, Oracle’s Endeca or Microsoft’s FAST system can also be taken into considera-

tion. 

1 Darah Aqel and Sunil Vadera, 2013. A Framework for Employee Appraisals Based on Inductive Logic Programming and Data 

Mining Methods. In Proceedings of the 18th International Conference on Applications of Natural Language to Information Sys-
tems, NLDB 2013, Salford, UK, June 19-21, LNCS 7934, Springer, 2013. pp 404-407, DOI=10.1007/978-3-642-38824-8_49 
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Abstract. Today everywhere around us we have digital data, which are easy to 
use and often leads to their misuse. In this paper we will pay attention on pro-
tecting audio files. With using of block cipher we will encrypt audio data to 
prevent any kind of their abuse. We will use family of block cipher named 
SQBC (Small Quasigroup Block Cipher) based on quasigroups of order 4 and 
their transformation. Actually we will present encrypting of different types of 
audio files with different parameters. We will examine influence of different 
block size, round number, different type of quasigroups and encryption mode. 
Our goal is to present which of this parameters are important for encrypting au-
dio files and should be chosen carefully. 

Keywords: audio files, encryption, quasigroups, block chipper, SQBC, block 
size, round number, encryption mode. 
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Abstract. The ubiquity of mobile devices and the pervasive Internet
raised a new paradigm in care models, based more on contacts than on
visits. However, the effects of assistive computerised systems on practi-
tioners and patients remain understudied, and their promise of increas-
ing self-care, acceptability, and accuracy of healthcare monitoring mostly
untested. Similarly, evidence remains controversial concerning the effec-
tiveness of providing support to caregivers of Alzheimer’s disease pa-
tients, through technological devices integrated with existing care ser-
vices. This paper aims to contribute further results and evidences gained
from experimental trials, related to two different solutions: an electronic
pain monitoring system, and a technological kit to support Alzheimer’s
patients caregivers. The positive outcomes suggest to further extend sim-
ilar studies, to better clarify the role and realistic expectations on the
use of ICT in healthcare.

Key words: remote monitoring, electronic diary, dementia caring, sen-
sors, acceptability, compliance

1 Introduction

The ubiquity of mobile devices and the Internet raised the paradigm of new
care models based more on contacts than on visits [1]. In fact, the ability to
interact with the system anywhere, anytime, anyhow offers invaluable opportu-
nities to healthcare delivery. Moreover, mobile devices showed significantly ad-
vances in storage capacity, battery efficiency, portability [2] and ability to access
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Internet-based resources [3], that increased their suitability to healthcare deliv-
ery systems. Remote clinical systems enable patients either to report complaints,
almost immediately as the generating events occur, or to address retrospective
symptoms. However, several challenges are raised from these systems, namely
the adherence of patients, healthcare personnel supervision, usability and user
experience, and data management in terms of availability, accuracy, analysis and
outcomes. In addition, most of these systems were designed to interact direct-
ly with patients without evidence of reliability and accuracy. Thus, the effects
of assistive computerised systems on practitioners and patients remain under-
studied, and their promise of increasing self-care, acceptability, and accuracy of
healthcare monitoring, mostly untested.

Similarly, evidence remains controversial concerning the effectiveness of pro-
viding support to caregivers of Alzheimer’s disease (AD) patients, through case
management, counseling, training, technological devices, and the integration of
existing care services. Due to its epidemic spread, AD represents a significant
challenge for the health care and social service systems of many developed coun-
tries. According to the estimations provided by The World Alzheimer Report
[4], there were 35.6 million people living with dementia worldwide in 2010, and,
according to forecasts, this figure will reach 65.7 million by 2030, and 115.4 mil-
lion by 2050. The situation is further exacerbated by the fact that AD affects
not only the patients, but also the family caregivers, on whom the main burden
of care falls, putting them at higher risk of stress, anxiety, mortality and lower
quality of life [5]. In 2009, 3% of EU-27 population cared for a relative several
times a week, and the value of their care was estimated to range from 50 to 90%
of the overall costs of long-term care [6]. New Information and Communication
Technologies (ICT) - based services designed to enhance the home and living
environments have the potential to improve the quality of life and well-being of
AD patients and their caregivers, and to provide access to qualified care [7, 8].
They also generate savings which contribute to the sustainability of the care sys-
tems [9]. The use of technological devices as alternative or complementary form
of support, specifically for caregivers of AD patients, remains an open research
area, to which the UP-TECH project discussed in this paper aims to contribute.
The UP-TECH project has been carried out as a multi-component randomized
clinical trial (RCT), integrating previous evidence on the effectiveness of AD care
strategies, in a comprehensive design, to reduce the burden of family caregivers
of AD patients, and to maintain AD patients at home [10].

On the other hand, we evaluated the feasibility of a computerized system,
named ePain Monitoring [11], among a clinically referred population of adults
with mixed acute post-operative pain conditions. The system was developed
to allow remote monitoring of pain, and encompasses an electronic pain diary,
a web-based Personal Health Record (PHR), and a web service (WS) to take
advantage of distributed computing, integration of applications and ubiquitous
access [12, 13]. The paper is organized as follows: Sections 2 and 3 present the
two case studies, in terms of technologies and system design. The case studies are

ICT Innovations 2015 Web Proceedings ISSN 1857-7288

241 
S. Loshkovska, S. Koceski (Editors): ICT Innovations 2015, Web Proceedings, ISSN 1857-7288 

© ICT ACT http://ictinnovations.org/2015, 2015



Assistive Technologies for Homecare: Outcomes from Trial Experiences 3

evaluated, and results from experimental trials discussed, in Section 4, whereas
Section 5 draws the main conclusion of the work.

2 Case Study #1: The ePain Monitoring System

2.1 Background

Electronic pain diaries (EDs) have been developed as computerized versions of
paper pain diaries (PDs). EDs enable patients either to report complaints close
in time to the event generating pain, called Ecological Momentary Assessment
(EMA), or to address retrospective pain, i.e. pain recall over some period of
time. Pain is described through multiple facets [14–18], either physical (location,
intensity), and emotional (depression, anxiety) ones. For this reason, the pain
monitoring program may include self-monitoring of pain, adherence to prescribed
medications, regular exercise, and weight control. In summary, the monitoring of
chronic pain patients leads to many challenges across technology (e.g. to collect
and send data), clinical settings (e.g. duration of treatment, momentary pain or
recall pain), and multi-dimensional assessment (e.g. questionnaires, scales).

2.2 System Design

A ubiquitous ED based on web technologies and mobile devices has been de-
signed encompassing a smartphone, a web service, and a Personal Health Record
(PHR), as sketched in Figure 1.

Fig. 1: ePain system architecture.

Each patient interacts with the system using a smartphone with capabilities
to collect pain symptoms, communicate with the remote PHR and finally, to
show alerts and advices generated by the system. The smartphone-system com-
munications are based on a web service which offers, among others, a function
to send the EMA and a function to detect if there are any updates related with
the treatment protocol, in terms of medication, periodicity, or expected values.
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At last, all the data are computed on a PHR and presented to the Health Care
Professionals (HCP) as a structured information.

3 Case Study #2: The UP-TECH Kit

3.1 Background

Dementia represents a major burden for industrialized societies as, for example,
the Dementia UK report estimates [19]. Enabling patients with dementia to live
independently in their homes, is thus an imperative both from the individu-
al and the societal point of view. However, promoting ageing in place for AD
patients should not represent a strategy to shift the burden of care from the for-
mal services to the informal caregivers, with supervision constituting the largest
proportion of the caring effort. Part of the difficulties and stress related to AD
caregiving might be prevented by leveraging the potentials of new ICT solution-
s, and by developing innovative support services for AD patients. However, the
market availability of such solutions is far from optimal and there is a general
consensus that ICT potential should still be fully exploited across Europe.

The UP-TECH trial was focused on the design, prototyping, and installation
of an assistive technological kit (named UP-TECH kit), at each user’s premise,
in order to investigate the level of acceptance of assistive technologies among AD
people, and also the impact of the technological facilities on caregivers. The kit
is designed to unobtrusively monitor early stage AD patients, who are still able
to stay at home, but need to be assisted, usually by a relative (spouse, husband,
son), or a caregiver. The aim of the kit is to support caregivers in monitoring
the AD patient. Following a 6-month recruitment period, 438 patient-family
caregiver dyads were enrolled in the trial and randomized into one of three
study arms, as detailed in the study protocol [20].

3.2 System Design

As shown in Figure 2a), each UP-TECH kit consists of a central management
unit (CMU), to collect the data wireless transmitted by a set of sensors located
in different positions inside the home (see Figure 2b)), and to process them. The
selection of the sensors to be installed in patients’ homes was based on specific
AD requirements, and on a user-centered design, in order to primarily address
the needs of patients and their caregivers. Among the requirements expressed by
AD patients’ caregivers, we can mention: i) the need to check if the monitored
person leaves his/her bed during the night, and how long he/she stays out of
the bed; ii) the need to check how much time the monitored person spends in
the lavatory; iii) the need to check if there is water on the lavatory floor, that
can increase the risk of falls; iv) the need to monitor the entrance door and the
main windows to check if the patient leaves the room or the house, especially in
the night hours. To such an aim, a focus group involving family caregivers (n=9)
was organized, and the selected peripheral nodes to be connected to the CMU
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include: a sensor to detect the presence of the subject in the bed; a sensor to de-
tect possible flooding or liquid on the floor; a sensor to detect smoke or gas leaks;
one or more magnetic sensors to detect opening/closing of a door or window; an
automatic courtesy light. Sensors are commercially available devices; to provide
the wireless communication link with the CMU each sensor is equipped with a
proper electronic board operating in unlicensed subGHz bandwidth, with a pro-
prietary protocol. In case of events detected by the CMU, like smoke presence,
water leak, unexpected door opening, prolonged absence from bed, the control
unit sends an alarm to the caregivers’ mobile phone via a 3G connection. The
UP-TECH kit was designed to work reliably 24 hours a day/7 days a week; the
CMU was designed to be located in places not accessible to the patient, in order
to avoid the risk it is removed or damaged. During the trial, the kit was installed
by an expert technician with the support of a so-called study case manager [20],
who also trained the caregivers on its use.

Fig. 2: The UP-TECH kit: a) CMU and sensors, b) home installation (1-2: mag-
netic sensors on window and door; 3: bed occupancy sensor).

4 Evaluation and Discussion

4.1 Case study #1

The proposed ePain Monitoring system was evaluated among a clinically re-
ferred population of adults with mixed acute post-operative pain conditions, in
the Ambulatory Surgery Department of the Sousa Martins Hospital in Guarda,
Portugal. The study included 37 adults patients submitted to surgical proce-
dures from which a certain degree of pain is expected, or possible, during the
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Table 1: Post-treatment questionnaire related to the experience on the usage of
monitoring software

Questions

Q.3.1 Do you consider that the application is easy to use?

Q.3.2 Do you consider that the training provided by the HCP was suitable?

Q.3.3 Do you consider that the application presents an attractive design?

Q.3.4 Do you consider that the terminology is clear and understandable?

Q.3.5 Do you consider that the font color and size are easy to read on screen?

Q.3.6 Do you consider that the response time of the application is fast enough?

Q.3.7 Do you consider that the alarm sound is easily audible?

Q.3.8 Do you consider that the application is suitable to access the medical
indications?

Q.3.9 Do you consider that the application is suitable to improve the management
of post-operative pain?

Q.3.10 Do you recommend the application?

Table 2: Post-treatment questionnaire related to the experience on the study
participation

Questions

Q.4.1 Do you consider that the information provided on this study was sufficient
and enlightening?

Q.4.2 Do you consider that participating in the study was beneficial to improve
your health?

Q.4.3 Do you consider that participating in the study enabled a faster access
to information?

Q.4.4 Do you consider that participating in the study contributed to reduce the costs
associated with treatment?

first post-operative days. Participants were recruited over a six-weeks period by
the ambulatory surgery department. The protocol of the study was approved by
the appropriate Ethics Committee, and the participants were enrolled after writ-
ten informed consent. Participants aged from 18 to 75 years, and experienced
a status I or II in the Scale of Risk of the American Society of Anaesthesiolo-
gy. They had basic computer and mobile phone literacy. Of the 37 individuals
assessed for eligibility, five were excluded: two had impairment that precluded
using the mobile device, one was a non-Portuguese speaker, and two refused to
participate arguing shortage of time. Thus, the participation rate was 86%. The
final population consisted of 32 participants. All patient-reported outcome mea-
sures were obtained by asking the participant to complete a seven-point Likert
scale questionnaire during hospitalization after surgical intervention, supervised
by the HCP. At the end of the monitoring period each participant completed
an additional questionnaire to evaluate personal adherence and experience with
technology, in home based pain monitoring.
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The analysis of the post-treatment questionnaires (see Tables 1, and 2) re-
vealed a very strong correlation (rs = 0.844, p < 0.01) between the adequate
training provided by HCP (Q.3.2) and the easiness of use of the application
(Q.3.1). The adequate training provided by HCP is strongly correlated to the
suitability of the application in improving pain management (Q.3.9, rs = 0.675,
p < 0.01), to the positive recommendation of the application (Q.3.10, rs = 0.750,
p < 0.01), and to adequacy of the terminology used in the application (Q.3.4,
rs = 0.626, p < 0.05). Moreover, design (Q.3.5) and performance (Q.3.6) p-
resented a very strong correlation (rs = 0.843, p < 0.01). The audibility of
the alarm sound (Q.3.7) is strongly correlated to the suitability of the applica-
tion both to provide medical information (Q.3.8, rs = 0.667, p < 0.01), and to
improve pain management (Q.3.9, rs = 0.695, p < 0.01), together with the rec-
ommendation of the application (rs = 0.666, p < 0.01). In addition, this topic is
strongly correlated with the suitability of the application to improve pain man-
agement (rs = 0.688, p < 0.01), and very strongly correlated to design (Q.3.3,
rs = 0.751, p < 0.01) and use of terminology (Q.3.4, rs = 0.857, p < 0.01).

In summary, this study proved that the system tested, which combines a
web-based PHR and mobile devices is feasible, and the majority of participants
recommend the system and recognize that it is appropriate for pain managemen-
t, it is user-friendly, and does not require advanced skills nor experienced users.
Another strength of the study was to provide the evaluation of a purely mobile
and web-based, no-contact intervention, to be used in the context of routine care.
Such a no-contact intervention holds the advantage of being broadly available,
which may be critical in order to provide access to healthcare to a large num-
ber of patients. The pain monitoring system could have major implications if
accessed more widely, so as to enhance the potential societal benefits in terms of
pain management and well-being [21]. Furthermore, the inclusion of PHR in the
monitoring system enabled a reliable message delivery, required for emergency
messages in a fully automated fashion, and scalable to support as many patients
as possible, being on-line persistent data available to patient and HCP.

The PHR revealed its suitability to pain monitoring, providing ubiquitous
and real-time access to patient’s data, and it allowed an effortless definition
and management of patient-oriented treatment rules, with minimal intervention
from the therapist. The guidance of HCP at the beginning of the monitoring is
crucial to patients’ satisfaction, and experience stemming from the usage of the
system, as evidenced by the high correlation between the recommendation of
the application usage, and it’s suitability to improve pain management and to
provide medical information. The absence of detected and reported errors related
either to the application or to the PHR, suggest that the proposed system is
stable and reliable.

4.2 Case study #2

A structured questionnaire was administered to patients and family caregivers
at baseline, and at 2 follow-ups by trained research nurses. Patients’ functional
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status was measured by assessing Activity of Daily Living (ADL) and Instru-
mental ADL (IADL) capacity using, respectively, the ADL Hierarchy Scale, and
the IADL Involvement Scale. ADL dependency was then summarized using the
ADL Hierarchy Scale ranging from 0 (no impairment) to 6 (total dependence).
The IADL Involvement Scale was also computed, which is based on seven IADL-
related items, that are summed to generate an index that ranges from 0 to 48,
with higher scores indicating greater dependency.

In the framework of the study, some specific items were also evaluated, such
as: (1) if the patient suffered from behavioral disturbances; (2) the formal edu-
cation level of the caregiver. The education level was categorized as: no title/low
(primary school, or up to 5 years of formal education completed); intermedi-
ate (6-8 years); high (9-14 years); very high (university degree or higher, >15
years). During the deployment period, an ad-hoc designed form was used to keep
a record of the caregivers that refused to have the kit installed, and the related
motivations. All the data regarding the kit, collected during this phase, were
merged with the clinical trial databases containing all the information collected
by the research nurses, in order to assess the clinical outcomes of the RCT.

Descriptive statistics were used to evaluate differences between those accept-
ing and those refusing the technological intervention. A two-tailed p-value of 0.05
was considered significant for all analyses.Out of the 144 dyads entitled to receive
the technological intervention, 39 dyads (27.1%) refused the kit, while 23 dyads
(16%) left the trial for different reasons (deceased, withdrew, institutionalized).
Overall, the technology was installed in the homes of only 82 dyads (56.9%). The
acceptance of technology was higher among those dyads who had the support of
a non-cohabiting private caregiver (63.6%), and among those dyads where the
patient (60.3%), or the primary caregiver (64.3%), were male.

An increased ADL dependency was strongly correlated (p=0.003) with non-
acceptance of technology, either due to refusals or trial drop-outs. Younger pa-
tients were also more likely to accept the AAL solution (borderline statistical
significance, p=0.089), as well as those receiving more hours of informal care
from their caregivers, although the difference in this case was not statistically
significant, due to high standard deviations.

5 Conclusion

The UP-TECH project aimed at providing a possible response to one of the
effects of the AD epidemic, i.e. the impact on the quality of life of family care-
givers and the related consequences. This target was addressed by focusing on
the effectiveness of simple marketed technological devices combined with case
management, and user-centered strategies. The outcomes of the project demon-
strated that it is possible to design and deploy technologies that can help AD
patients’ caregivers, and they are intended to support both health care and so-
cial service professionals, and policy-makers, in addressing the increasing needs
of AD patients and their caregivers, through ICT.
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Similarly, the presented study proved that the ePain Monitoring system test-
ed, which combines a web-based PHR and mobile devices, is feasible; patients
are compliant to it, and considered its usage as user-friendly. The majority of
the participants recommended the system and recognized that it is appropriate
for pain management, being user-friendly, as it does not require advanced skills
nor experienced users. Another strength of the study was to evaluate a purely
mobile and web-based, no-contact intervention, for use in the context of rou-
tine care. Such a no-contact intervention holds the advantage of being broadly
available, thus being critical to provide access to pain care to a large number
of patients. The pain monitoring system could have major implications if ac-
cessed more widely, so as to enhance the potential societal benefits in terms
of pain management and well-being [21]. Furthermore, the guidance of HCP at
the beginning of the monitoring emerged as crucial to patients’ satisfaction, as
evidenced by the high correlation between the recommendation of the applica-
tion, and its suitability to improve pain management and to provide medical
information.
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Abstract. Concept extraction from unstructured documents is a sensitive step in 

the knowledge extraction process. The transformation of the unstructured 

documents into structured data and further into structured information that can 

be exploited by predictive modules implies a sequence of steps related to data 

preparation, concept extraction and data organization, filtering and selection. 

Along with the adoption of the Electronic Health Records a step forward has 

been taken in the healthcare domain allowing for faster and easier knowledge 

discovery and utilization of data. While the ultimate goal for structuring EHRs 

is knowledge extraction for building assistive medical diagnosis systems, the 

correct identification of terms in documents is essential. The current paper 

covers an original complete solution for automatically structuring medical 

documents and extracting relevant medical concepts via the PreNex [1] and 

MedCIM [2] strategies while our vision for the Knowledge Extraction and 

Prediction solutions is being argued and is under development.  

Keywords: hybrid algorithm, prediction, recommendation, Electronic Health 

Records, Data Mining, Text Mining 

1   Introduction 

Making assumptions about healthcare conditions is a common concern for every 

individual. Several desktop and mobile applications help us identify the conditions 

that bother us. The input data fed into the applications is represented by the symptoms 

we report, while the output lists suggestions concerning the conditions that might 

affect us. The major drawback of these applications is that they may not use 

authorized content and comprehensive knowledge sources. However, a source of 

trustworthy data is included in the Electronic Health Records, which we will refer to 

in the following as EHRs. They enable identifying the relationship between medical 

concepts, predicting epidemics or detecting cases of rare diseases [3]. Domain 

oriented ontologies like SNOMED-CT [4] or UMLS [5] encodes the information 

captured in the EHRs that enable making predictions driven by assistive decision 

support systems.  

Three parameters carry significant importance when dealing with healthcare 

management systems: <patient suffering, medical costs, and time>. Making the 
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tradeoff between these parameters while providing an accurate diagnosis or deciding 

if no further investigations are needed, are decisions that the medical doctors make 

every day while being constrained by time. The existence of a knowledge base of 

former patients that were previously investigated and diagnosed, benefits along all 

dimensions: health condition, costs, diagnosis, and hospitalization time. Therefore, 

the ultimate goal is obtaining recommendations provided by an assistive decision 

support system employing such a knowledge base. The consequences are the decrease 

of patient’s suffering and a reduced number of medical investigations, qualified both 

as costs and time interval between the patient's hospitalization and start of treatment, 

thus initiating the healing process.  

The rest of the paper is organized as follows. In chapter II we present similar 

solutions proposed for handling the information extracted from the EHRs. In chapter 

III the conceptual approach for making predictions from discharge notes is 

introduced, while in chapter IV an instantiation of such a solution is presented. The 

last chapter includes the conclusion of our work and future enhancements for our 

proposed approach. 

2   Related Work 

Building an assistive decision support system using predictive analysis requires 

structured data and a solid knowledge base. However, practical issues concerning the 

acquisition of the structured data arise. While the input data is represented by 

unstructured documents, namely, EHRs, several text preparation steps are required to 

transform the unstructured text into structured data. To deal with the data 

transformation we proposed the MedCIM [2] strategy which consists of a sequence of 

text transformation steps followed by token filtering, similarity measurements, 

semantic interpretation, and finally category identification.  

The increasing trend of EHRs adoption is reported by the authors in [6] by 

analyzing the trends between 2007 and 2012. While the adoption rate was 34.8% in 

2007, it increased 37%, reaching 71.8% in 2012, thus showing the necessity of 

solutions to analyze, exploit and extract knowledge from the data. 

To tackle data prediction and correlation, several supervised and unsupervised [7] 

methods were approached thus identifying the relationship between the concepts in a 

medical document. The relationships can be established between a disease and the 

medication administered or can help in identifying cases of adverse effects. The same 

research group proposed a supervised approach for identifying relationships in [8]. 

The correlation of the concepts is computed using additional external resources such 

as Wikipedia.   

The study in [9] proved that the information encoded in the EHRs can help in 

predicting the evolution of the health status of ward patients. Based on the patients’ 

vital signs and laboratory results, the authors have shown that for each patient a 

prediction can be made: either the patient suffered from cardiac arrest or would be 

transferred to the ICU. 

The authors in [10] proposed two statistical measures, the chi-square and the 

proportion confidence interval (PCI) method, to measure the dependence of pairs of 
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diseases and findings. Their research showed that co-occurrence was more relevant 

than collocations when trying to establish the disease-finding relation. 

In a predictive model, as the matrices used for making the predictions are sparse 

and have large numbers of features, and are rather unbalanced, specialized Machine 

Learning techniques are required to manage them. The authors in [11] developed the 

ProICET strategy to tackle the medical diagnosis and prognosis from such matrices. 

3   Conceptual Approach for Making Predictions from Medical 

Documents (EHRs) 

From the data perspective, the EHRs are sources of unstructured information while 

from the medical perspective they are valuable sources of information conveying 

medical data concerning patients’ health status, the conditions they suffer from, 

medication they follow or the procedures underwent. EHRs focus on all medical 

aspects of a patient’s health and help identifying correlations between the current and 

previous investigations and conditions [12]. 

However, during a medical examination the patients may be required to fill in an 

initial report about their health status. In [13], studies dealing with the agreement level 

between what the patients report and the information they further share with the 

medical doctors and the outcome of the investigations, proved that a self-assessment 

is not accurate and the existing medical recommendation systems can only be used as 

a guideline but not as a source of truth.  

Making predictions about a patient’s health status is a task that many researchers 

tackle employing Machine Learning techniques or pattern matching algorithms [7], 

[8], [10]. The challenges faced when developing an assistive decision support system 

are manifold and can be organized into the following categories: data preprocessing, 

extraction, structuring, and prediction, as depicted in Fig. 1. The predictive models 

can help identifying patients with high risks, thus providing ahead of time the 

necessary investigations and treatment. 

 
Fig. 1. General flow for making predictions from unstructured documents. 

3.1   Natural Language Processing 

The general flow of a concept mapping approach consists in the following steps. 

The solution takes as input any type of unstructured document and performs several 

text processing and linguistic analysis steps. The two steps are responsible with 
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converting the unstructured text into structured data enhanced with semantic 

information. Several common tasks are considered: part of speech (POS) 

identification, stop words removal and concept normalization via a lemmatization 

step. 

3.2   Concept Extraction 

Extracting the relevant medical concepts from EHRs implies discriminating between 

the usual terms and the relevant concepts to the medical domain. Establishing the 

association between the relevant concepts, the medical domain, and the corresponding 

semantic categories is supported by external sources. The concept mapping task deals 

with identifying the textual references of the concepts of interest which are annotated 

with specific entries of lexicons and terminologies.  The output generated at this step 

can be represented by a sparse 𝐴𝑚𝑋𝑛 matrix. In case the goal is suggesting diseases 

based on the findings and the symptoms reported by the patient, the matrix is 

represented as follows. The columns are symptoms while the lines correspond to the 

structured representation of an EHR. The value of the element at position (i,j) -

 𝑎𝑖,𝑗 −indicates the status of the symptom at position j when the patient is examined 

based on the EHR at position i. The possible values for the element are presented 

below, in Equation 1.  

 

𝑎𝑖,𝑗 = {
0, 𝑖𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑐𝑒𝑝𝑡 𝑑𝑜𝑒𝑠 𝑛𝑜𝑡 𝑒𝑥𝑖𝑠𝑡 𝑖𝑛 𝑡ℎ𝑒 𝐸𝐻𝑅 𝑜𝑟 𝑖𝑠 𝑛𝑒𝑔𝑎𝑡𝑒𝑑;     

1, 𝑖𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑐𝑒𝑝𝑡 𝑒𝑥𝑖𝑠𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝐸𝐻𝑅;                                                  

 𝑥, 𝑖𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑐𝑒𝑝𝑡 𝑒𝑥𝑖𝑠𝑡𝑠 𝑎𝑛𝑑 𝑐𝑎𝑛 𝑏𝑒 𝑞𝑢𝑎𝑛𝑡𝑖𝑓𝑖𝑒𝑑.                          .
         (1) 

 

When assessing a patient’s health status, the medical doctor considers several 

factors such as the medical history of the patient, the symptoms they report, the 

medication they are under, the procedures underwent or follow-up appointments. In 

most medical documents the information concerning these factors is unstructured. 

Procedures and medication related information can not only be found in the medical 

history section, but also in the corresponding sections. Thus, a second challenge faced 

when developing an assistive decision support system is obtaining structured 

information such that it becomes easily accessible. The input received from the 

previous step - the identified medical concepts and the semantic classes they are 

associated with – leads to a possible restructure of the documents such that the all 

sentences and phrases belonging to a semantic category are grouped.  

3.3   Making Predictions 

The target module concerns inferring knowledge from the previously structured data. 

When the documents are structured and the information is normalized, a dedicated 

system makes predictions based on a knowledge base consisting of patients with 

similar conditions that were treated previously. The predictions are medication 

recommendations, the disease they may suffer from, investigations, or the evolution 

ICT Innovations 2015 Web Proceedings ISSN 1857-7288

253 
S. Loshkovska, S. Koceski (Editors): ICT Innovations 2015, Web Proceedings, ISSN 1857-7288 

© ICT ACT http://ictinnovations.org/2015, 2015



of the patient’s health status. The final goal is to infer such decisions for a new patient 

based on patients with similar conditions. 

4   Instantiating the Conceptual Approach for Making Predictions 

from Discharge Notes (EHRs) 

The final goal of our work is knowledge extraction leading to an assistive decision 

support system. To achieve our goal we developed strategies to cover the main 

modules; an NLP tool for data preparation, the MedCIM strategy [2] for concept 

identification, depicted in Fig.2, and we our current work focuses on the prediction 

module.  

 

 

Fig. 2. MedCIM flow. 

4.1   Natural Language Processing 

Similar to a typical Text Mining problem, the commonly used preprocessing steps are 

employed; a tokenizer to identify the tokens in the document, a lemmatizer to 

normalize the word tokens, a POS tagger to be further used in filtering the tokens and 

an n-gram selector. While for the tokenizer and n-gram selector we create our own 

implementation, the POS tagger employed is the Stanford POS Tagger [14] and for 

identifying the lemma of the terms, we employ the WordNet lemmatizer [15]. 

According to the analysis we performed in [1] on the MTSamples dataset [16], 

negation in EHRs plays a significant role as 2% of the total number of words used in 

filling in the EHR are negated, and moreover, the distribution of syntactic and 
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morphologic negation is comparable. To tackle the syntactic negation identification 

task in medical documents, in particular, the NegEx [17] system was developed. To 

the best of our knowledge, morphologic negation is not treated in the existing systems 

dealing with negation identification and exploitation, and that is why part of or 

research was conducted in this area.   

Our previous work [1], [18] deals with treating morphologic negation - negation 

expressed using negation prefixes and proposed the BOW-NPI [18] and the PreNex 

[1] strategies. The two strategies differ in the type of external data sources included in 

the analysis; the first uses a corpus-dependent terminology list while the second uses 

the English dictionary. The list of negation prefixes for the medical domain is rather 

limited. The negation prefixes used in our analysis are: a, an meaning not or without, 

anti (opposing, against), dis (negation, removal, expulsion), in, il, im, ir (not, 

without), non (absence, negation), un (not, reversal, cancellation, deprived of). 

The two strategies consist of several linguistic rules that cover the cases identified 

for morphologic negation and presented in the following. To determine whether a 

word is prefixed with negation prefix, we need to identify whether the root of the 

word is actually a word. The BOW-NPI [18] strategy requires a preliminary 

terminology building step. A set of documents are used to create a bag of words 

representation that will be further used as knowledge source. Our second approach, 

PreNex, follows a similar strategy as BOW-NPI but extends the terminology source to 

the entire list of words in the English language by querying the WordNet dictionary.  

As the NegEx algorithm is specialized in identifying explicit negation occurrences, its 

performance in terms of recall is limited, when including the negation expressed with 

prefixes in the negation identification phase. As shown in Table 1, the first line, the 

recall for NegEx is only 53.14%. The improvement that is obtained by including the 

identification of our proposed solution for prefixed negation identification is of 

39.98%. Although there is a slight decrease in the value of the precision in the overall 

negation identification solution, the increment obtained for recall makes the solution 

adequate for the problem we solved.  

Table 1. PreNex improvement. 

Method employed Precision Recall F-measure 

NegEx 98.76% 53.14% 69.1% 

PreNex  96.61% 93.03% 94.78% 

Improvement NegEx  PreNex -2.15% 39.89% 25.68% 

 

In summary, Table 2 displays the comparable performance of the two proposed 

strategies, and shows that extending the knowledge source from a closed domain 

specific list, to the entire list of words existing in a language, improves the negation 

recognition rate (an F-measure increment of 3.56% is obtained). 

Table 2. BOW-NPI vs PreNex. 

Method employed Precision Recall F-measure 

BOW-NPI  95.79% 87.63% 91.53% 

PreNex + Syntactic Negation  95.96% 94.23% 95.09% 
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To prove the strength of the PreNex approach, we proposed the RoPreNex cross-

language approach [19]. Our specific goal was to instantiate a cross language 

methodology that identifies morphologic negation in both the source and target 

languages using the linguistic resources in each corresponding language. The source 

language is English, for which we have proposed and evaluated the PreNex strategy 

and the target language is Romanian, which represents the subject of the approach.  

The results reported for identification are promising and to our best knowledge, there 

are no similar approaches for identifying morphologic negation for the Romanian 

language. The results obtained by the proposed methodology report precision of 

77.78% and recall of 80.77% %, which are only 14.85% in case of precision and 

12.83% in case of recall below the corresponding English results. 

4.2   Concept Identification in Unstructured Medical Documents 

For the task of concept identification in unstructured medical documents we propose 

the MedCIM concept mapping strategy that consists of two separate flows. The first is 

related to processing the raw document and identifying the medical related 

candidates, while the second flow is related to mapping the candidates to the medical 

terminology, and therefore identifying the actual medical concepts as shown in Fig. 2. 

The document flow follows the steps that are applied on the raw document 

(detailed in section 4.1) up to the point of identifying the possible medical candidate 

terms. To identify whether a concept is a medical concept candidate, we validate its 

relationship with the semantic medical classes defined in WordNet. The possible 

medical candidates we propose are the terms and n-grams which are included in the 

medical WordNet classes and the terms that do not have a definition in WordNet. The 

WordNet filtering step is followed by the mapping process, where for each medical 

concept candidate we search for the corresponding instance in the SNOMED-CT 

ontology, extract the values of its properties that will be further preprocessed. We 

extract from the ontology the instances included in the semantic categories defined in 

UMLS [20], further grouped into: symptoms (Sign or Symptom T184, Cell or 

Molecular Dysfunction T049), diseases (Disease or Syndrome T047, Pathologic 

function - T046, Mental or Behavioural Dysfunction T048, Congenital Abnormality 

T019, Acquired Abnormality T120, Anatomical Abnormality - T190, Neoplastic 

Process T191, Experimental Model of Disease T050), procedures (Health Care 

Activity T058, Laboratory Procedure T059, Diagnostic Procedure T060, Therapeutic 

or Preventive Procedure T061), and medications (Pharmaceutical Substance T121,  

Organic Chemical T109, Clinical Drug - T200, Antibiotic T195).   

The approach is quantity (recall) driven, as it is more important in the medical 

diagnosis problems to identify all the possible medical conditions and symptoms of a 

patient, even though some become unnecessary, rather than missing a relevant finding 

that could make the difference between a patient that is sent home ill and a patient 

that is having additional tests when the preliminary investigations do not lead to an 

obvious diagnosis. Moreover, it is more feasible and efficient for a medical doctor to 

eliminate the false positive concepts than to try to identify the overlooked medical 

concepts. The outcome of the initial evaluation of the MedCin solution showed that 

some categories of medical concepts were missed, namely, the medical concepts 
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expressed using abbreviations and morphologic negation. To handle these special 

cases we included an additional external resource, a concept list, containing the 

abbreviations with their meaning and the PreNex identification strategy. Successively 

handling these special cases, the outcome of the MedCIM strategy showed the 

identification of medical concepts with a recall rate of 74.83% and a precision of 

73.7% (F-measure of 74.26%), as shown in Table 3, last line.   

Table 3. Evaluation of category identification on the 2010 i2b2/VA Challenge train dataset[21] 

Evaluation  Precision  Recall  F-measure 

1. Initial Evaluation 72.21% 67.1% 69.56% 

2. 1 + Handling Abbreviations 73.43% 72.65% 73.04% 

3. 2 + Handling Morphologic Negation 73.7% 74.83% 74.26% 

 

A thorough analysis on the errors produced by the proposed approach shows that 

improvements can be made to reduce the error rate. One source of errors is the 

incomplete concept coverage in SNOMED-CT which does not include disease related 

concepts such as orthostasis, voluntary guarding or the trade names of the drugs (e.g. 

Lupron, Protonix or Levaquin). While a limited number of trade names were 

identified using the WordNet dictionary, for the others a solution can be integrating 

additional external resources which includes the commercial names for medication. 

Other false negatives have been produced by medical abbreviations such as creat, 

while in the symptoms category, terms such as thickened and redness, are overlooked 

as are used frequently in common language, but become context dependent medical 

concepts. Another aspect which we are currently considering is the ability to 

distinguish whether a body part is included in a disease description or it is referring to 

the actual anatomical structure. 

4.3   Knowledge Extraction and Prediction 

The final goal of our work is knowledge extraction leading to an assistive decision 

support system designed as a personal medical assistant application. The main steps to 

consider for reaching the desired outcomes are EHR structuring, knowledge 

extraction and data prediction. As the EHRs are unstructured documents, they carry 

information, but if exploited correctly they become valuable sources of knowledge. 

By imposing a structure, the EHRs are transformed into structured data that can be 

further used to infer new data - knowledge. 

Most of the research presented in this paper deal with the data preparation steps, 

thus obtaining the structured data from the EHRs. After identifying the relevant 

concepts and associating them with semantic classes, we further need to enhance the 

knowledge base by quantifying the extracted concepts. The disease related concepts 

have binary quantifiers (present or absent/negated) while the symptoms are quantified 

as both binary features or carry a distinctive value (like in the case of the temperature 

that can be expressed in a range of values). Other such quantifiable concepts are 

medication and laboratory tests that are evaluated as numerical values. Every EHR is 

linearized and represented as a feature vector. Each element in the array -feature 
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vector- carries the value of the measured concept. The collection of all the feature 

vectors that are our knowledge base is represented as a sparse matrix that can be fed 

to a learning algorithm. The knowledge base is organized into use-case-oriented 

domains, namely 1) disease prediction for a patient based on the previously 

investigated patients and 2) suggestion of the limited number of investigations to be 

performed to remove uncertainty, increase prediction rate, reduce the number of 

invasive procedures a patient undergoes, having implications in reducing the medical 

costs, also. A clustering algorithm is employed to automatically identify the clusters 

of patients with similar conditions. When for a new patient a prediction is required, 

his health status is fed to the previously generated model and based on the similarity 

of his condition and the content of the knowledge base suggestions can be made. 

5   Conclusions 

Our strategy aims to be a step towards a medical assistive decision support system: 

starting from raw medical data, it infers the appropriate suggestion to each specific 

task (further investigations, diagnosis or medication). The medical documents which 

are usually stored in unstructured format can be structured using a terminology 

mapping technique. The required preprocessing steps proved to have a significant role 

in normalizing both the input text (unstructured data) and the terminology sources 

(structured data). The filtering step which discriminates between medical and non-

medical concepts via the WordNet dictionary proves to be an efficient method for 

filtering the non-medical concepts. In the selection of the terminology sources 

(WordNet and SNOMED-CT) their ability to cover the biomedical domain and also to 

obtain accurate information was considered.  

The current status covers complete solutions for automatically structuring medical 

documents and extracting relevant medical concepts via the PreNex and MedCIM 

strategies while the Knowledge Extraction and Prediction tools are under development.  
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Abstract. Image analysis is a well-researched area, although some open 

prob-lems have still to be addressed. Deserving further investigation, we 

consider the problem of detecting  natural or artificial areas in images. 

This paper describes the initial research towards this goal, based on 

Shannon’s concept of entropy of in-formation, as a mean to allow the 

detection of areas that are more irregular and thus, probably natural, or 

more regular, and thus probably artificial. This paper also describes the 

limitations of this research, and points out future research prob-lems 

regarding the automatic identification of artificial and natural zones in an 

im-age. 

Keywords: Image analysis, Shannon Entropy. 

1 Introduction 

The detection of natural and artificial areas in an image is an interesting problem from 

different points of view. For example, if a system can automatically detect an artificial 

zone in an image, it can try to overlay relevant information for the user, in a seamless 

manner, in that particular zone. Another type of application refers to the detection of 

areas that are artificial or natural in surveillance videos, allowing this detection to be 

further used in Ambient Assisted Living (AAL) tools, e.g. in the monitoring of home 

environments.  

Shannon’s entropy [1] is often referred to as a tool to assess the level of information 

that is present in a set of data, being higher when the level of information is high, and 

zero when the set of data carries no information at all. The use of Shannon’s entropy to 

analyse data has been applied in many fields, including image analysis (e.g. [2]), but 

it’s not the goal of this paper to present a thorough state of the art on this field. In the 

ICT Innovations 2015 Web Proceedings ISSN 1857-7288

260 
S. Loshkovska, S. Koceski (Editors): ICT Innovations 2015, Web Proceedings, ISSN 1857-7288 

© ICT ACT http://ictinnovations.org/2015, 2015



last section, the interested reader can find a short but selected set of suitable references 

that cover the use of entropy and other methods for data analysis. 

The rationale to use Shannon’s Entropy to assess areas in images that are natural or 

artificial is primarily related to the level of homogeneity or heterogeneity of colours in 

artificial or natural zones in an image, i.e., the more heterogeneous an area in an image 

is, the more likely it is a natural area, and inversely, the more homogeneous an area is, 

the more likely this area is artificial. 

As Shannon’s Entropy is applicable to a linear set of data, and pictures are bi-dimen-

sional data, often with each point being associated with information on a representation 

of the colour, this paper also describes the approach to assess Shannon’s entropy in an 

image 

Yet, there are a number of limitations for this approach, for example, if we consider 

a picture of a clear or grey sky or of a lake or calm sea, it is immediately perceived that 

there will probably be large areas where there is very little variation for the col-ours 

and contours of the objects, therefore rendering this approach completely ineffective. 

Therefore, is the paper also discusses what are the limitations of this approach. 

The remainder of this paper is organised as follows. Section I, Introduction, is con-

cluded with this paragraph. Section II describes the concept of Shannon’s Entropy, and 

describes how the assessment of this measure is transposed from a linear set of data to 

a bi-dimensional set with colour point information. Section III presents some of the 

results and Section IV concludes the paper, presenting a small set of meaningful refer-

ences for further enlightenment of the interested reader, and possible future research 

directions on this field. Acknowledgements and References complete the paper. 

2 Image analysis and Shannon’s entropy 

Shannon’s entropy was first presented in the 40’s of the last century, and has been ex-

tensively used not only in its original field of creation, information theory for tele-com-

munications, but in very diverse areas of science. Entropy is a concept that has its roots 

in the scientific area of Thermodynamics, and is central to the famous Second Law of 

Thermodynamics, that states that in a natural thermodynamic process, there is an in-

crease in the overall entropy for all the involved systems. This means that when a pro-

cess occurs, the available energy to be applied to realize work, enthalpy, decreases be-

cause the systems are inherently inefficient and there is energy that is not usable and 

therefore wasted (as not used for useful work), being this energy responsible for the 

increase of entropy. Entropy has also been used, since Shannon, to measure the degree 

of information potentially available in a set of data, i.e., the more information the data 

has, the more entropic that data is. In fact, entropy also stands for disorganization, and 

it helps to understand why a large set of data is more likely to be disorganized. On the 

contrary, if a set of data is small or contains only the same piece of information, the 

entropy of that set is zero. 

Shannon’s Entropy is usually represented as show in expression (1): 

 −∑ 𝑃(𝑥𝑖)
𝑁
𝑖=1 log(𝑃(𝑥𝑖)) (1) 
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In (1), N is the size of the set of data composed by all xi, and P(xi) is the relative prob-

ability for xi to occur within that set. As an example, if we consider the set {1,2,3,4,5} 

each element has a relative probability of 1/5 and Shannon’s entropy for this set would 

be 









5

1
log

5

1
5 , i.e., 0.6989, while if the set was to be composed of only the same 

element, say {1,1,1,1,1}, its Shannon’s entropy would be )1log(15  , i.e., 0, be-

cause log(1) is 0. 

Images are sets of data in which each point of the image has associated infor-mation 

that represents the colour of that point. Each of this set of values, finally, can be repre-

sented as Hue, Saturation and Value (HSV) or Red, Green and Blue (RGB).  

A colour space is a measuring system for colours that can be perceived by humans 

[3]. RGB colour space is the most commonly used colour space in displaying colour 

devices. RGB colour space is an additive space that uses the three primitive colours: 

red, green and blue. These colours are then combined in order to reproduce all the col-

ours of the RGB colour space. Although RGB is a good colour space for colour dis-

playing, it is not however efficient in image processing operations, such as colour seg-

mentation and analysis, largely because of the correlation between the R, G and B com-

ponents [4]. For example, when a colour changes, all three components will also 

change. Nevertheless, as we are precisely looking for changes in the colours, the images 

are interpreted in the RGB format. 

To apply Shannon’s entropy to a multidimensional set of data such as the data in a 

picture is different challenge. Firstly, we need to consider that an image is a bi-dimen-

sional matrix in which each point carries information regarding the colour of that point. 

Moreover, as we are looking for changes in the colours of in a zone of the image, it 

makes little sense to measure the entropy of a given colour channel for the whole image. 

Having these restrictions into consideration, it was defined that: 

1. the set of data to be measured would consist in a square of vicinity of 3, 5 or 11, 

meaning that the points to evaluated will be the square of points centred in the pixel 

at analysis, with dimension of 9, 25 or 121 pixels; 

2. this square will sweep the image, each point of the image being the centre value for 

the assessment; 

3. the entropy is measured separately for the Red, Green and Blue channels for each 

pixel; 

4. as the value of the entropy is a real number between 0 and  log(1/n) where n is the 

size of the sample, in order to be represented as an image again, the value of the 

entropy for each channel is finally normalized between 0 and 255. 

Additionally, it was considered that the system should be able to disregard minor 

changes in the value of the colour channel, i.e., using the equation (1), a value of say 

171 and 170 were regarded as different as the values 0 and 255. With the application of 

a rounding pre-processing, the values would be rounded to the next order of magnitude, 

i.e., all the values between, e.g., 170 and 179 would be represented as 170 and so on. 
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Also, a procedure of normalization of the values was tested, where the weight of 

each colour channel was normalized to include the sum of all the channels in the pixel, 

i.e., for the channel Red, it would be used the value 

 
BGR

R
R


'  (2) 

and so on. 

Finally, it was also experimented to pre-process the image with several filters from 

the Aforge software [5], including a Gaussian filter, a HSL filter, a linear HSL filter 

and a Hue filter. 

Figure 1 (a), (b) and (c) show how the algorithm considers the vicinity of pixels in 

successive iterations. The area in yellow and orange marks the pixels that are consid-

ered to contribute to the calculation of the Shannon’s entropy for the pixel marked in 

orange. 

               

                        (a)                                       (b)                                      (c) 

Fig. 1.   Evolution of the calculation of a 3x3 box for the entropy of the central pixel marked in 

orange (value 15 for iteration n, value 17 for iteration n+1, and value 160 for iteration n+2). 

3 Results 

As detailed in Section II, the calculation of the entropy of each pixel is thus the calcu-

lation of the entropy of the set of data for each channel for all the pixels in the vicinity 

of that particular pixel, as shown in Figure 1 (a), (b) and (c), considering a vicinity of 

3. 

For these experiments, three images were used, as seen in Figures 2, 3 and 4. These 

images include two indoor environments and one outdoor environment. The pictures 

were sampled to be 160*120 pixels for image 2 and 4, and 320*240 for image 3, i.e., 

low and very low resolution images. Image in Figure 2 is a high contrast image that 

shows two persons sitting and standing in an office, with large windows facing a build-

ing and a piece of sky. Image in Figure 3 shows two of the authors and a friend standing 

and sitting in the same office, with very uneven lighting. Image in Figure 4 shows out-

door urban scenery, with a road, some cars, a tree and a person far away. Only one off-

the-shelf webcam was used. 
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To these images were applied the set of algorithms and filters presented in Section 

II, with the results that can be observed in the following figures, described with more 

detail. 

The larger the vicinity, the more blurred the result of the entropy, because there will 

more influence of the neighbour values. Figures 5 (a), (b), and (c) show the result for 

the application of the vicinity of 3, 5 and 11, respectively for the image in Figure 2. 

It is clear that the larger the size of the data set for the calculation of Shannon’s 

entropy for each pixel, i.e., the larger the vicinity that integrates the data set that will 

feed the entropy calculation algorithm, the less sharp the edges of the shapes are, be-

cause more elements contribute to dilute single and sharp changes in the values of the 

pixels. 

 

Fig. 2. Image showing two persons sitting 

and standing in an office, with large windows 

facing a building and a piece of sky. 

Fig. 3. Image showing two of the authors and 

a friend standing and sitting in an office, with 

very uneven lighting. 

 

Fig. 4. Image showing outdoor urban scen-

ery, with a road, some cars, a tree and a per-

son far away. 

Fig. 5. Image showing the application of the 

initial Shannon’s entropy algorithm for vicin-

ities of 3 for the image in Fig. 2. 

It is also visible how the algorithm is able to outline the two humans present in the 

room, while ignoring both the extremely dark areas and the extremely bright areas, 
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which have, expectedly, little information and therefore have similar entropy values. 

This is an interesting result to be considered when investigating the adoption of Shan-

non’s Entropy in image analysis for AAL, where the primary objective of any analy-sis 

is to recognize and monitor users in living environments. 

 

Fig. 6. Image showing the application of the 

initial Shannon’s entropy algorithm for vicin-

ities of 5 for the image in Fig. 2. 

Fig. 7. Image showing the application of the 

initial Shannon’s entropy algorithm for vicin-

ities of 11 for the image in Fig. 2. 

 

Fig. 8. Result of the application of algorithm 

for Shannon’s entropy for the image in Fig. 

3, vicinity of 3. 

Fig. 9. Result of the application of algorithm 

for Shannon’s entropy for the image in Fig. 

4, vicinity of 3. 

Figures 6 and 7 show the application of the same algorithm to the images in Figures 3 

and 4 with a vicinity of 3. 

As it can be perceived by the visual analysis of Figures 6 and 7, there is not a clear 

hint on where the non-artificial elements are on both pictures, except that the natural 

elements are almost always shown with a touch of green, including the tree in the less 

informative image from Figure 4. 

The application of the rounding to the values of the colour channels resulted in the 

images shown in Figures 8, 9 and 10. We propose that the analysis of these images is 
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subject to more study, as, on Figure 8, it is clear that the black areas indicate natural 

elements, but that criterion does not hold for images in Figures 9 and 10. 

The curvilinear artefacts that can be observed in Figure 8 and 9, as curves in red, 

white and green, and only in white in Fig. 10, may possibly be explained as a limitation 

of the webcam that was used, and therefore, more research is necessary. 

Applying the normalization of each colour channel as described in equation (2) re-

sults in the images shown in Figures 11, 12 and 13. It can be seen that the natural ele-

ments are show in non-black, except for the image from Fig. 4, which includes coloured 

parts for artificial elements, e.g., the contours of the car that is shown in the lower right 

part of the image. 

 

Fig. 10. Result of the application of algorithm 

for Shannon’s entropy for the image in Fig. 

2, with a rounding to the tens of each colour 

channel. 

Fig. 11. Result of the application of algorithm 

for Shannon’s entropy for the image in Fig. 

3, with a rounding to the tens of each colour 

channel. 

 

Fig. 12. Result of the application of algorithm 

for Shannon’s entropy for the image in Fig. 4, 

with a rounding to the tens of each colour 

channel. 

Fig. 13. Result of the application of algorithm 

for Shannon’s entropy for the image in Fig. 

2, with normalized values for each colour 

channel. 
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Fig. 14. Result of the application of algorithm 

for Shannon’s entropy for the image in Fig. 

3, with normalized values for each colour 

channel. 

Fig. 15. Result of the application of algorithm 

for Shannon’s entropy for the image in Fig. 

4, with normalized values for each colour 

channel. 

 

Fig. 16. Result of the application of algorithm 

for Shanon’s entropy for the image in Fig. 2, 

with normalized values for each colour chan-

nel. 

Fig. 17. Result of the application of algorithm 

for Shannon’s entropy for the image in Fig. 

2, with normalized values for each colour 

channel. 

The application of the filters from the Aforge software resulted in the elimination of 

some artefacts from the images, as seen in Figures 14, 15, 16, and 17, all referring to 

the image from Fig. 2. It is also to be considered as future research the addition of these 

filters to the other algorithms. Nevertheless, results with images from Figures 3 and 4, 

not shown here because of space constraints, suggest that there cannot be an automatic 

application of these filters to all types of images. 
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Fig. 18. Result of the application of algorithm 

for Shannon’s entropy for the image in Fig. 

2, with normalized values for each colour 

channel. 

Fig. 19. Result of the application of algorithm 

for Shannon’s entropy for the image in Fig. 

2, with normalized values for each colour 

channel 

4 Conclusion 

This paper describes the initial research done in the effort to detect natural and artifi-

cial zones in images, addressing a problem that was never addressed before. The ra-

tionale to use Shannon’s Entropy as the mathematical tool to conclude on the nature of 

a particular zone was that artificial zones have less variability in colour than natural 

zones, and therefore, should return a lower value for the entropy.  

Initial research results that this may be a line worth pursuing, as some results show 

promising signs. Nevertheless, there is still a long research path to follow, as many 

research variables were not sufficiently addressed, for example, the definition of the 

image and the resolution of the used camera, the types of images to be tested, and also, 

the controlled conditions on lighting and context. The set of three images used were 

selected not because they were easy to process, but on the contrary, because they were 

hard, and yet, some results were promising enough to allow us to continue this research. 

Currently ongoing research addresses not only the control of the research variables 

described before, but also will be extended to include a wider set of images with similar 

characteristics, including urban and natural outdoor environments, indoor environ-

ments with fair conditions of lighting, and finally, indoor thermography images. 

Considering the possible adoption of the algorithm based on Shannon’s entropy con-

cept for image analysis in AAL, and the strict requirements on privacy preservation, 

that can be solved by resorting, for example, to the use of depth information [6], a 

further development of this research will investigate the applicability of the algo-rithm 

to depth images captured by depth sensors, like the Microsoft Kinect ® one. The pos-

sibility of automatically distinguish natural and artificial areas in the depth frames could 

enable a significant performance improvement of the currently applied processing al-

gorithms, thanks to the possibility of limiting the amount of depth in-formation to be 

analysed. 
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On the subject of image analysis and on the subject of entropy calculation as a anal-

ysis tool, the interested reader may wish to read the following research [7-11]. 
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Abstract. Cough detection and classification present necessary tools
for the evaluation of pathology severity in chronic illnesses. In literature,
several approaches have been proposed for this aim. The latter presented
a relative success since none of them allow a standardized exploitation
and interpretation of sensors results in order to provide an efficient cough
detection and classification. This paper presents a new system that dis-
poses of a prototype (hardware) for data acquisition, and software for
exploiting the acquired data for cough detection, visualization and clas-
sification. Our prototype includes sensors such as ECG, thermistor, chest
belt, accelerometer, oximeter, contact and audio microphones. The rele-
vance of each sensor is evaluated within three features: mutual informa-
tion obtained with the features, ability to distinguish cough from other
event categories, and ability to detect cough events. The sensors values
are interpreted and visualized with a graphical view where the detected
cough extracts are visualized and organized accordingly to their simi-
larity in terms of audio properties such as timbre, cough duration and
signal energy.
Key words : Biomedical Engineering, Sensor, Audio Processing, Cough
Detection, Cough Classification.

1 Introduction

The general definition of cough can be presented by the sudden and involun-
tary expulsion of air from lungs with a harsh sound. Otherwise, for respiratory
physiologists, cough is three-phase expulsive motor act characterized by an in-
spiratory effort, followed by a forced expiratory effort against a closed glottis and
then by opening of the glottis and rapid expiratory airflow [1]. Cough presents
also the common reason that makes patients asking medical advice to the gen-
eral practitioner (around 20% of consultations for children below 4 years old),
the pediatrician and the pulmonologist (for whom chronic cough represents one
third of consultations [2]).

The impact of cough and particularly chronic coughing on life quality can
be so significant. Therefore, the assessment and evaluation of cough severity
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presents a high importance in clinical use. It requires a combination of measures
characterizing cough frequency, duration, energy, intensity, and its impact on
quality of life.

Actually, the assessment of cough severity is subjective since it is based on
some values that are completed by the patient itself or a parent [3] [4]. The main
used values are cough scores, diaries, visual analogue scales (VAS) and symptom
questionnaires. In medical literature [5], the objective and subjective perception
of cough severity are modestly correlated. Thus, a real need arose to develop a
reliable tool to measure the severity of this symptom [1]. This kind of tool is
also necessary to test the effectiveness of cough treatments (e.g. antitussives) or
novel therapies.

In the context of automatic cough detection, several approaches have been
proposed. Generally, they consist on coupling various sensors to the audio signal
such as accelerometer, chest impedance belt, contact microphone, ECG, respira-
tory inductance plethysmography, etc. The related results are well encouraging
but none of them offer standardized method or adequately validated, commer-
cially available and clinically acceptable cough monitors [1].

Several challenges have to be faced with automatic cough monitors. First,
cough should be differentiated from surrounding noise and other parasitic pa-
tient sounds (throat clearing, laughing, forced expiration, etc.). Secondly, the
acoustic properties of coughs vary with individuals and diseases, but also within
individuals. It is also preferred to monitor cough continuously for long periods
(over 24h) and in the patient’s own environment. Finally, the related information
about detected coughs should be well visualized in a graphic view that allows a
fast interpretation of results. Moreover, the detected cough should be classified
with a graphic view in order to offer an efficient analysis of patient coughs within
different moments with no need for listening all the detected cough.

The remainder of the paper is presented as follows: related works are pre-
sented in the second section. Section 3 describes the acquisition system, while
section 4 presents the recorded database used to develop and evaluate the cough
monitor. In section 5, we detail our cough detection algorithm. Section 6 is
devoted to present the graphic view where the detected cough extracts are visu-
alized and classified accordingly to their similarity in terms of audio properties
such as timbre, cough duration and signal energy. The last section draws the
conclusions of this study.

2 Related work

In literature, several cough monitors have been proposed [6]. The first one has
been developed in 1950 with simple audio recording systems that enable to
spot manually cough events. In the other hand, some semi or fully automated
cough recorders have been designed. In 2006, the Hull Automated Cough Counter
(HACC) [7] was developed. It consists of a single audio signal fed into an artifi-
cial neural network for detecting cough events. The number of cough components
per event is not computed by the system, but can be manually determined. The
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system presents a sensitivity of 80% (ranging from 55% to 100% across the 10
validation patients).

The Leicester Cough Monitor (LCM) [8] also relied on audio recordings only.
Hidden Markov Models (HMM) are used to pre-segment possible cough events,
achieving overall sensitivity and specificity of 91 and 99%, respectively. Another
system called ”The Vitalojak” [9] is based on a contact microphone placed on
the thorax for a semi-automated detection. A lapel microphone is integrated
in the system for manual validation. This system has been validated in a 24-
hour ambulatory context on 10 patients [10]. It offers a sensitivity higher than
99% while compressing the amount of data to check manually with 3 possible
levels, ranging from 65 to 23 minutes on average. In [11], we proposed an audio-
only system based on artificial neural networks which achieved a sensitivity and
specificity of about 95% on voluntary cough from 10 healthy subjects in various
conditions. In [12], we analyzed in an objective way the performance of several
sensors for cough detection: ECG, thermistor, chest belt, accelerometer, contact
and audio microphones.

Our contribution consists on exploiting and improving our previously pub-
lished [12] results within three main factors:

1. Optimization and acceleration of the process of data acquisition within a new
prototype, by exploiting fast access memories. This allowed to store data
quickly. Consequently, all data are well saved without audio interruptions
and noise.

2. Improvement of cough detection precision by extracting cough events which
can be presented with several close and successive coughs.

3. The sensors values are interpreted and visualized with a graphical view where
the detected cough extracts are visualized and organized accordingly to their
similarity in terms of audio properties such as timbre, cough duration and
signal energy.

3 Acquisition System

The acquisition system enables to capture and store data from sensors. Sig-
nals are not analyzed or processed in this step, which is performed off-line. The
block diagram of the acquisition system is displayed in Fig. 1. It is implemented
as a classical acquisition system by means of sensors, analog signal condition-
ing circuit (front-end), analog-to-digital conversion, communication, and storing
functional blocks. For more details about this acquisition system, we refer au-
thors to [12]. Notice that this system has been improved since the new prototype
integrates an oximeter sensor for measuring, simultaneously, the concentration
of oxygen in the blood. However, the integration of this new sensor has induced
the reduction of battery life and also some noise due to the slow storage of sev-
eral sensors data. Therefore, we proposed to exploit fast access memory card for
storing our data such as SD card class 10. Fig. 2 presents our prototype showing
its main components (sensors).
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Fig. 1: Block diagram of the acquisition system.

Fig. 2: Sensor-based Cough detection prototype.
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4 Database

The study population that we used for our experiments is presented in two
groups. The first set (A) included 22 healthy subjects (9 Male, mean age±SD:
22.8 ± 2.44, range: 20 − 28). The second set (B), consisting of 10 additional
healthy subjects (5 Male, mean age±SD: 23±1.45, range: 22−26) was designed
to compare our system to the commercially available KarmelSonix cough counter
[13].

Sounds
Situations

Sitting down,
quiet environ-
ment (n)

Sitting down,
noisy environ-
ment (n)

Climbing/going
down a steplad-
der (n)

High volume cough 5 5 5
Interm. vol. cough 5 5 5
Low vol. cough 5 5 5
Fit of coughing 3 3 3
Forced expiration 3 3 3
Throat clearing 5 5 5
Speaking 14 14 14
Laughing 3 3 3

Table 1: Standardized protocol for data recordings

Our database is composed from various recorded cough sounds but also some
other sounds which are typically confused with cough. The participants followed
a standardized protocol performed in three different situations, as detailed in
Table 1: (a) sitting down in a quiet environment, (b) sitting down in a noisy
environment and (c) climbing on/going down of a stepladder.

All recordings have been precisely manually annotated by a trained observer.
In total, the database contains 2338 coughs (among which 864 are from fits of
coughing), 289 forced expirations, 479 throat clearings, 289 laughers, for a total
duration of 237 minutes. Note that slight deviations were observed from the
strict protocol, but that the manual annotation was made coherently.

5 Cough detection algorithm

The general workflow for the automatic detection of cough used trough out this
paper is displayed in Fig. 3. From the signals captured by a given sensor, or
by several sensors in a multimodal approach, the first step aims at extracting a
wide variety of features. Since this leads to a prohibitive number of features, a
step of dimensionality reduction is necessary by selecting only the most relevant
ones. This is here achieved based on some measures derived from the Infor-
mation Theory. Finally, an Artificial Neural Network (ANN) based classifier is
used for modeling, accurately, the feature distributions and for drawing the final

ICT Innovations 2015 Web Proceedings ISSN 1857-7288

274 
S. Loshkovska, S. Koceski (Editors): ICT Innovations 2015, Web Proceedings, ISSN 1857-7288 

© ICT ACT http://ictinnovations.org/2015, 2015



VI

Fig. 3: Workflow used in this study for the automatic multimodal detection of
cough.

cough detection decision. For more details about the proposed algorithm, we
refer authors to [12].

The above-mentioned algorithm has been improved within the main factors:

1. Accurate cough duration: the above-mentioned algorithm allowed to detect
coughs with a high precision. However, in several situations, the same cough
was detected for twice (two coughs detected with the same end time). To
overcome this constraint, we start by detecting repeated coughs by compar-
ing the start and end times of each two consecutive coughs. Indeed, if two
successive coughs present the same end time and two close start times, we
consider one cough only by keeping the longest cough in terms of duration.
Moreover, we compute the number of coughs per minute.

2. Cough event detection: this consists in comparing the time between each two
successive coughs. For example, we compare the end time of the ith cough
with the start time of (i+ 1)th cough. If the difference value is lower than the
threshold value, the both (i and (i+1)) are included in the same cough event.
The threshold is defined by applying our algorithm on the above-mentioned
data. As result, we obtain a mean threshold of 3 ms that could separate two
cough events.

6 Cough classification and visualization

In order to interpret easily the obtained results which include the detected
coughs, cough events, accelerometer and oximeter signals. We developed a GUI
that offered a simultaneous presentation of the obtained results and signals,
which allow doctors to perform an accurate diagnosis. Fig. 4 presents our GUI
that visualizes the audio signal with the corresponding number of coughs, cough
events, etc. Each detected cough is characterized by its duration and energy,
which are presented with two graphs as presented in Fig. 4. The audio, Heart
Rate (HR), Oxygen Saturation (SpO2) and accelerometer signal are displayed
with the same interface in order to provide a complete information about pa-
tients. Notice that Oxygen saturation (SpO2) signal is obtained from the oxime-
ter using a C++ program that allowed to decode the captured signal.

Once the results are displayed, the detected coughs are saved (in .wav format)
in the project directory (that could be changed by users). These cough extracts
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Fig. 4: Sensor-based Interface for Automatic Cough Detection.

are then classified within the AudioCycle prototype application [14] used initially
for browsing through music loop libraries. It offers a graphical view where the
audio extracts are visualized and organized according to their similarity in terms
of musical properties, such as timbre, harmony, and rhythm. In our case, the
cough extracts are organized and classified according to their similarity in terms
of cough timbres, durations and energies. Fig. 5a illustrates the classification of
detected coughs from 10 patients. Each patient is represented by a distinct color,
while the coughs are classified in terms of their timbres and energies. Notice that
the user can apply for a classification in terms of cough energies and durations
as shown in Fig. 5b.

The experimental results can be described in two parts. On the one hand,
the various features for each sensor are first evaluated based on their mutual
information with the classes, i.e. on their discrimination power for detecting
cough. This study is well detailed in our previous publication [12]. The oximeter
sensor has been integrated within the new version in order to provide the oxygen
saturation information (SpO2). This allows to observe the influence of coughs
on oxygen saturation.

In the other hand, the accuracy of the proposed approach remains identical
to our previous publication showing an averaged sensitivity of 94.7 %. However,
the new version allows a better precision since close extracts of coughs are well
separated, which allows to perform a robust diagnosis. Moreover, we improved
the detection by extracting cough events. The latter indicates the presence of
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(a) Classification in terms of cough durations and energies

(b) Classification in terms of cough timbres and durations

Fig. 5: Classification of coughs accordingly to their similarity
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successive coughs which present relevant information for the diagnosis. Notice
also that the new system provides a classification of the detected coughs based
on computing their similarity in terms of cough timbre, energy and duration. A
graphic view (GUI) is proposed in order to offer a simple and easier interpretation
and visualization of results.

7 Conclusion

We proposed in this paper a new system that allows to detect and compute
coughs using several sensors: ECG, thermistor, chest belt, oximeter, accelerom-
eter, contact and audio microphones. Based on the captured values from these
sensors, we applied feature extraction and classification algorithms for detecting
coughs, which offered an averaged sensitivity of 94.7 %. Our system allows also
to extract cough events which can be defined as a group of close and succes-
sive coughs. Otherwise, the obtained results are interpreted and visualized with
a graphical view (GUI) where the detected cough extracts are visualized and
organized accordingly to their similarity in terms of audio properties such as
timbre, cough duration and signal energy. As future work, we plan to encompass
the validation of our prototype in patients with cystic fibrosis. We plan also to
accelerate the process of cough detection by exploiting parallel (GPU) [15] and
heterogeneous (Multi-CPU/Multi-GPU) [16] platforms.
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Abstract. This paper describes the architecture of a wireless Voice-over-IP 

(VoIP) intercom system using 6LoWPAN. The 6LoWPAN standard describes a 

method for allowing low-power/low cost devices to participate in the Internet-

of-things (IoT). By compressing the IPv6 headers, the standard achieves rea-

sonable payload sizes and reduces power consumption as fewer bytes have to 

be transmitted. Performance results show the feasibility of the 6LoWPAN tech-

nology in VoIP. 

Keywords: Internet of Things, 6LoWPAN, Voice over IP, Intercom 

1 Extended Abstract 

1.1 Motivation 

Intercoms allow communication between a person and another individual or distribut-

ed group of people. This communication system is easy to use and plays therefore an 

important role in the context of ambient assisted living. Internet-Protocol (IP) based 

intercoms are very flexible. They can be placed anywhere you have an existing IP 

network with almost zero configuration. For instance, in the environment of a hospital 

or elderly home, it would be possible to build a whole IP-network of (mobile) inter-

coms in a plug-and-play manner, in order to connect them to a central control center 

or even to one or more relatives. 

There already exist several IPv6 based commercial intercom systems, communi-

cating over Ethernet or WiFi. The goal and novelty of this paper is to show the feasi-

* This work was funded by IWT-TETRA project 120105 "6LoWPAN". 
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bility of an intercom system over a very low cost communication protocol 6LoWPAN 

(IPv6 over low power wireless personal area networks).  

1.2 System Overview 

The system architecture, as illustrated in Fig. 1, consists of four main components: the 

low-cost wireless front door unit (implemented on the Z1 development board from 

Zolertia), the 6LoWPAN gateway and Voice-over-IP (VoIP) client, the Asterisk 

communication server, and the indoor VoIP units. Due to the constraint resources and 

low bandwidth availability, the most challenging part of the system is the front door 

unit. We refer to the complete paper for the SW and HW implementation of this unit.  

Fig. 1. Wireless intercom system overview  

1.3 Performance Results  

Resource management plays a crucial role in WSNs since most of the devices inside 

these networks have limited memory, energy and processing power. By analyzing the 

memory results, we can conclude that the intercom application has a small impact on 

the platform’s memory. The largest part is consumed by the Contiki OS with the 

μIPv6-stack for handling the routing and IPv6 communications. 

Another important aspect, considering the application, is the achieved throughput 

of the hardware platform. The results for the throughput measurements indicate that 

the platform is struggling to handle the streaming requirements. The bandwidth drops 

considerably at the carrier sense multiple access (csma) driver of the MAC layer, due 

to the channel check rate (CCR) that determines the transmit interval. For our meas-

urements we used a CCR of 128. Changing this value could increase the throughput 

up to a certain point. At the application layer we only have enough bandwidth for 

one-way audio streaming, which forces us to shift to a half-duplex communication 

channel. Meaning, we have to opt for a push-to-talk solution to support two-way au-

dio streaming. Another reason that prevents the platform from achieving a two-way 

audio connection is the collision detection system at the MAC layer.  

In the future we will try to implement our application on a different hardware plat-

form with more processing power and examine the impact on energy consumption as 

well as CPU load. 
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Abstract. The increasing adoption of Information and communication 
technologies (ICT) is widely recognized as a key factor for making healthcare 
more cost-effective. On the other hand, Connected Health involves the use of ICT 
to improve the quality service of healthcare and its outcomes. With the 
introduction of healthcare reform, many citizens of Republic of Macedonia are 
receiving access to a healthcare system that provides high-quality care at reduced 
costs, allowing the patients to save time and expense. The aim of this paper is to 
give a brief overview of the affection of e-services and electronic data exchange 
(between Fund's ICT systems and other IT systems in related healthcare 
institutions) at the healthcare quality for insured people, to facilitate the accessing 
and sharing of information and savings funds. Presented analysis can serve as a 

valuable input for the healthcare authorities in making decisions related to 

development of e-services in healthcare and connected health. 

Keywords: Connected Health, e-services, Electronic Health Card, Health 
Insurance Fund, insured people, web portal 

1 Introduction 

Healthcare systems in many countries are under financial pressures from current global 
economic conditions. At the same time, population increase the demands for healthcare 
and require better and more convenient services from their healthcare providers. In this 
run for better health services and challenging economy, the costs for treating the 
diseases, costs of patients and hospitals' budget are rising. So, the need of the healthcare 
systems savings is inevitable. Finding new ways to improve the quality of healthcare, 
delivery and expand access to vital services, reducing the medication and treatments 
with lower costs is one of the highest priorities for the healthcare authorities. The 
introduction of electronic communication in the healthcare systems is one of the 
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possible ways to save financial resources without loss of quality and delivery of the 
healthcare [2].  
European Connected Health Alliance (ECHAlliance) [16] defines the term “Connected 

Health” as the umbrella description covering digital health, eHealth, mHealth, telecare, 

telehealth and telemedicine. Essentially “Connected Health” is the utilization of 

“connecting” technologies (i.e. communication systems – broadband, wireless, mobile 
phone, fixed phone lines) and medical devices for healthcare applications [5]. 
According to [5] and [16] Connected Health involves the use of ICT in healthcare 
system to improve healthcare quality and outcomes. The goal and the incentive behind 
connected health is to develop and deliver the healthcare solutions that can increase 
quality of life, reduce the risk to the health of patients while lowering the overall cost 
of care and increasing the quality of healthcare. 
Connected health means applying of healthcare ICT to facilitate the accessing and 
sharing of information, and to enable the analysis of health and administrative data 
across healthcare systems. It goes beyond simply managing and analyzing patients’ 

clinical data and it encourages communication and collaboration among all the 
stakeholders involved in patient’s health to get improved care and better health 
outcomes at lower costs [17].For example, the use of a Web Health Portal allows 
viewing patients’ latest medical information in real-time, at the same time, carry out 
physician messaging to enhance the information exchange [3].  
Although healthcare data exchanges can create opportunities that improve the 
coordination of healthcare stakeholders, interoperability is much more than 
administrative necessity. Governmental policies require greater access to external and 
open data, and technology standards, costs and competitive barriers to be overcome. 
The implementation of ICT in healthcare industries may oversimplify complex issues 
in healthcare system if the implementation is treated as a necessity and urgency in the 
direction to improve the quality of healthcare. E-service innovations in healthcare 
system are not static. New healthcare e-services should in continuation be investigated, 
developed and implemented in the healthcare area [3].  
Public health institutions, in an attempt to enhance their effectiveness and reduce 
expenses, are making a great effort to develop online services for patients. Use of these 
online services and patients’ electronic loyalty is essential for the success of online 

health care services. In the study of Eva et al. [6], a general support for patient 
satisfaction as a determinant of e-loyalty intent in online health care services is 
revealed. They stress that healthcare providers must always work at obtaining satisfied 
users and to encourage them to continue using the online services. 
Business processes reforming, through the implementation of a healthcare program, is 
an important on-going process for all governments around the world [10]. The 
implementation of ICT systems and providing exchange data will create conditions for 
simplifying administrative procedures [15]. The private sector can play an important 
part in the transition from paper to electronic record. Jain et al. [1] describes the cases 
where through the implementation of strategies and approaches, the private sector can 
affect the improvement of health ICT adoption. 
Evaluation of the relationship between the size of hospital system and the decision to 
exchange electronic data is in the focus of the Miller and Tucker research [11]. Their 
conclusion is that larger hospital's ICT systems are less likely to exchange data across 
a global network and more likely to exchange data within their own network. 
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With the maturation of ICT, over the past years data delivery has been transformed in 
ways that can offer timeliness, effectiveness and availability, and healthcare and other 
organizations are collecting huge amounts of data electronically [14]. Although the data 
have been stored for years, each system has its own standards for coded values and use 
of text and data definition. Thus, Milstein et al. [12] use cross-country comparisons and 
learning to develop benchmark measures of health ICT that can improve the 
performance of healthcare systems.  
Many government institutions in Macedonia are modernizing their ICT systems and 
create the basis for online data exchange [13]. One of the key benefits of data exchange 
is the ability of integrating populations’ data across the borders of different institutions, 
especially of healthcare institutions [15]. Data governance is essential for leveraging 
the data to provide higher value and achieve greater availability of data of Health 
Insurance Fund (HIF) of Macedonia. In this context, the introduction of new e-services 
and information sharing, which facilitate the realization of the right of health insurance, 
leads to cost optimization and provides greater savings. 
In this paper, we will present some e-services as part of connected health, which are 
implemented in HIF of Macedonia. We are going to discuss the use of the centralized 
IT system with web portal software solution and Electronic Health Card System (EHC 
System) implemented in the HIF. The Macedonian case study for connected health use 
the approach presented in “Connected Health: The Drive to Integrated Healthcare 

Delivery” [17]. 
In many healthcare systems, patients can use secure web portals to access their medical 
record and communicate with their doctors [4]. In order to support citizens to use web 
portals, few institutions are training residents (citizens- potential users) for using e-
services. HIF’s software solution is capable of bringing electronic communication 
between insured people, companies, health care providers (doctors and nursing) from 
one side on the other site. Parallel to this, HIF of Macedonia has developed a web 
services for secure messaging between insured people, healthcare providers, companies 
from one side and HIF from other side.  
In next section a brief description of the architecture of the HIF's IT system is presented. 
Realization of connected health (case study) is given in section 3, while section 4 
presents the evaluation and discussion as well as the novelty of the Macedonian 
approach. Section 5 concludes the paper. 

2 Architecture of the IT system in the Health Insurance Fund 
(HIF) 

One of the basic challenges of healthcare authorities is development of e-health services 
and e-documents workflow [8]. Clinical and healthcare workflows, healthcare models, 
and business processes are significantly more complex than equivalents in other sectors 
of the economy and other industries. 
The main components of the HIF’s system (web portal with background IT system and 
the EHC system) are depicted in Figure 1. The background IT system is based on 
Microsoft technologies with multi-tier architecture comprised of: 

 Web servers in Network Load Balancing (NLB), 
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 Application servers in NLB also serving as systems for reporting, communicating 
with SQL DB, integration with external systems as well as for serving information 
to Web servers, 

 Database servers that set Microsoft SQL Server 2008 clustering. 

In addition to the background IT system a software solution for web portal is 
implemented. It consists of the following servers: 

 SharePoint Portal 2013 servers in NLB configuration, 
 BizTalk 2010 servers in NLB configuration. 

Web Portal software solution is capable of bringing electronic communication between 
insured people, companies, health care providers from one side and HIF from other site.  
Web portal enables insured people to communicate and cooperate with their doctors 
and HIF in an easy and secure way. This is designed to provide better interaction 
between the insured people, healthcare professionals and HIF via the Internet [18]. 
The concept of electronic identity (eID) is crucial for various healthcare and e-health 
based services. Many European countries (like Austria, Belgium, Estonia, Italy and 
Finland) had used their electronic identity systems, other countries provide eID via 
authentication portals using username and passwords (UK and The Netherlands) and 
some countries rely on PKI software certificates and/or base their eID on banking 
authentication systems (Sweden) [9]. 
As a case of connected health, uses e-services where the EHC is used as eID. EHC 
provides a document-based electronic identity for Fund's insured people, and it can also 
be used for online activities in healthcare system [7]. To make EHC functional, 
cardholders must activate their electronic cards. Access to personal data in the 
background IT system (such as name and surname) and unique identification number 
of the insured people is allowed by personal identification number (PIN) used during 
each concrete online transaction. A secret PIN, only known to the cardholder, acts as 
evidence for proving the identity. By proving his knowledge of the PIN, the insured 
person proves to be the legitimate owner of the EHC. 
 

Database server 
(Active/Active Clustering)

Application / Web servers

Virtual app 
serverWeb portal

Biz Talk serverShare Point 

Load balancerVirtual  web server

EHC system

CMS

CRL

Background IT system 

 

Fig. 1.Main components of the HIF’s System 
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3 Realization of connected health (case study for R. Macedonia) 

As an example of connected health, in this paper we consider three cases (services and 
administrative relief for the companies, services for healthcare workers and services for 
insured people). In our case we use three stages of the connected health journey 
(identified in [17], see figure 2): 

 Healthcare IT adoption - the planning, construction and use of an electronic 
infrastructure; 

 Health information exchange- the exchange of healthcare and administrative 
information between HIF of Macedonia, health care providers, insured people and 
other institutions; 

 Insight driven healthcare- the use of advanced analysis of data to better inform, 
population health management and the creation of new care delivery models. 
 

Healthcare efficacy
(decrease costs, savings)

Insight driven
healthcare Healthcare transformation

Sharing and 
synchronization of data

Connected to analytics

Connected to insured 
people, stores for 

orthopedic and medical 
aids and orthopedic 

companies

Connected to PRO, 
EARM, PDIFM, OBMDC

Connected HIF, clinics, 
private practice

The stages of the journey The functionalities
of connected health The levels of value

Health information
exchange

Healthcare IT 
adoption

(web portal)

 

Fig.2.The journey to connected health – case study of HIF of Macedonia (adopted from [17]) 

Recent advances in healthcare information technologies provide the potential for 
development of healthcare services and integration of data in direction of connected 
health through the sharing information across different IT systems, and between 
different healthcare providers. 
HIF of Macedonia leads and manages with a register of bonds of paying contributions 
and with the register for the calculation and payment of contributions. Bonds for the 
calculation and payment of contributions of health insurance are making the registration 
on health insurance for insured people in the branch offices of the Fund. 
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In the past, as proof of payment of contributions for health insurance the HIF used so 
called "blue coupons". But, online electronic data exchange, introduction of electronic 
health card and the increasing development of information infrastructure, imposes the 
need for electronic verification of insurance status and implementation of electronic 
registration and deregistration in health insurance. In order to allow all of these 
activities, there are background processes that handle the automatic matching of data 
from the HIF's database with data from other institutions (Public Revenue Office- PRO, 
Employment Agency of the Republic of Macedonia-EARM, Pension and Disability 
Insurance Fund of Macedonia-PDIFM, Office for Managing of Birth, Marriage and 
Death Certificates-OBMDC).The data exchange between HIF and other institutions 
(execution of background processes) are in real time, so the information about the status 
of insurance is available to external users only by digitally signed request with digital 
certificate of the EHC. 
Business process of general practice doctor refers to the process of choice and change 
of doctor in accordance to the Law of health Insurance, Regulations for the content and 
manner of achievement the rights and obligations of the compulsory healthcare 
insurance. General practice doctor can be a doctor who is working in a healthcare 
institution that has a contract to work with the Fund. Register for the choices of the 
chosen doctors is in the Fund. Insured people, in a given period, can chose only one 
general practitioner. Choice and change of doctor, insured people have to perform on 
chosen doctors. Unsubscribe of the chosen doctor can be done at the new doctor practice 
or at the places with a computer, card reader and internet connection. Any change in 
the system (choice or change of the chosen doctor) is verified with the digital signature 
from the EHC of the insured person and/or doctor. 
The processes of obtaining orthopedic and medical aids consists two sub-processes: the 
process of verification of orthopedic and medical aids, and registration of issued 
orthopedic and medical aids from orthopedic companies in accordance with the issued 
and verified certificates. The process of verification of orthopedic and medical aids 
begins after the login on the portal by the doctor/specialist who has the option to choose 
the entered data on a new certificate of need for orthopedic and medical aids. All 
entered data must pass through all defined controls (HIF's internal controls in 
accordance with the law) for exercising the rights for verification of the orthopedic and 
medical aids. The process of issuing the orthopedic and medical aids, based on the 
verified certificate, begins when the insured person initiate purchase in orthopedic 
house. Orthopedic company will be able to review only verification of codes for the 
orthopedic and medical aids for which it has signed an agreement with the Fund and 
are not issued or purchased from other orthopedic company. 

4 Discussion 

4.1 Benefits from the presented e-services 

The main idea of Connected Health is to use the ability of the technology to expand 
access to health information, improve the integrity of health information and organize 
and present that information. Thus, every stakeholder can execute its role in the system 
more efficiently and effectively. Evidences of the benefits from the presented e-services 
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as a part from the HIF connected health system are classified (as identified in [17]) in 
three levels: Healthcare efficacy, Sharing and synchronization of data, Healthcare 
transformation (see figure 3). 

4.1.1 Healthcare efficacy 

Many benefits of e-services adoption for insured people, general practitioners and 
orthopedic companies materialize almost immediately. These benefits can include: 
reduced administrative activities and costs, elimination of duplicate and incorrect data, 
improved safety and privacy of insurers’ data, shorter period for the realization of the 
rights of healthcare insurance.  

 

Fig.3.Three levels of value creation of HIF of Macedonia connected health system (adopted 
from [17]) 

4.1.2 Sharing and synchronization of data 

Sharing and synchronization of data allows HIF to promote the exchange of healthcare 
information between different stakeholders in the healthcare system. HIF of Macedonia 
exchange data with: 
 PRO - the information about all the changes of active bonds, as well as data for all 

newly formed bonds, data for individual payers for health insurance, data for each 
insured person in compulsory social insurance. The data exchange is done twice per 
day via SFTP server with encrypted file. 
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 EARM- the data for insured people for each M1-registration, M2-deregistration and 
Mx-change. The data exchange is performed using the so-called "push" 
methodology on 15 minutes interval. 

 PDIFM- the information for new pensioners and data for pensioners with "pause 
status". The data exchange is realized by "request" from web service on HIF's side 
to the web service on the side of PDIFM. 

 OBMDC- the information about newborns. The data exchange is realized by 
"request" from web service on HIF's side to the web service on the side of OBMDC. 

Several times per day the data is import into the HIF's database by matching the data 
on paid contributions and comparing the data obtained from other institutions with the 
data in the HIF's database. All these operations are performed in order to provide 
accurate data for Fund and the external institutions that need this data. 

4.1.3 Healthcare transformation 

The greatest level of value for connected health users is created by analyzing 
administrative and financial data sets which can be used to improve healthcare. The 
introduction of connected health, case of HIF’s e-services, has a positive impact on 
healthcare transformation. In the evaluation of implemented e-services for the insured 
people, healthcare providers and companies (healthcare IT adoption), the following 
parameters are taken into account: 
 Valorization of time spent filling the requested documents in HIF for achieving  the 

rights of healthcare insurance and services;  
 Valorization of time spent for walking between institutions; and 
 Savings in form of petrol and parking fees for acquiring the requested documents. 
All of these parameters have a positive impact of healthcare transformation and 
management that can improve the quality of healthcare and improvements and 
development of rights of healthcare insurance. 

4.2 Benefits for different stakeholders 

Although all stakeholders have benefits, in this sub-section we will stress the specific 
advantages from the different perspectives of the doctors, the healthcare organizations, 
the insured people and HIF. However, the greatest value of connected health lies in the 
long term changes to clinical and HIE. 

4.2.1 Benefits for doctors  

Doctors need the opportunity to use their time with a patient more efficiently, by 
exploring the treatment options and help with patient education. Another significant 
area of benefit to providers is the ability to query and analyze the complete population 
of insured people for whom they and their colleagues are responsible. 
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4.2.2 Benefits for healthcare organizations 

Connected health systems generate valuable performance information that can improve 
workflow, safety and efficiency within healthcare systems. Our case study of connected 
health system of HIF, has shown several examples of improvement efforts, access to 
synchronized and unique data. One of the main advantages of healthcare IT for general 
practitioners is document management systems, meaning that all administrative data 
are available online, rather than taking a few days to go through all of the paperwork. 

4.2.3 Benefits for insured people 

Connected health offers many benefits to insured people. Insured people realize their 
rights more efficiently in terms of having a connected health e-services. From costs' 
point of view, insured people are avoiding unneeded strolling up counters between 
institutions and do not need additional paper documents. 

4.2.4 Benefits for HIF 

Connected health system makes savings in time and transportation. The institutions, 
that HIF share data with, are making savings in form of paper, printing expenses and 
labor. Savings are made as a result of the elimination of requested paper documents, 
which have been exchanged between HIF and the other institutions, in the new 
electronic procedure or e-services. Despite the obvious savings for HIF because of the 
reduced paperwork, the assumption is that the new workflows processes will release 
significant administrative capacities of HIF, which in the future can be redistributed to 
other work tasks. An additional aspect is to transpose these savings into environment 
savings, as a result of reduced demand for paper. Finally, the time spent for the 
achievement of rights of health insurance, services for insured people, healthcare 
providers and companies is invaluable and for it cannot be made a calculation. 

5 Conclusion 

We can summarize few potential benefits and losses from presented HIFs connected 
health system. HIF and other institutions will have reduced issuing of documents for 
insured people and healthcare providers. The increased efficiency of the employees 
means that the employees can devote more time to other work tasks. Insured people 
save time and reduce costs for transportation by going to fewer places to obtain 
healthcare services. Providing simplified and more efficient e-health services and 
electronic data exchange enables faster data access and more accurate data in terms of 
timely updates. HIF’s connected health system shows an improved image of the HIF 
towards better healthcare quality. On the other hand, the reduction of printed paper 
defines the positive impact towards a greener society. 
As a leader in healthcare in Macedonia, HIF will continue the transition towards 
connected health. But attaining and maintaining the trust of insured people and the other 
stakeholders is crucial for the success. 
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Abstract. The term Connected Health has been coined to encompass various 
terms that describe different recent advances in ICT-enabled healthcare. In par-
allel with the efforts to increase availability and quality of the healthcare services 
while lowering the costs through employing various ICT solutions, special atten-
tion should be given to data protection issues in such systems. Naturally, medical 
data of a person are the most sensitive data, and as such require protection not 
only by institutions involved in healthcare provision but all the stakeholders in 
healthcare-related processes. This paper focuses on data protection in Electronic 
Health Records. We present the legal basis for establishing and maintenance of 
the EHR in Member States of the European Union. Based on the legislation, we 
discuss the data protection efforts being done by various Member States, and 
propose a unified European approach on the protection of personal data in EHRs. 
As a case study, we present the situation in Croatia, which has recently started 
the designing phase of EHR implementation. Before the conclusion, we are re-
viewing challenges that lie ahead in data protection of EHRs and comment sug-
gested workarounds to deal with them. 

Keywords: Data protection, Connected health, Electronic health record, Infor-
mation security, User privacy 

1 Introduction 

Connected health includes terms such as eHealth, Digital Health, mHealth, tele 
health, tele care, remote care, and assisted living. It encompasses terms such as wireless, 
digital, mobile, and tele-health and refers to a conceptual model for health management 
where devices, services or interventions are designed around the patient’s needs, and 

health related data is shared, in such a way that the patient can receive care in the most 
proactive and efficient manner possible [1]. All stakeholders in the process are ‘con-

nected’ by means of timely sharing and presentation of accurate and pertinent infor-
mation regarding patient status through smarter use of data, devices, communication 
platforms and people. In connected health technology is vital and exciting – but it is 
just one part of a much wider context which includes patient care pathways, business 
and revenue models, data analytics and more. Connected health consolidates infor-
mation from many different spheres of one person’s world to give a more complete 
picture of their health. 
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Data protection is crucial and the most important issue in process of connecting and 
consolidating information. European citizens’ right to healthcare and protection of per-
sonal data [2] are recognised in the Charter of Fundamental Rights of the European 
Union (EU) [3]. According to the definitions in Action plan [4], eHealth is the use of 
ICT in health products, services and processes combined with organisational change in 
healthcare systems and new skills. eHealth covers the interaction between patients and 
health-service providers, transmission of data from one institution to other, or peer to 
peer communication between patients and/or health professionals. It should be borne in 
mind that eHealth is not limited to providing support to healthcare on the national level, 
but also in great extent facilitates the cross-border healthcare services. Legal and ethical 
issues are wide and will arise not only in terms of the data sharing, but also in terms of 
identity certification, professional accreditation and liability for provided care. The le-
gal and regulatory issues include also administrative regulations such as those of reim-
bursement, and – in the context of cross-border care – the mutual recognition of pro-
fessional qualifications and the complex issue of entitlement to care [5]. In order to 
enable all actions within the Member States (abbr. MSs), the European Commission 
(EC) has established European eHealth Network (eHN) [6]. Regulatory framework has 
been set up [7] and accompanied for a better implementation with a set of guidelines 
[8] which are in the form of recommendations, rather than legally binding. 

Prior experiences shown that it is always difficult to find the right path when apply-
ing the Directive. This is due to the fact that the aim of the Directive is to establish the 
rules facilitating access to safe and high quality cross border health care on the internal 
market as well as to ensure mobility of the patients and to promote the cooperation 
between MSs. On the other hand, this process should fully respect the responsibilities 
of the MSs for the definition of the social security benefits relating to health and for the 
organisation and delivery of the healthcare [8]. This two very different aims in its nature 
are not always easy to achieve [9]. Health services are originally regulated under na-
tional legislation. The focus is on the citizen and social benefits (services) provided at 
national level, but which has to be in line with Treaty on functioning of the EU [10]. 
The idea on supranational/national level is to remove all existing obstacles and establish 
interoperability between healthcare systems within EU MSs until 2020. Bringing down 
the legal barriers should be among the priority actions, since the deep analysis and stud-
ies [11] have shown that the main discrepancies are between different regulatory frame-
works of the MSs and within the different stages of implementation of EU legal actions 
on national level [12]. Within the eHN one of the most important issues, beside the data 
protection, are standardisation of European Health Record systems and laws [13]. 

2 European Health Record and Data Protection Issues 

European Health Record [13] (EHR) has been recognised as a one of the corner-
stones of eHealth revolution [14]. EHR in favorem of patients facilitate sharing of in-
formation, cross border, between all interested stakeholders [15]. On the other hand, 
data protection issues have been recognised as one of the major challenges in the im-
plementation process of eHealth [4]. 
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Despite the opportunities and benefits, major barriers hamper the wider uptake of 
eHealth. Detected barriers are: (a) lack of awareness of, and confidence in eHealth so-
lutions among patients, citizens and healthcare professionals; (b) lack of interoperabil-
ity between eHealth solutions; (c) limited large-scale evidence of the cost-effectiveness 
of eHealth tools and services; (d) lack of legal clarity for health and wellbeing mobile 
applications and the lack of transparency regarding the utilisation of data collected by 
such applications; (e) inadequate or fragmented legal frameworks including the lack of 
reimbursement schemes for eHealth services; (f) high start-up costs involved in setting 
up eHealth systems; (g) regional differences in accessing ICT services, limited access 
in deprived areas. As the health records contain the most sensitive information concern-
ing an individual, unauthorised disclosure of a medical condition or diagnosis could 
impact negatively the individual’s personal and professional life. Interoperability [14] 
of EHRs involves transfer of personal data concerning a patient’s health. These data 

should be able to flow freely from one MS to another, but at the same time the funda-
mental rights of the individual should be safeguarded. The European Data Supervisor 
has been established within the Regulation EC 45/2011 [16] and aims to protect the 
fundamental rights and freedoms [17] of natural persons, and in particular their right to 
privacy with respect to the processing of personal data. 

The fundamental rights in relation with the data protection are contained in several 
acts, apart from the regulatory framework of the EU, beginning from the European 
Convention on Human Rights (Art. 8) and restriction laid down in Art. 8.2 of the Coun-
cil of Europe Convention for the Protection of Individuals with Regards to Automatic 
Processing of Personal Data (Art. 10).  Convention for the Protection of human Rights 
and dignity of human being with regard to the application of biology and medicine and 
also the Case Law of the European Court of Human Rights. On the EU level provisions 
are contained in TFEU, Art. 16 and the provisions of the Charter of Fundamental 
Rights, when MSs implementing EU law. Cross border exchange and interoperability 
of eHealth and related data is enabled within the provisions of Directive 20011/247EU 
and Directive on ePrescription [18] and the Case Law of the Court of Justice of the EU. 
According to [15, 19], there is obvious priority to administrative interest rather than 
giving priority to individuals’ right to confidentiality. The main problem arises from 
the fact that concept of confidentiality [19] is often equated with privacy rights, because 
both deals with protection of privacy [20]. The conclusion is that relation between con-
fidentiality and privacy must be supported by the full information from the health ser-
vice provider so patients or healthcare service recipients’ autonomy is fully respected. 

3 New Proposals for Personal Data Protection 

Effective data protection is vital for building trust in eHealth. It is also a key driver 
for its successful cross-border deployment, in which harmonisation of rules concerning 
cross border exchange of health data is essential [4]. Beside all the positive effects the 
room for criticism and organized scepticism should be left. Within the EU legal system 
we still don't have such a liability mechanism and system of tort litigation like for e.g. 
in USA [21]. 
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The competent authority within the MS lays down a comprehensive legal framework 
for interoperable EHR systems, that in particular: (a) analyse different personal data 
protection impacts of organisational alternatives for storing personal data concerning 
health and establish organisational structures for EHR systems; (b) guarantee the pa-
tient’s self-determination by allowing for the patient’s autonomous and freely taken 

decision,  as to which personal data concerning health are to be stored and disclosed to 
whom in his or her EHR unless expressly required by national law; (c) establish that 
EHR systems are designed according to the “least personal data as possible” principle; 
(d) provide an assessment of the information security risks and personal data protection 
impacts prior to the implementation of an EHR system; (e) clarify the extent to which 
categories of personal data concerning health should be made available in electronic 
form or online; (f) prescribe that processing of personal data in EHR systems must be 
required and carried out only by a health professional subject under national law or 
rules established by national competent bodies to the obligation of professional secrecy 
or by another person subject to an equivalent obligation of secrecy; (g) determine the 
conditions under which health data contained in EHR systems can be lawfully accessed 
and processed by persons other than the individual concerned; (h) ensure that patients 
are fully informed on the nature of the data and the EHR structure; (i) provide for spe-
cial measures to prevent patients from being illegally induced to disclose their personal 
data contained in EHR systems; (j) make sure that any processing – especially the stor-
age – of personal data in EHR systems takes place within jurisdictions applying Di-
rective 95/46/EC or those with an adequate level of protection of personal data; (k) lay 
down detailed auditing requirements for the purpose of ensuring compliance with data 
protection obligations; (l) guarantee the confidentiality of EHR systems as well as pro-
vide for appropriate technical and organisational measures, including rules on incident 
detection and management processes. 

Analysis provided in [22] shows that within the 28 MSs and Norway there are dif-
ferent approaches regarding the EHRs systems and laws. There are major disparities 
between countries on the deployment of EHRs as a part of an interoperable infrastruc-
ture that allows different healthcare providers to access and update health data in order 
to ensure the continuity of care of the patient. Regarding the EHRs content and interop-
erability aspects, the comparative analysis shows that two broad approaches can be dis-
tinguished: some countries have set detailed requirements as to the content of EHRs, 
while others do not specify what should be content [22]. The analysis shows that EHR 
systems in all countries apply standardised terminology and some form of codification 
to categorise health data. It is shown that less than half MS have regulated this obliga-
tion within respective national regulation. In practice, EHR systems in the MS usually 
do not use the same standards regarding terminology and coding systems. Also the 
Overview consider this differences as one of the main barriers to the cross-border trans-
fer of health data. Another problem is that almost half of the countries still don’t have 

specific rules for institutions hosting and managing EHRs. Implemented rules of Di-
rective 95/46/EC, in national regulation is still only rules regulating authorisation re-
quirements. The Overview shows that regarding Patient consent some countries require 
explicit consent of the patient for the creation of an EHR. Some countries do not require 
explicit consent for the creation of an EHR but this explicit consent is needed for the 
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inclusion of (data extracted from) this EHR into an EHR sharing system. There are 
some countries that do not require explicit consent neither for the creation of an EHR 
nor for the inclusion of (data extracted from) this EHR into a sharing system, but patient 
consent is needed for the access to the data in the EHR by other healthcare professionals 
than the one who collected the data [22]. Directive 95/46/EC [22] regulates that the data 
processed must be adequate, relevant and not excessive in relation to the purposes for 
which they are collected and/or further processed. In the small number of MS that grants 
the same access rights for different types of health professionals those rights are not in 
line with Directive 95/46/EC. Half of the MS have different rules for different types of 
health professionals, depending on the link between the patient and the different health 
professionals or by assigning to the healthcare providers the task of deciding which 
health professionals have access to which data. According to the Overview patient's 
rights over the data in all MS patients are entitled to access their EHRs and in half of 
them this right covers actually all data contained in EHRs. Unfortunately, as stated be-
fore regarding the liability, results of the Overview shows that there are currently no 
detailed rules on the liability of health professionals with regard to health records in the 
EU. According to the comparative analysis, only a handful of countries have established 
specific medical liability rules with regard to EHRs, and these rules are mostly rein-
forcing or highlighting the general liability regime. 

According to some authors when IT meets healthcare, the legal framework have to 
accommodate rapidly. It is not always easy and it is not that fast in practice when im-
plementing EU rules and harmonising national rules. Beside the remaining issue of 
standardisation the right balance between national and supranational public health pol-
icy remains the challenge [23]. From the findings of the Overview it is obviously that 
in the EU MSs the regulation on data protection is based on Data protection Directive 
95/46 and possibility that comes from the implementation of directive as a legal instru-
ment [24] [25], different national laws and ways of implementation led to almost 28 
different levels of data protection. EU General Data Protection Regulation [26] allows 
the principle of public access to official documents to be taken into account when ap-
plying the provisions set out in this Regulation. Personal data in documents held by a 
public authority or public body may be disclosed by that authority or body in accord-
ance with Union or MS law regarding public access to official documents, which rec-
onciles the right to data protection with the right of public access to official documents 
and constitutes a fair balance of the various interests involved. 

4 Croatian Perspective on Electronic Health Records 

Back in 2011, the Academy of Medical Sciences of Croatia has published the „Dec-
laration on eHealth“ in order to alert all stakeholders (patients, health professionals, 
institutions, government bodies, suppliers) to use the immense potential of information 
and communication technologies and solutions for improving health care in Croatia 
[27]. The Declaration draws attention to the areas of infrastructure, such as: education, 
regulation and standardization, medical and health informatics as a profession, the ob-
ligation of institutions, government bodies and suppliers.  
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Regarding the data protection legislation in Croatian eHealth, general regulations are 
implemented. The authorised users are obliged to assure the confidentiality of medical 
data according to the relevant regulations set in the Data Protection Law and the Law 
on protection of personal data. The Law on Protection of personal data prescribes that 
the following offences will be charged with a fine. Central Information System of Cro-
atian Healthcare (Abbr. CEZIH in Croatian) is a centralized information system which 
is based on the following guidelines: 

 System is using virtual private network (VPN) to interconnect every medical 
practices of the primary healthcare with the Croatian Health Insurance Fund 
(CHIF) and Croatian Public Health Institute. 

 Medical doctors and nurses gain access to the system through the applications 
installed in their practises, and two institutions have made their information 
systems interoperable with CEZIH 

 Every application from the medical practices have to be certified by CHIF.  
 Training process to work with the software in the medical practices is the 

responsibility of its respective manufacturers. 
 

We are currently implementing the Central EHR, which uses the data which are cur-
rently being exchanged through the CEZIH system from the following mechanisms: 
ePrescription, eReferral for Laboratory diagnostics in Primary Health Care, eReferral 
(to specialist diagnostics or care, once it will be implemented), reports after examina-
tions (for four specialist groups), and report on work absence.  

Legislation in Croatia relevant to health data protection: (1) Law on Health Protec-
tion; (2) Law on Medical Practice; (3) Law on Protection of patient rights; (4) Law on 
Protection of Personal Data; (5) Law on Data Protection; (6) Law on Access to Infor-
mation. On the basis of the Law on Data Protection, the Law on Protection of Personal 
Data and the Law on Access to Information the Managing Committee of the Croatian 
Health Insurance Fund has approved, as an internal act, the Act on data protection and 
the right to access information of the Croatian Health Insurance Fund. The manage-
ment, storage, assembly and use of medical information belonging to a patient with 
mandatory health insurance in the Central Information System of Croatian Healthcare 
(abb. CEZIH in Croatian) as well as the management of the personal health records in 
electronic form have been regulated by the below mentioned Acts: (1) The Act on man-
aging, storing, assembly and use of medical documentation of patients in the Central 
Information System of Croatian Healthcare; (2) Act on use and protection of data from 
the medical documentation of patients in the Central Information System of Croatian 
Healthcare; (3) Act on Managing the personal healthcare record in electronic form. The 
appropriated sanctions to be implemented in the case of breach of the data protection 
procedures have been prescribed in Art. 21 of the Act on Data Protection which states 
that in the case an employee should breech the rules of the aforementioned act, this 
would be treated as a gross misconduct. The Law on Medical practice prescribes sanc-
tions for physicians in the case that they do not manage and/or use medical documen-
tation according to the relevant legislation. The Law on Protection of Personal Data 
prescribes sanctions in all other cases. 
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Data from the insured person’s personal EHR are electronically submitted to the 
CEZIH for safekeeping. The architecture of the CEZIH allows doctors to view both the 
medical and the personal data of their patients. Communication between practitioners 
and other institutions is ciphered, and the medical data completely separated from the 
administrative data. In such a way the system itself is assuring that the institutions get 
only depersonalised information on various medical conditions that they track. Further-
more, only authorised personnel from the institutions (CHIF, CPHI, Ministry of Health, 
etc.) have access to the data stored in CEZIH. They can then only use the data to create 
reports which are needed based on the legislation, or to make statistical analysis with 
the medical data. Authorised persons are obliged to maintain the data confidentiality 
during and beyond their employment in their respective institutions. The physician is 
responsible to upkeep precise, detailed and dated medical documentation according to 
procedures of managing medical documentation of patients, which can, in any moment, 
provide relevant information on the medical condition of the patient and the status of 
its treatment. The physician and/or the responsible person of the healthcare institution 
are obliged to safe keep the data on medical treatment of the patients up to 10 years 
after the treatment has been finished. After that period, they have to perform actions 
defined in the proceedings on medical documentation. For research and reporting pur-
poses, various mechanism for data obfuscating have been employed, making it virtually 
impossible to re-identify the patient. To be fully compliant with both national and Eu-
ropean legislation, the patient will be offered a written consent by which he/she will 
authorise medical practitioners (other than their family doctors) to gain access to the 
most relevant data in their EHR. Also there will be a possibility to take back the access 
authorisation, also in a written form. However, data from the transactional mechanisms 
such as ePrescription and eReferral will be transferred to the EHR database for every 
patient, whether he/she have gave consent to access to the data to some medical practi-
tioner or not. In such a way it is insured that, if the patient decide to give to authorisation 
to a practitioner afterwards, all the relevant data about his health status is already in the 
system. The obligation for managing informational consent of subjects of care is clearly 
stated in the ISO 27799:2008 international standard on Health informatics – Infor-
mation security management in health using ISO/IEC 27002, where data protection is 
one of the main information security guidelines for the health sector. Security and data 
protection mechanisms are considered through three segments: (1) Network segment 
and system architecture; (2) application security; (3) specific data access functionali-
ties. Considering security risks, it is crucial to point-out that the implementation allows 
only reading of the data, and not one functionality offers the option of data altering in 
the database. The only data recorded are the ones related to the administrative part of 
the HER application, with two main functionalities: (1) Patient consent management; 
(2) EHR access log management. Access to this part of the system has the patient, in 
order to have full control and overview of the consent-related decisions, as shown in 
Table 1, as well as who and when has accessed the data. Due to the possible emergency 
situations, which would require access to the data without the possibility for a patient 
to explicitly render his/her consent, a system will provide for „break the glass” mecha-

nisms. This way of accessing the data will be clearly marked and „use in life threatening 
situations only” and those situations will be carefully logged. 
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Table 1. Authentication levels for access to patients’ EHR 
 

Auth. 
level 

Access granularity Description 

1 

Patient does not allow 
any access to the data 

Practitioners can search for the patient in the da-
tabase, view the basic identification data and are 
informed that the patient has refused to give 
them permission to access his/her medical data 

2 

Patient has gave only 
the limited access to the 
data only for the chosen 
practitioners in primary 
healthcare level 

Other users can only view the basic identifica-
tion data and are informed that the patient has 
refused to give them permission to access his/her 
medical data 

3 

Patient gives full access 
with prior consent 

Primary level practitioners can view all of the 
patient’s data, and the other users can view basic 

identification data and the information that a 
written consent is needed from the patient to ac-
cess other data. This can be issued for the period 
of 1, 15 or 30 days 

4 
Patient gives full access 
to the data 

Access to the data have all authorised users with 
no need for a specific consent 

 
Medical practitioner is responsible for the medical documentation about its patients. 

That documentation, according to the aforementioned legislation, upon request can be 
given to the institutions such as Ministry of health, Croatian Medical Chamber or judi-
cial authorities. This request will also be logged in the system, with a note of the name 
of the person who have made the request. Patient can also request to view all of his/hers 
medical documentation, and the practitioner is obliged to fulfil the patient’s request. 

5 Discussion and Conclusion 

Main issues regulated in the proposal are right to erasure, data access and correction. 
The proposal contains meaningful balance between freedom of expression and freedom 
of information in line with the protection of personal data as confirmed in the recent 
Court of Justice of the EU judgement. Due to the fact that consent wasn’t clearly enough 

defined within the national laws of MS and applied, informed consent is a cornerstone 
of this proposal. According to the EU Parliament there must be more rights to infor-
mation and transparency. The information must be understandable for the users. Strong 
sanctions are also proposed for the companies up to two percent of global annual turn-
over. The idea is to discourage companies from data protection violations regarding the 
personal data which forms one of the fundamental rights. 

Important efforts are being made in harmonised enforcement of the rules which must 
be ensured by the European data protection Board. This centralized approach, with only 
one data protection authority on EU level like in EU competition law is still discussed 
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by the MSs. Maybe the proposed EU General Data Protection Regulation will help to 
regulate issues bearing in mind direct effect of regulation as a regulatory tool and trying 
to regulate issue on supranational level?  But question remains are the legal actions fast 
enough to ensure flow of personal data. 

Regarding the eHealth data protection efforts in Croatia, CHIF has been working 
recently on establishing a security assessment framework for eHealth in Croatia, allow-
ing country-level practices and perspectives on cyber defence, information security and 
data protection in e-health to be considered in a holistic manner. The framework covers 
assessment criteria on different levels: from national security and critical infrastructures 
to personal data protection and user and information privacy, as well as dealing with 
various cyber security aspects in government-to-government, government-to-citizen 
and government-to-business categories of e-government ecosystem. Security assess-
ment criteria are grouped into and analysed through four interoperability aspects: legal, 
technical, semantic and organizational. 
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Abstract. The Quality of life is one of the most important things in life. The 

one health concept is aiming to attain optimal health for people, animals and the 

environment. The article reviews what subjects and environmental 

characteristics are currently measured for assessment of wellbeing in people 

and animals. How to measure the important parameters is still unknown, as 

their characteristics and relevance are either poorly or not defined at all. The 

importance of systems that are adapting to an individual welfare evaluation is 

stressed. Future characteristics of parameters that should be taken into account 

when assessing welfare are discussed in the article.   

Keywords: Quality of life, Human, Animal, Environment, Measurement, 

Wellbeing, Welfare 

1 Introduction 

How to improve the quality of life is one of the hot topics in recent human and animal 

science. Especially in human, substantial gain and extension of length of individuals’ 

life was achieved in industrialized world.  

Wellbeing and welfare are usually used as synonyms and are the key terms used in 

the concept to measure happiness.  It is important to know that wellbeing of people 

and animals depends on each other and also depends on environment (Fig 1). 

The concept of One Health has been defined as "the collaborative effort of multiple 

disciplines — working locally, nationally, and globally — to attain optimal health for 

people, animals and the environment". 

The animal welfare ethics for domesticated animals started from enduring pact, 

self-interest demanded that people take good care of their animals. “If we take care of 

the animals, the animals will take care of us.”  is the motto. Different scoring systems 
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evolved, measuring different mostly animal based indicators of welfare, which are 

more or less practical, but all of them are essential in the path to improved welfare. 

John Webster defines animal welfare by advocating three positive conditions: living a 

natural life, being fit and healthy, and being happy [1]. Such example is a recent 

Welfare Quality® assessment protocol for cattle, which elaborates these issues more 

precisely in evaluating cattle welfare [2]. Some issues in this paradigm are 

straightforward in some domesticated species and can be easily connected to five 

basic freedoms of animals. These are: 

1. Freedom from Hunger and Thirst - by ready access to fresh water and a diet to 

maintain full health and vigor.  

2. Freedom from Discomfort - by providing an appropriate environment including 

shelter and a comfortable resting area.  

3. Freedom from Pain, Injury or Disease - by prevention or rapid diagnosis and 

treatment.  

4. Freedom to Express Normal Behavior - by providing sufficient space, proper 

facilities and company of the animals own kind.  

5. Freedom from Fear and Distress - by ensuring conditions and treatment, which 

avoid mental suffering.  

 

Fig. 1. Concept of One health: The connection of wellbeing and health of people, animals and 

the environment. 
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World health organisation recognizes the importance of improving, maintaining 

and evaluating people’s quality of life [3]. Definition of welfare in people is more 

complex and so it is its monitoring. People’s lives are usually highly dynamic, 

engaged in variety of complex activities, when compared to animals.   

The report by the "Commission on the Measurement of Economic Performance 

and Social Progress" identified eight key dimensions that should be taken into account 

when defining human wellbeing. These are [4]: 

 Material living standards (income, consumption and wealth); 

 Health; 

 Education; 

 Personal activities including work; 

 Political voice and governance; 

 Social connections and relationships; 

 Environment (present and future conditions); and 

 Insecurity of an economical as well as physical nature. 

Children’s wellbeing is very important as it has also significant long-term effect on 

adulthood. There is emerging consensus that childhood wellbeing is multi-

dimensional and should include dimensions of physical, psychological, social, 

cognitive/educational, each of these contains a number of subareas.  

Urban densification increases exposure to noise, light, odors, and vibration in 

urban dwellings [5]. Exposure from combined environmental stressors intruding into 

homes could increase the risk of adverse effects on wellbeing, even when the 

exposure is at a relatively low level. It is of crucial importance to consider all factors 

when evaluating a complex and multifactorial phenomenon as wellbeing. 

2 Related Work 

2.1 Measuring of Human Wellbeing 

Measuring human wellbeing requires an act of defining and creating models and 

measurements, which define health and quality of life. According to Sarvimaki, this 

requires an opinion of what it means to be a "whole human being" as well as what is 

worthwhile in life, and how we ought to [6] seize the wellbeing. 

Traditionally, objective or social indicators such as educational outcome or 

household income are the means of measuring wellbeing. However, such indicators 

are only a proxy for the quality of people's lives. More recently, people's perspective 

of their lives has started to be valued in informing policy making.  The indicators of 

wellbeing and the inequalities that are uncovered should not be assessed 

independently, but should be linked and correlated to other factors of wellbeing and 

inequality in terms of individuals, socio-economic groups, gender, and generations.  

Subjective wellbeing is measured through surveys asking people about their 

satisfaction and happiness about multiple facets of wellbeing. Their findings can be an 

important complement in understanding what matters in people's day-to-day lives. 
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Some measures of wellbeing only include objective indicators, some only subjective 

indicators and some evaluations use both subjective and objective measures of 

wellbeing. These evaluations either have one dimension called "subjective wellbeing" 

or proxy wellbeing domains by a combination of subjective and objective indicators. 

Measures of wellbeing tend to look at the same dimensions but proxy them by 

different evaluation methodologies. 

Within the construct of psychological wellbeing, there are at least three different 

approaches, each capturing a different aspect: (i) life evaluation, (ii) hedonic 

wellbeing, and (iii) eudemonic wellbeing [7].  

Life evaluation refers to peoples’ thoughts about the quality or goodness of their 

lives, their overall life satisfaction or sometimes how happy they are with their lives. 

Measurement uses such questions as the Cantril Ladder wherein individuals are asked 

to place themselves on an 11-step ladder with ‘worst possible life’ representing the 

lowest rung and ‘best possible life’ the top rung [8].  

Hedonic wellbeing refers to everyday feelings or moods such as experienced 

happiness (the mood, not the evaluation of life), sadness, anger, and stress, are 

measured by asking respondents to rate their experience of several affect adjectives 

such as happy, sad, and angry. It is important to note that the negative adjectives are 

not simply the opposite of positive indicators of wellbeing – they carry unique 

information about peoples’ emotional states; in other words, hedonic wellbeing is not 

a simple unipolar dimension, but is composed of at least two modestly associated 

dimensions. Therefore, positive and negative adjectives are required for a reasonable 

assessment of hedonic wellbeing [9].   

Eudemonic wellbeing focuses on judgments about the meaning and purpose of 

one’s life; because the construct is more diverse, several questionnaires addressing 

various aspects of meaning have been developed [10]. 

Recently, because of technology development not only questionnaires are used for 

monitoring people. A key is developing new technology that can assist individuals in 

maintaining a healthy lifestyle by keeping track of everyday behavior. A variety of 

health outcomes are tightly linked to everyday decisions involving sleep [11], diet 

[12], exercise [13] and socialization [14] patterns. Positive health effects can be 

observed when indicators (e.g., sleep, physical activity, social behavior) are kept in 

healthy ranges.  

If the outcomes of the monitoring are clear and are easily understood they could 

motivate change to more prosperous life. 

2.2 Children 

Childhood can be perceived as a stage in one’s life or as itself. There is considerable 

on-going work in relation to the definition and measurement of childhood wellbeing 

in children. From an earlier implication, which focused on child poverty, survival and 

health, the range of wellbeing domains included in definitions has expanded 

considerably over time. Traditionally, social indicators such as educational outcome 

or household income measure child wellbeing. Child was in the past measured 

passively. More recently, the child is put into the centre of care which makes the child 
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the active participant in his/her own wellbeing [15]. The discourse on child wellbeing 

is thus also one of wellbeing and well-becoming, focusing on children's current 

(during childhood) quality of life and adopt a future oriented perspective in which the 

focus lies mainly on opportunities and possible outcomes in the future [16]. 

2.3 Animal Wellbeing 

Animal wellbeing or welfare refers to the relationships people have with animals and 

the duty they have to assure that the animals under their care are treated humanely and 

responsibly to fulfill their physiological and behavioral needs. Animal welfare is 

prescribed in laws. Mainly animal abuse, cruelty and neglect are effectively cowered 

by laws in many countries. But due to lack of information about specific animal 

needs, it is often hard to implement welfare beyond this obvious unacceptable 

extreme.  

According to OIE [17] an animal is in good state of welfare if (indicated by 

scientific evidence) it is healthy, comfortable, well nourished, safe, able to express 

innate behavior, and if it is not suffering from unpleasant states such as pain, fear, and 

distress. Good animal welfare requires disease prevention and veterinary treatment, 

appropriate shelter, management, nutrition, humane handling and humane 

slaughter/killing. Animal welfare refers to the state of the animal. Many initiatives 

evolved in the last decade, which try to address this problem by evaluating obvious 

and subtle animal based measures that describe animal welfare state, which is 

obviously multifactorial [18].  

But many times despite our thinking that all the five freedoms described in the 

introduction are soundly implemented; animals are still in bad welfare state. And this 

goes also for species that are domesticated for the longest time, like cattle and small 

ruminants for which we thought that we know, how to keep them properly. Especially 

intensification of animal production, where big deviation from traditional animal 

keeping appeared in relatively very short time, our knowledge of animal welfare in 

such systems is poor. In production animals, welfare issues often collide with 

economical issues, so there come to a compromise between both. Luckily good 

welfare positively influences animal production, but still implementing perfect 

welfare would result in too expensive animal product, lower production and thus 

insufficient food produced for human population. This goes especially for mega 

livestock units, which had for example thousands of dairy cows in the same farm. In 

such situation question arises, how to observe individual animal and provide it with 

individual needs. Questionable is also if in such systems animals can have good 

welfare, since it is not according to natural animal concentration and it is designed for 

an average animal needs, besides monitoring of individual animals in such 

agglomerations is physically impossible. Longevity of animals in such systems in 

general is short due to different reasons, like failure of conception and different 

diseases that overwhelm cost of replacing an animal with new one or unacceptable 

drop in productivity (which has reasons, but are often not known). For example dairy 

cows in intensive systems survive on average about 2.5 lactations, but we know that 
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in fourth or fifth lactation the best production can be achieved [19]. Effective 

technologies that assist good husbandry are urgently needed in this situation.  

One answer to this question is precision farming, where individual animals are 

equipped with different sensors that follow their welfare and production and respond 

to any deviations from expected normal physiological indicators and production 

parameters. The primary goals of precision dairy farming for example are to 1) 

maximize animal performance, 2) detect diseases in individual cows early, 3) detect 

herd level health and production problems early and 4) minimize the use of 

medication through preventive health measures. With fast development of electronics 

this looks to become a reality in near future, but so far just limited use of this 

technologies is routinely implemented in dairy cattle rearing.  Examples are 

accelerometers that measure physical activity of animals, which helps in heat 

detection in cows, sensors that measure different parameters in milk at time when 

cows are milked in milking parlor, like electrical conductivity as indicator of mastitis, 

milk components as indicators of nutrition [20][21][22].  

New technologies based on sensors, which measure vital signs and other 

parameters are also commercially available in companion animals, like dogs and cats. 

For examples collars that can measure body temperature, respiration, activity level, 

heart rate etc. can warn a pet owner of measures that can be connected to possible 

early disease states as inflammation, infection, heart disease, etc. [23]. 

The issue of wellbeing is critical also in zoological institutions where knowledge of 

wild and exotic animal species needs and physiological parameters are even more 

unknown. In such situation individual animal quantitative monitoring of welfare is 

very limited and sometimes also impossible. With out knowledge of what is 

physiological for an animal species, it relies mostly on good practices and subjective 

animal keepers assessment. Even in such situations it is essential to record 

observations of subtle changes in animal behavior or physiological parameters and try 

to score them in order to have something, which enables taking steps in improving 

welfare [24]. 

2.4 Environmental influences on wellbeing 

The exposome encompasses the totality of human environmental exposures. Recent 

developments in sensor technology have made it possible to better measure personal 

exposure to environmental pollutants and other factors.  This currently include 

measurement of air pollution, noise, temperature, UV, physical activity, PIR motion 

sensors, location, blood pressure, heart rate and lung function and to obtain 

information on green space and emotional status/mood and put it on a person 25. 

Intelligent processing of the environmental sensors can provide information about the 

health status, comfort of the person, etc. Let us take low cost PIR motion sensors for 

an example. The PIR motion sensors activates in case the person walks by. Intelligent 

systems learn the person’s normal daily pattern and statistics of the daily activities. 

One day the PIR sensor located in the bathroom activates more frequently than in 

normal daily pattern. The intelligent system can utilize this information to inform the 

caregivers or the clinicians about potential urinal problem. Other example is simple 
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comfort of the person. The intelligent system measures the humidity and temperature 

and automatically adjusts the heater and humidifier or advises the person what to 

change to increase the comfort level. Sensors in pets cradle can measure the wellbeing 

of the animal. 

3 Proposed Connected health system for wellbeing 

At this moment only a few smartphones applications are used in connection to 

wellbeing.  They cover mostly basic parameters like eating, sleeping, socializing and 

exercising. Of course these are important parameters but not sufficient, especially for 

long-term welfare, but they contribute in prevention of diseases. To measure the 

hedonistic wellbeing is of course not enough, it is necessary to measure the extreme 

importance of eudemonic wellbeing as well.  

The upraise of non-invasive monitoring is providing more and more information 

not only in subjects that are unhealthy but also in borderline patients, so they can 

assume preventive measures before they get sick. Development of technology in 

recent years, enables measurement of many parameters through time, but the 

knowledge of their significance and interpretation is the drawback. Technology can 

collect a lot of unprocessed information but the shortcoming is the necessity of 

developing accurate and relevant models which utilize these information to provide 

the person with easy solution for their current state. How to utilize sensor information, 

either environmental, wearable or both is a hot topic in Pervasive Computing and 

Health community.  

Social behavior and parameters that are contributing to wellbeing are still mostly 

unknown on individual level. There are significant differences among individuals in 

perceiving what is significantly contributing to their wellbeing. The frequency and 

quality of social behavior seems to be of great importance as well as the potential 

stress level of the person. With adaptable systems the optimal parameters for the 

individual could be established.  

In recent studies we observed that he child is capable to monitor her/his wellbeing 

on hers/his own. Children in the developed world are equipped with a smartphone and 

other personal electronic devices. The activity and playing as well as schooling are 

some factors that are specific for children’s wellbeing. These parameters can be easily 

processed utilising an intelligent smartphone application [26].   

Animal welfare is a very important issue in animal keeping, but it assessment still 

is not implemented generally due to reasons mentioned. Many welfare improvements 

in production animal keeping already are implemented in many countries, but there is 

still a lot of work to be done especially in following individual animal welfare. 

Promising for the welfare is that consumers, especially in developed countries 

demand that animal products they consume are from animals in good welfare [27]. 

This pushed policy makers and production animals’ producers to invest more in the 

development of animal welfare [28]. The information gathered from the centre could 

help people improving animal care to provide optimal conditions for them. 
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There are some other parameters that could be measured like light, noise exposure, 

odour and vibration, air freshness. We should not forget how the human change of the 

environment could change the quality of life of wild animals [29]. The monitoring of 

wild animals should be considered in future. 

Personal sensors are showed to be feasible in monitoring multiple factors including 

environmental. With the help of sensors in the room the gait and posture can be 

monitored. The information of the movement can help us determine state of mind. All 

off the information would be gathered in the personal computer and smartphones so 

everyone could monitor his own wellbeing and the wellbeing of animals. The 

information would be sent to the centre that would interpret the results and help in 

managing and improve wellbeing (Fig 2). 

 

Fig. 2. The concept of monitoring in One health. Dots are showing personal monitors. Radars 

are external monitors. 

4 Conclusion 

The concept of One health is arising and becoming the mainstream. We would like to 

emphasize that One health concept is also important in implementation and 

monitoring of wellbeing. There is a strong connection in wellbeing of humans-adult 

and children, animals and environment. The point is to gather all information from the 

living beings and environment to create a whole picture and to centrally process 

information and transfer advice for better wellbeing to people and instructions for 

improving animal welfare. The sensors – personal and in the environment - could help 

us determine suboptimal factors and give advice how to improve lifestyle.  
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Abstract. The paper presents the evolution of activity monitoring util-
ising wearable sensors through several sequential projects running in the
last decade. It covers the change and improvement towards sensor tech-
nology that is more affordable and comfortable for the users and develop-
ment of additional functionalities to achieve accurate activity monitoring
in terms of activity recognition. All presented systems are developed to
perform on-line activity recognition.

Keywords: Activity monitoring, activity recognition, wearable sensors,
smart-phone, real-time location system, inertial sensors, optical motion
capture

1 Introduction

Activity monitoring has been a popular research domain over the last decade.
Recognition of the person’s activity and the intensity of the activity are key
pre-processing steps in various health related applications in the pervasive and
ubiquitous computing field. When the persons health status or supplement/drug
intake depends on the amount of physical activity, e.g., in treating diabetes, the
patient and health professional can utilise the information about the level of
physical activity to provide better care. The activity monitoring is also very
important in health prevention, e.g., obesity, where users can track their own
physical activity and adapt diet accordingly.

To efficiently monitor the activity, the user is equipped with some sort of
dedicated sensors. Accurate motion tracking is possible using cameras, however
usability studies have shown that cameras are too intrusive and are therefore
often not accepted by users. In addition, camera based motion tracking systems
as well as ultra-wideband (UWB) real-time location systems (RTLS) can only
be used in a limited space where the system is located and calibrated (usually
indoors). The privacy issues and location constraints are resolved using less
intrusive and restrictive wearable sensors, which are the focus of this paper.

The major drawbacks for using wearable sensors have been their cost and the
fact that they were cumbersome to wear. The first wearable sensors were wired,
which made them unacceptable for every day use. After the wireless sensors
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2 Lecture Notes in Computer Science: Authors’ Instructions

became available at reasonable prices, other problems remained; the usability
studies performed in various projects have shown that elderly and sick people
have significant problems with correct attachment of the sensors. For example,
the user is given two sensors: one to be attached on the chest and one on the
thigh. The first confusion for the user is the correct placement – which sensor
is for which part of the body. The second problem is the correct orientation of
the sensor (e.g., inertial sensor); the acceptability of the sensor system is even
lower if correct orientation is required. Furthermore, users frequently forget to
wear the sensor, lose the sensor, or forget to charge the sensor battery. Even
though complex algorithms achieved high accuracy of activity recognition, the
measurements of this kind are of low quality and hence hardly usable for the
recognition. The monitoring does not bring any benefits to the person unless the
sensors are attached precisely.

The price, size, and battery consumption of the wearable sensors have de-
creased significantly in the last decade, which made them more acceptable for
everyday use. Very cumbersome and wired sensors were priced at several tens
of thousands of Euros in the past while today a single dedicated sensor costs
up to several hundreds of Euros. The price and availability of sensor technol-
ogy has also enriched sensing capabilities of smart-phones. As a result, today,
an average smart-phone contains various sensors that are appropriate for ac-
tivity monitoring. The fact that most people in western-world own and carry
their smart-phones with them at all times makes them very handy for activity
recognition.

Fig. 1: Comparison of average sensor prices on a logarithmic scale.

Using smart-phone sensors for activity monitoring requires solving several
non-trivial tasks that are not needed if classic wearable sensors are used. Knowing
where the smart-phone is placed and how it is oriented is important for accurate
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Evolution of Activity Monitoring Through Various Projects 3

activity recognition and monitoring. Documentation that comes with wearable
sensors usually contain straight forward instructions about the placement and
orientation of the sensors. However, this can not be applied to smart-phones
since they are primarily used for other purposes and people are used to carrying
them freely on the body in different orientations. Therefore, methods to detect
the location and orientation of a freely worn smart-phone are needed to enable
using them for activity monitoring.

This paper presents the evolution of activity monitoring in terms of activity
recognition. We compare several activity-recognition systems utilising different
wearable sensors which were available at the time of development: staring with
cumbersome UWB localisation technology and ending with the latest activity
monitoring systems utilising only smart-phone sensors. The paper is structured
as follows. Section 2 covers the chronological development of the sensor tech-
nologies used in our research, Section 3 presents the projects and evaluation of
the developed activity recognition and Section 4 concludes the paper.

2 Wearable Technology

Sensors which are today used as a wearable technology have been primarily
developed for the industrial purposes. These sensors were expensive and large
since they were not designed for pocket use of broader population. The size and
price of the sensors decreased over time and the potential of them being used
as a wearable broadened the possible application. In our activity recognition
research, we used three types of sensor modalities: (i) localisation sensors, (ii)
inertial sensors, and (iii) integrated heart rate and inertial sensors. Figure 1
compares prices and limitations of different sensor sets we have used in the past
and will use in the future (e.g., wrist band). Each of them is discussed below.

Smart infra-red camera based motion tracking [1] is based on a high preci-
sion optoelectronic system, which is the most accurate technology for kinemat-
ics analysis and motion modelling in a laboratory environment. The system is
composed of four or more high precision infra-red cameras (Figure 2a), usually
attached to the walls, and reflective markers which are attached on the persons
body. The motion is tracked with accuracy of 0.2 to 1 mm and frequency well
above 100 Hz. However, there are several limitations making it inappropriate for
real-life activity monitoring . First, such systems are expensive. Second, their op-
eration is limited to a small space covered by the cameras (usually below 10 m2).
Third, the markers are cumbersome to wear and have to be in line-of-sight to at
least one of the infra-red cameras at all times. And finally, such systems suffer
from tracking problems: the system may mix-up markers because they all look
the same, therefore a human operator is required to label the markers when the
system is not able to track them across consecutive images.

Ultra-wide-band technology (UWB) real-time locating system (RTLS) detects
the location of the tag by calculating the time difference and the angle of arrival
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of the radio signal sent to the sensors. In our research, Ubisense [2] (Figure 2b)
RTLS was used. It is composed of four to six sensors attached on the walls of a
room and up to four tags which are attached to the persons body (chest, waist,
both ankles). The system can also track hundreds of tags, however the sampling
frequency drops proportionally to the number of tags. Ubisense RTLS has the
maximum frequency of about 9 Hz and accuracy (in a typical open environment)
of about 15 cm that is achieved across 95% of the readings. However, in real-
life scenarios, the accuracy occasionally drops below 200 cm and up to 1.5% of
location values are missing, which represents quite a challenge for preprocessing
and filtering [14]. In addition to the low accuracy, the system can be used only
in the room where it is set-up. The calibration process typically takes more than
an hour of work. The advantage of UWB RTLS over camera based systems is
that they allows more privacy (do not record video), do not require the line-of-
sight, and do not suffer from tracking problems. However, locating accuracy and
frequency of UWB RTLS are much lower compared to camera based systems.

(a) Infra-red (b) Ubisense (c) Xsens

Fig. 2: Localisation sensors used in our research on activity recognition.

Xsens [3] was, at the time of our research, a system composed of ten wired in-
ertial sensor enclosures (Figure 2c) attached to the body on predefined locations
using straps. The enclosures contain a 3-axis accelerometer, gyroscope and mag-
netometer. Wires connecting the enclosures with the waist worn hub can easily
get entangled and disconnected from the system. The sensor readings are stored
on the hub or transmitted to a dedicated computer over Bluetooth. Therefore
on-line motion analysis can only be done if the hub is in the range of Bluetooth
receiver. The ability to track ten points (usualy body joints) on human body
with high precision makes Xsens system a good choice for high precision motion
analysis and modelling in animation studios and laboratories. However, the limi-
tation for use in everyday life are the high price, short battery life, and difficulty
to place each enclosure on the correct location and in the correct orientation.

Dedicated inertial sensors, e.g., Shimmer [4] (Figure 3a), are similar to Xsens
but wireless and more adaptable. Each dedicated sensor contains a 3-axis ac-
celerometer, gyroscope and magnetometer, and stores or sends the readings over
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Bluetooth to the dedicated server or hub. An expansion module — for example,
electrocardiogram (ECG), electromyogram (EMG), or galvanic skin response
(GSR) — can be added to the sensor. The relatively lower price, extanded bat-
tery life and the absence of wires makes this technology accessible and convenient
for every day use, while the accuracy is still high enough for accurate activity
recognition. Nevertheless, some limitations still remain. The sensor has to be
worn on the exact location with predefined orientation and the sensor has to be
in the Bluetooth range.

(a) Inertial sensor (b) BioHarness (c) Smart-phone (d) Wrist band

Fig. 3: Inertial sensors and devices containing inertial sensor.

Heart-rate monitor with integrated inertial and additional physiological sen-
sors, e.g., Zephyr BioHarness (Figure 3b), come in a form of a chest strap, t-shirt
or even a sensor attachable to skin. Zephyr uses a traditional chest strap ECG
sensor technology with three electrodes from which the heart rate is calculated.
The skin temperature is measured with a temperature sensor and the breathing
rate is extracted from the strap’s stretch value. The chest strap is convenient
for use since it is not expensive and the correct placement of the sensor is very
straight forward. The main drawback are its price and the fact that it is a
dedicated sensor and needs a central hub (usually a smart-phone) for real-time
processing of data. Because of the direct contact of the sensor with the skin, it
is uncomfortable (but not intolerable) to wear it for extended period of time.

Smart-phones are currently one of the most popular pieces of technology (Fig-
ure 3c). The need for mobility made smart-phone an indispensable piece of ev-
eryday equipment for virtually everybody. An average smart-phone contains a
limited set of sensors including those important for activity monitoring (e.g., in-
ertial sensor). The fact that the smart-phone is always somewhere near or on the
person makes it very convenient for activity monitoring. The popularity reflects
in numerous activity monitoring apps, which recognise a limited set of activities,
mostly related to sports. The drawback of smart-phone is that it is carried in dif-
ferent locations (e.g., trouser or chest pocket, bag) and in different orientations
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and that it would be utterly user-unfriendly to set limitations on its placement.
However, the placement is important for fine grained activity recognition.

Wrist band [5] or smart-watches are considered the future must have tech-
nology (Figure 3d). Earlier wrist bands contained only an inertial sensor, while
latest models also add optical heart-rate monitor, skin temperature and sweat
index sensors. The optical heart-rate sensor is not highly accurate; however, the
research on wristbands is in full swing and we believe that in the near future this
drawback will be resolved. We recently began to utilise this device for activity
recognition and mental stress analysis.

All of the mentioned technologies were at some point used for activity-
recognition in out work. The efficiency and accuracy of activity monitoring is
discussed in the next section.

3 Evolution of Activity Motoring

The activity-recognition evolved from limited set of activities detected with ex-
pensive localisation sensors to recognising all relevant activities of everyday life
using only sensors which are embedded in an average smart-phone, which can be
worn freely on the body. The results for each approach are presented in Table 1.

Project Recognised activities Recall (%)

PDR (UWB) Sitting, Lying, Standing, Moving 92%

Confidence (Infra-red)
Sitting, Lying, Standing, Falling,
Sitting on the ground, Going up, Standing up, 96%
On all fours

Confidence (UWB)
Sitting, Lying, Standing, Falling,
Sitting on the ground, Going up, Standing up, 86%
On all fours

EvAAL (inertial)
Sitting, Lying, Standing,
Falling, Bending, Walking, 99%
Cycling

Chiron (inertial)
Sitting, Lying, Standing,
Bending, On all fours, Kneeling, 93%
Transition, Walking, Running, Cycling

Commodity12 (smart-phone)
Sitting, Lying, Standing, 91%
Walking, Running, Cycling

Table 1: Recalls of the discussed activity recognition systems.

3.1 Activity-recognition Using Localisation Sensor Systems

We first analysed human motion in 2008 within the PDR project [6] using
Ubisense UWB RTLS. PDR is an intelligent system for surveillance of per-
sonnel and equipment movement in high security indoor environment. It learns
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a model of the usual behaviour and compares it with the current motion to detect
abnormalities. The goal is to alarm the commander about unusual and forbidden
activities and enable centralised overview of the monitored environment.

After filtering the raw location data [14] the system performs simple activity
recognition. First, the pose of a person wearing a tag at their chest is recognised
using a threshold based algorithm [6]. The thresholds that distinguish standing,
sitting and lying were obtained using machine learning and are dynamically
adjusted to prevent misclassification during transitions between the poses.

Second, motion and stationary activity are distinguished [7]. The classifica-
tion algorithm computes a set of attributes from time windows of location data.
Movement detection classifier is trained using a machine-learning algorithm. The
attributes of the classifier are: average velocity, standard deviation of velocity,
average difference of consecutive velocities, approximate length of travelled path,
standard deviation of velocity direction, and average change of direction within
the time window. The recall of motion detection is above 96%.

The main challenge for both activity recognition algorithms is the low accu-
racy of UWB RTLS, which is compensated for by the measurement frequency.
Such basic activity recognition is computationally efficient, reliable, and enables
motion analysis required by the project. The promising initial results provided
motivation for improving the activity recognition in the following projects.

In the Confidence system [8] (2010) we advanced form security to health
domain. The system analyses movement of an elderly who lives alone and wears
four tags: on chest, waist and both ankles. The short term motion analysis
detects falls while the long term motion analysis detects deviations in motion
patterns and habits which often correspond to changes in person’s health. To
detect the deviations, we developed an improved activity-recognition algorithm,
which is able to recognise an extended set of activities using the UWB RTLS.
To define the set of activities to be recognised using only four tags, we used the
more accurate smart infra-red technology. After preprocessing and filtering [14]
the raw data, a set of attributes are computed [15]. Machine-learning is used for
activity classification. The classification recall using high precision smart infra-
red camera technology was up to 96%. Next, a less expensive technology was
used for the same task. Preprocessing and filtering procedures as well as the
machine-learning approach remained unchanged, while UWB RTLS was used
for sensing. The recall decreased to 86%, which was higher than recall of the
competing approaches using similar technology at that time.

3.2 Activity-recognition Using Dedicated Inertial Sensor Systems

The initial activity-recognition research with inertial sensors was already done
in the Confidence project using the Xsens system. Since the quality of inertial
sensors did not influence the accuracy of the activity recognition, we switched
to a less expensive dedicated inertial sensors (Shimmer). Within the Chiron
project (2012) we developed activity recognition system using one inertial sensor
attached to the persons thigh and the second on the chest. The chest inertial sen-
sor was integrated with a heart-rate monitor. This sensor combination was also
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used for the estimation of human energy expenditure. The activity-recognition
procedure was similar as before: after preprocessing and computing a set of fea-
tures, a machine-leaning algorithm recognized the activities. For more details
the reader is refereed to [12]. The achieved classification recall was 93%. The
user interface of the application is shown in Figure 4a.

(a) Chiron system

(b) Commodity12
smart-phone applica-
tion

Fig. 4: User interfaces of two presented activity-recognition systems. The Chiron
system (which was a bit altered for the EvAAL competition) and Commodity12
smart-phone application.

In parallel, we also developed an activity recognition system utilising two
dedicated inertial sensors: one on the thigh and second on the persons chest.
It was presented in the benchmark EvAAL competition (2013). The system
outperformed other competing systems in free-living conditions achieving 99%
recall. Validation of the activity recognition classifier was difficult, therefore we
developed a method that provides a good trade-of between classifier compre-
hensibility and accuracy [10, 11]. The result was a classification tree hybrid with
72% comprehensibility and 84% accuracy using a single accelerometer.

3.3 Activity-recognition Using Smart-phone and Optional
Heart-rate Monitor

We have already achieved high recognition accuracy using dedicated fixed in-
ertial sensors and were keen to experiment with the smart-phone which can be
worn freely on the body and can receive data from optional heart-rate monitor.
To successfully achieve that, two obstacles had to be solved before performing
the traditional machine-learning approach. These obstacles were the presence of
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the devices (smart-phone or heart-rate monitor), orientation and the location
of the smart-phone. The research and development was done as a part of the
Commodity12 project (2015).

The presence of the smart-phone was detected with simple heuristics utilising
proximity sensor and a calculated attribute which differentiate between move-
ment of the smart-phone and stillness (e.g., laying on the table). The heart-rate
monitor reports its presence by itself. In case the smart-phone is present, the
orientation normalisation is triggered. When the system detects ten seconds of
walking, the rotation matrix is utilised together with the average walking vector
to normalise the orientation for all readings of the smart-phone’s inertial sensor
until the next ten seconds of walking occur.

After normalisation, a set of attributes is computed and the attribute vector
is fed into the machine-learning model to detect the location of the smart-phone
(e.g., trouser pocket, breast pocket or bag). The location serves as a context for
selection of the appropriate activity-recognition and human energy expenditure
estimation models. The reader is referred to [13] for more details. This approach
resulted in recall of 91% on average. The best recall is achieved 96% when both
smart-phone and heart-rate monitor are present and the location of the smart-
phone is the trousers pocket. The user interface of the application is shown in
Figure 4b.

Project Advantages Disadvantages

PDR (UWB)
Line-of-sight Indoor only,
not required only basic activities

Confidence (Infra-red) High accuracy Limited to 6x6 m area,
line-of-sight,high price

Confidence (UWB)
Wireless tags Limited to the room where

UWB is installed

EVAAL (inertial)
Wirelesses tags, Correct placement and
accuracy orientation of the sensors

Chiron (inertial)
Wirelesses tags, Correct placement and
accuracy orientation of the sensors

Commodity12 (smart-phone)
Accuracy, Presence of smart-phone
freedom of orientation, on the body
freedom of placement

Table 2: Advantages and disadvantages of each sensing technology and activity-
recognition apporach.

4 Conclusion

In this paper, we present the evolution of activity-recognition systems through-
out the last decade. We begin with a cumbersome and expensive technology for
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simple detection of movement and limited set of sedentary activities. Later, we
switched to more affordable technology and expand the set of recognised ac-
tivities, finishing with affordable and convenient activity monitoring using an
average smart-phone. The advantages and disadvantages of used wearable tech-
nology is presented in Table 2. All our systems achieve high activity-recognition
recall and were deployed and tested in free-living conditions as a part of the
project. We discuss the suitability of different wearable technology for the task
of activity-recognition through aspects of price, cumbersomeness and ease of use.
Our future work will be focused on using even more appropriate technology such
as wrist bands, which are becoming increasingly more popular.
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Abstract. The interaction between changing society and developments in infor-

mation technologies has created a connected lifestyle. This connected lifestyle 

has become a part of daily life and changed the expectations of society such as 

by increasing the expectations regarding health and related services. In this study, 

it is aimed to visualize the evolution of the concept of connected health to inves-

tigate the ever-tightening relationships between health and information systems. 

Queries were made in the Web of Science database by using selected keywords 

related to health and information systems. In order to understand the evolutionary 

relationships between the concepts, analyses were conducted within five-year in-

tervals with the VantagePoint software. First, conceptual networks were created 

by using co-occurrence data. Then, network structures were visualized and inter-

preted by using UCINET and VOSViewer. Finally, it was demonstrated that the 

main stream of publications are related to electronic health records in concept of 

connected health. All other technological developments and health related issues 

were connected to this main stream in years with different characteristics. At pre-

sent, there are diseases, care services, privacy, infrastructure and mobile dimen-

sions for today’s network. This input gives insight about the future of connected 

health concept as the importance of privacy, personalized care with mobile net-

works and infrastructure. 

Keywords: Connected Health, mHealth, Health 2.0, telehealth, telemedicine, e-

health, electronic health record 
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